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In this study, we investigate the effect of PO,>~ polyanion incorporation on the physicochemical and electrochemical properties of
Ni-rich layered Li(Nig gCog 1 Mng ;)O, (P,-NCM811, where x = 0.0, 0.3, and 0.5) cathode materials. A coprecipitation method with
controlled polyanion injection was employed to ensure homogeneous distribution of PO,’~ within the precursor particles.
Comprehensive structural and morphological analyses confirmed that PO,>~ incorporation led to reduced primary particle size
and the formation of a compact, densely packed microstructure, particularly for the Py3;-NCM811 cathode material. X-ray
diffraction (XRD) and Rietveld refinement analyses revealed lattice expansion along the c-axis, while X-ray photoelectron spec-
troscopy (XPS) analysis demonstrated suppressed Ni** accumulation and surface stabilization via Li;PO, formation. Electrochem-
ical evaluation showed that P, 3-NCM811 exhibited superior initial discharge capacity (~227 mAhg™"), Coulombic efficiency
(~92.7%), rate capability, and cycling stability, with approximately 86.7% capacity retention after 100 cycles at 1.0 C. Electrochem-
ical impedance spectroscopy (EIS) further confirmed lower surface film and charge transfer resistances, as well as enhanced Li*
diffusion kinetics in the polyanion-modified cathodes. Differential capacity analysis indicated improved structural reversibility
during phase transitions for P, 3-NCMB811, with reduced polarization and minimal H2 — H3 transition-induced degradation.
These results demonstrate that PO,>~ polyanion incorporation is a promising strategy to stabilize the structure and improve the
electrochemical performance of Ni-rich layered oxide cathodes under high-voltage operation (4.5 V vs. Li/Li").

Keywords: cathode materials; enhanced electrochemical performance; Li(NigsCop 1 Mng1)O,; lithium-ion batteries; polyanion
incorporation

Among these, cathode materials profoundly influence bat-
tery performance due to their complex structural transfor-
mations and electrochemical instability during lithium-ion
(Li*") insertion/extraction processes [6, 7].

Achieving high energy density requires optimization of
electrode material capacity and operating voltage (E= Ah X

1. Introduction

Lithium-ion batteries (LIBs) have become essential energy
storage solutions, supporting applications ranging from por-
table electronics to electric vehicles (EVs) and large-scale
energy storage systems (ESSs) [1, 2, 3]. As global demand

intensifies, particularly for EVs, significant research efforts
have been dedicated to enhancing LIB performance metrics,
notably energy density, rate capability, and cycle life [4, 5].

V, where Ah denotes the electrode capacity and V represents
the operating potential) [8]. Layered oxide cathodes, specifi-
cally Ni-rich Li(Ni,Co,Mn,_,_,)O, (NCM), derived from
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LiNiO, (LNO), have emerged as leading candidates because
of their high specific capacities and reduced cobalt content,
addressing both performance and economic considerations
[9, 10, 11]. In particular, Li(NiygCop1Mng;)O, (NCM811)
has attracted substantial interest owing to its high capacity,
competitive cost, and potential for achieving higher energy
densities required for advanced EV applications [12].

Despite these merits, NCM811 cathodes suffer from rapid
capacity degradation and limited rate capability, especially
under high potential conditions (~4.5V vs. Li/Li*), essential
for maximizing energy density. High potential operation
exacerbates intrinsic structural instabilities, including Li/Ni
cation disorder, irreversible layered-to-rock-salt phase trans-
formations, and detrimental interfacial side reactions [13, 14,
15]. Additionally, structural degradation of NCM811 is prom-
inently driven by phase transitions during charge, evolving
sequentially from a hexagonal layered (H1) phase to mono-
clinic (M) and further to hexagonal H2 and H3 phases. Par-
ticularly, the H2 — H3 transition at approximately 4.2V (vs.
Li/Li") results in anisotropic lattice contraction along the
c-axis, generating substantial internal stresses and micro-
cracks [16, 17]. Such microcracks accelerate electrolyte infil-
tration, triggering undesirable side reactions and promoting
electrochemically inactive NiO phase formation, thereby dra-
matically compromising cycle life [18, 19].

To mitigate these challenges, numerous advanced strate-
gies have been extensively explored. Surface modification
using Li" conductive coatings such as LiAlO,, LaPO,, LINbO3,
LiTaOs;, and lithium phosphate-based compounds (e.g.,
Li;PO,) has proven effective in stabilizing cathode/electrolyte
interfaces, reducing parasitic reactions, and enhancing interfa-
cial Lit transport kinetics [20, 21, 22, 23, 24]. Additionally,
precise morphological engineering via controlled coprecipita-
tion methods, including secondary particle alignment, radial
gradient concentration designs, and nano/microstructural tun-
ing, have been actively investigated to alleviate mechanical
stress and reduce crack propagation during repeated cycling.
Moreover, doping strategies employing both cationic species
(e.g, Ti*", AP*, Mg*", Zr**, and Nb°*) and anionic species
(e.g., F~ and CI") have garnered significant attention [25, 26,
27,28, 29, 30, 31]. These doping strategies effectively suppress
cation mixing, enhance structural stability by modulating
metal-oxygen bond strength and lattice parameters, and pro-
mote favorable electronic configurations and ionic diffusion
pathways [32, 33, 34]. Among the various doping methods,
PO,>~ polyanion incorporation stands out due to its ability
to stabilize structural transitions, reduce interfacial impedance,
and improve Li" diffusivity, significantly extending cycling sta-
bility and rate performance of Ni-rich NCM cathodes [35].

In this work, we present a comprehensive investigation
into the structural and electrochemical enhancement of
NCMSI11 via strategic incorporation of PO,*~ polyanions
(denoted as P,-NCMS811, with x representing the molar per-
centage of PO,’~ incorporation: 0.0, 0.3, and 0.5 mol%). The
primary objective is to reinforce the internal crystal frame-
work of NCMS811, suppress cation disorder, and alleviate the
severe structural instabilities at high potentials (~4.5V vs.
Li/Li*). Additionally, a secondary goal is to deliberately
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induce the formation of a Li;PO, surface layer during syn-
thesis, stabilizing the cathode/electrolyte interface and reduc-
ing interfacial side reactions. Among the studied materials,
P,-NCM811 with x=0.3 exhibited superior electrochemical
performance, including enhanced specific capacity, improved
Coulombic efficiency, and substantially better cycling stability
under rigorous high potential cycling conditions. To elucidate
the mechanisms behind these performance improvements, we
conducted extensive physicochemical and electrochemical
analyses, including X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), electron microscopy, and electro-
chemical impedance spectroscopy (EIS). These investigations
provide clear evidence of the beneficial role of PO,>~ incorpo-
ration in stabilizing the internal lattice structure and mitigating
the detrimental high potential structural transformations in
NCMB8I1 cathodes.

2. Experiment

2.1. Material Synthesis. PO,>~ polyanions were incorporated
into NiggCog 1 Mny ;(OH), precursors via a coprecipitation
method to synthesize polyanion-modified NCM811, denoted
as P,-NCMS8I11 (x=0.0, 0.3, and 0.5, where x represents
the molar ratio of PO~ incorporation). A 2.0 M metal sul-
fate solution was prepared by dissolving NiSO,4-6H,0,
CoS0,4-7H,0, and MnSO,4-5H,0 in a molar ratio of 8:1:1
in deionized water. Additionally, 2.0 M NH,OH and 4.0 M
NaOH solutions were prepared as the chelating and precipi-
tating agents, respectively. To incorporate PO~ into the pre-
cursor structure, Na;PO,12H,0O was dissolved in a NaOH
solution and the concentration of Na;PO,-12H,0 was adjusted
to control the PO,>~ content. For instance, for Py 5-NCM811,
the concentration of Na;PO,-12H,O was set to 0.3 mol% rela-
tive to the metal sulfates.

The metal sulfate solution, NH,OH, NaOH, and
Na;PO, 12H,0 + NaOH solutions were separately and con-
tinuously fed into a continuously stirred tank reactor using
precision peristaltic pumps to ensure uniform incorporation
of PO,’” throughout the precursor particles from core to
surface. The reactor atmosphere was maintained under inert
N, gas, the pH was kept at approximately 11, and the reac-
tion temperature was maintained at 55°C. The resulting P,-
NCM811 precursors were collected by filtration, thoroughly
washed with deionized water, and dried at 80°C for 24 h. The
dried precursors were then mixed with LiOH-H,O in a
Li/metal molar ratio of 1.02 and calcined in an O, atmo-
sphere at 780°C for 12h to obtain the final P, -NCM811,
Py 3-NCMS811, and P 5-NCM811 cathode materials.

2.2. Material Characterization. The crystal structures of the
synthesized cathode materials were analyzed using XRD
(New D8-Advance, Bruker). The particle morphology was
examined via field-emission scanning electron microscopy
(FE-SEM, ZEISS Sigma), and the elemental distribution
was assessed using energy-dispersive X-ray spectroscopy
(EDS) mapping (ZEISS Sigma). The chemical states of the
constituent elements were characterized by XPS (Thermo
Scientific K-Alpha™).
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NCMS811 cathode

Py o-NCM811

(NCMS811 without
PO,> polyanion incorporation)

FiGURE 1: Schematic illustration comparing NCM811 without PO,>~

incorporation (P ;-NCM811).

2.3. Electrochemical Measurements. To evaluate the electro-
chemical performance, the P,-NCMS811 cathode materials
were mixed with Super P (conductive agent) and polyviny-
lidene fluoride (PVDF, binder) in a weight ratio of 94:3:3
using N-methylpyrrolidone (NMP) as the solvent. The result-
ing slurry was uniformly coated onto aluminum (Al) foil and
dried in an oven at 120°C for 20 min. The dried electrodes
were roll-pressed, punched into circular disks (10 mm in
diameter), and vacuum-dried at 120°C for 10h. CR2032
coin cells were assembled in an argon-filled glove box using
Li metal as both the counter and reference electrodes. The
electrolyte consisted of 1.0 M LiPFq dissolved in a mixed sol-
vent of ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) in a 3:7 volume ratio.

Galvanostatic charge—discharge tests were conducted
using a battery cycler (WonATech, WBCS 3000L) within a
potential range of 3.0-4.5 V (vs. Li/Li"). A current rate of 1.0
C was defined as 180 mAh g~ '. All electrochemical measure-
ments were performed at 25°C. EIS was carried out using a
ZIVE SP1 workstation (WonATech) after 100 cycles at 1.0 C,
with an amplitude of 10mV over a frequency range of
0.01-100 kHz to analyze resistance evolution during cycling.
The Li* diffusion coefficient (Dy;+) was calculated using the
following equation:

R*T?

Pt = mipice

Dy;+ is the Li* diffusion coefficient (cm®s™); R is the
ideal gas constant (8.314 T mol™' K™"); T is the absolute tem-
perature (K); A is the effective surface area of the electrode
(cm?); n is the number of electrons involved in the reaction
(dimensionless); F is the Faraday constant (96,485 C mol™);
C is the concentration of Li* in the electrode (mol cm™); o is

Surface chemistry

P, ;-NCM811

(PO~ polyanion incorporated NCM811)

polyanion incorporation (Py,-NCM811) and with PO~ polyanion

the Warburg coefficient (slope form low-frequency imped-
ance, 2s7%).

3. Results and Discussion

3.1. Synthesis and Characterization of P,-NCM811 Cathode
Materials. Li(Niy gCoo ;Mng 1)O, (referred to as P,-NCMS811,
where x =0.0, 0.3, and 0.5), incorporating varying amounts of
PO,’” polyanions, was synthesized through a carefully con-
trolled method that modulates the injection rate of the PO,>~
polyanion source. In brief, to prepare the P,-NCM811 cath-
ode materials, Nij gCop ;Mng;(OH), precursors (P,-NCM811
precursors) were first synthesized using a coprecipitation
method (details in Section 2). Unlike conventional methods
that introduce PO,>~ postsynthesis, either by reacting with
surface residual Li to form a Li;POy layer or by posttreatment
incorporation, we incorporated the PO4*~ polyanions directly
during the coprecipitation process. As illustrated in Figure 1,
this strategy was deliberately designed to modulate both the
surface chemistry and the bulk structure of NCM811. By pre-
cisely controlling the injection rate, we enabled a uniform dis-
tribution of PO,>~ polyanions from the core to the surface of
the precursors.

As confirmed by SEM images (Figure S1), all P,-NCM811
precursors exhibited needle-like primary particles aggregated
into spherical secondary particles. In addition, EDS mapping
of all P,-NCM811 precursors revealed a homogeneous distri-
bution of Ni, Co, and Mn throughout the particles (Figures
S2-S4). Notably, the Py3-NCMS811 (Figure S3) and P s-
NCMS811 (Figure S4) precursors also exhibited a uniform
distribution of phosphorus, further confirming the successful
incorporation of PO,>~ during the coprecipitation step. How-
ever, after calcination with a Li source to obtain the final P,-
NCMS8I11 cathode materials, SEM images revealed a clear
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variation in the primary particle sizes depending on the extent
of PO’ incorporation (Figure 2a—c). Furthermore, low-
magnification SEM images of the P,-NCM811 cathode mate-
rials (Figure S5) confirm that all cathode materials consist
predominantly of spherical secondary particles across the
samples. Elemental distributions were further examined by
EDS mapping. As shown in Figure S6, the Py,-NCMS8I11
cathode material exhibited a uniform distribution of Ni, Co,
and Mn throughout the particles, while maintaining a spheri-
cal morphology. In contrast, both Py;-NCM811 and Py 5-
NCM811 samples showed homogeneously distributed P in
addition to the transition metals, confirming successful poly-
anion incorporation (Figures S7 and S8). These results suggest
that incorporation of PO,’~ leads to a more uniform primary
particle size distribution. To further support this observation,
quantitative particle size analysis of 100 primary particles was
conducted (Figure S9), which revealed a clear reduction and
narrowing of particle size upon PO,>~ incorporation. Nota-
bly, the Py3-NCMS8I11 sample exhibited smaller and more
densely packed primary particles, indicating that appropriate
incorporation of PO,’~ can regulate particle morphology,
which may in turn positively influence the electrochemical
performance.

To investigate the structural characteristics of the synthe-
sized P,-NCMS811 cathode materials, XRD analysis was per-
formed (Figure 2d—g). All samples exhibited well-defined
layered structures characteristic of Li(NipgCop;1Mng;)O,,
with a rhombohedral structure belonging to the R—3m space
group. Despite the incorporation of PO,’", no secondary
phases or impurity peaks were detected in the XRD patterns
of Py 5-NCM811 and P, 5-NCMS811 cathode materials. More-
over, the distinct splitting of the (006)/(102) and (108)/(110)
peaks demonstrates the high crystallinity of the cathode
materials, further supporting the successful incorporation
of PO,>~ polyanions (Figure 2e,f) [36]. To gain more detailed
insight into the structural variations, Rietveld refinement was
conducted (Figure 2h—j), and the results are summarized in
Table S1. The a-axis lattice parameter remained nearly
unchanged across the series; however, a gradual increase in
the c-axis lattice parameter was observed with increasing
PO,’” content. This expansion can be attributed to the sub-
stitution of relatively small spherical O*~ anions (140 pm)
with the larger PO,>~ polyanions (238 pm), indicating suc-
cessful incorporation into the NCM811 lattice structure [37].
This observation is further corroborated by high-resolution
transmission electron microscopy (TEM) images (Figure
S10), where the (003) lattice spacing increased from 0.481
nm for Py o-NCM811 to 0.501 nm for Py 3-NCM811, provid-
ing direct evidence of c-axis expansion upon PO4>~ incorpo-
ration. Additionally, the shift of the (003) peak toward lower
angles, consistent with Rietveld results, further supports c-axis
expansion (Figure 2g). Since Li" primarily diffuse along the
(003) planes within the Li layers, an increased interslab spac-
ing is expected to enhance Li* mobility, thus, potentially
improving rate capability [38]. The degree of cation mixing,
which can be inferred from the intensity ratio of Igo3)/I(104),
also showed a favorable trend [39]. As shown in Table S1, the
T003)/I(104) ratio increased from 1.80 to 1.92 with higher PO~
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content, indicating a decrease in cation mixing. This structural
improvement is expected to contribute to better electrochemi-
cal stability and capacity retention.

To investigate the changes in the surface valence states of
P.-NCMS811 cathode materials induced by PO,’~ polyanion
incorporation, XPS analysis was conducted. As shown in
Figure 3a—c, P 2 p spectra of Py ;-NCMS811 and P, 5-NCM811
display a prominent peak around 133.4 eV, which is character-
istic of tetrahedral PO, groups. This observation confirms
the successful incorporation of PO,’” polyanions into the
NCMB8I11 structure during synthesis. Although the overall
intensity of the P 2 p signal is relatively weak due to the intrin-
sically low phosphorus content, complementary evidence from
XRD peak shifts (Figures 2g) and EDS elemental mapping
(Figures S6-S8) consistently confirms the presence and homo-
geneous distribution of phosphorus. Taken together, these
results substantiate the successful incorporation of PO, poly-
anions into the NCM811 lattice despite the limited signal-to-
noise ratio in the XPS spectra. Figure 3d—f shows the Ni 2p
spectra, where the Ni 2ps;, and Ni 2p;,, peaks appear at
approximately 855.1 and 872.5eV, respectively, along with
their associated satellite peaks. Deconvolution of the Ni 2p;,
peak reveals contributions from Ni** (854.6 eV) and Ni**
(855.6 V) species. The relative Ni’* content increases
from 48% (Pyo-NCMS811) to 60% (Po5-NCMS811) and 63%
(Pos-NCM811) with increasing polyanion incorporation, as
summarized in Table S2. This trend suggests that PO,>~ incor-
poration effectively suppresses the surface accumulation of
Ni**, thereby reducing the degree of cation mixing—consistent
with the findings from Rietveld refinement analysis. C 1 s spec-
tra for all samples are shown in Figure 3g—i. Peaks observed at
approximately 284.8 and 289.8 eV correspond to hydrocarbon
species and Li,COs, respectively [40]. The Li,CO5; commonly
originates from residual lithium compounds that react with
atmospheric CO, and moisture during sample handling, which
is frequently observed in Ni-rich NCM cathodes. Compared to
Pyo-NCMS811, both the intensity and relative area of the
Li,CO; peak decrease significantly in the Py;-NCM811 and
Pys-NCM811 cathode materials (Table S2), indicating that
PO,>~ incorporation reduces the formation of Li residuals.
This result suggests that during the high-temperature synthesis
process, residual Li on the precursor surface reacts with PO,>~
species to form a Li;PO, surface layer. Although the absolute
quantification of residual lithium is experimentally challenging
due to its inherently low concentration, the systematic decrease
in the Li,COj signal observed in the XPS C 1 s spectra provides
reliable indirect evidence of reduced surface Li. This interpre-
tation is further supported by complementary structural and
compositional analyses, which consistently indicate the stabili-
zation effect of PO, incorporation.

These physicochemical characterizations collectively dem-
onstrate that PO,>~ polyanions are not only incorporated
into the NCMB811 lattice, but may also exist as Li;PO, on the
particle surface. Such dual effects are expected to significantly
influence the electrochemical performance of NCM811 cath-
ode materials, particularly in terms of capacity retention, rate
capability, and long-term cycling stability.
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FiGure 2: SEM images of (a) Py o-NCM811, (b) Po3-NCM811, and (c) Py5-NCM811 cathode materials. (d—g) XRD patterns of P,-NCM811
cathode materials. Rietveld refinement results for (h) Pyo-NCM811, (i) Py3-NCMS811, and (j) P 5s-NCMB811 cathode materials.

3.2. Electrochemical Performance Evaluation of P,-NCMS811
Cathode Materials. The electrochemical performance of
the synthesized P,-NCMS811 cathode materials was evaluated
using half-cells assembled with Li metal serving as both
the counter and reference electrodes. Galvanostatic charge—
discharge tests were conducted at 25°C within a potential range
of 3.0-4.5V (vs. Li/Li"). Figure 4a—d displays the initial
charge—discharge curves measured at a current density of
0.1C (1.0C=180mAhg™"). Although all P,-NCM811 cath-
ode materials exhibited similar voltage profiles, notable differ-
ences in their initial discharge capacities were observed.
Specifically, the pristine P, ,-NCM811 and P, s-NCM811 cath-
ode materials delivered an initial discharge capacity of approx-
imately 216 and 215mAhg™", respectively, while the Pgs-
NCMS811 cathode material, incorporating an optimal amount
of PO,”~ polyanions, showed enhanced capacities of approxi-
mately 227 mA hg~". Coulombic efficiency also improved with
the incorporation of an appropriate amount of polyanions. The
first-cycle efficiencies of P o-NCM811, Py3-NCMS811, and Py 5-
NCMB811 were approximately 90.7%, 92.8%, and 90.1%, respec-
tively, indicating that the incorporation of an optimal amount of
PO, positively influences the electrochemical behavior of the
cathode. Among the cathode materials, Py 3-NCM811 cathode
material exhibited the most favorable combination of initial
capacity and efficiency. This enhancement can be correlated
with the XPS results discussed previously. The reduction in
Ni** concentration, achieved through PO,>~ incorporation, is
likely to suppress the formation of electrochemically inactive
NiO species on the particle surface, thereby reducing irreversible
capacity loss and improving initial Coulombic efficiency.
Figure 4e presents the rate capability of P,-NCMS811
cathode materials tested at various current densities (0.2,
0.5, 1.0, 2.0, and 4.0 C). Compared to the pristine Py -
NCMS811, both P,3-NCMS811 and Py5-NCMS811 cathode
materials exhibited significantly improved rate performance,
with Pg3-NCM811 demonstrating the most superior

behavior among the series, despite having a lower PO,>~
content than Py 5-NCM811. Specifically, the Py ;-NCM811
cathode delivered discharge capacities of approximately
218, 207, 199, 190, and 178 mAhg™" at current rates of
0.2, 0.5, 1.0, 2.0, and 4.0 C, respectively, corresponding to
capacity retentions of approximately 95.8% (0.5C), 92.6%
(1.0C), 88.0% (2.0C), and 82.9% (4.0C), as shown in
Figure 4f and Figure Slla. Furthermore, as illustrated in
Figure S11b, the Py3-NCMS811 cathode exhibited superior
discharge specific capacities across all tested C-rates. This
excellent rate performance is attributed to the smaller and
more uniformly distributed primary particles in Py ;-
NCMS811, which shorten the Li* diffusion paths. In addition,
the expanded c-axis resulting from PO,’~ incorporation likely
reduces Li" diffusion resistance, facilitating more efficient Li*
insertion and extraction during charge—discharge cycles.
Figure 4g illustrates the cycling stability of P,-NCM811
cathodes over 100 cycles at 1.0 C. While all cathode materials
exhibited Coulombic efficiencies close to approximately
100%, Py 3-NCM811 and P, s-NCM811 maintained relatively
higher efficiencies throughout the test. Notably, even under a
high cut-off voltage of 4.5V (vs. Li/Li*), Py 3-NCMS811 retained
a discharge capacity of approximately 171mAhg™" after
100 cycles, compared to approximately 146 and 167mAhg™"
for Py o-NCMS811 and Py 5-NCMS811, respectively. The corre-
sponding capacity retentions were approximately 74.7%,
86.7%, and 83.2%, further highlighting the superior cycling
stability of Py 3-NCM811. The enhanced long-term stability of
Py3-NCMS8I11 can be attributed to the reduced cation mixing
and suppression of inactive NiO phase formation, as sup-
ported by both XPS and structural analysis. These synergistic
effects of polyanion incorporation underscore its critical role
in improving both the kinetics and structural stability of Ni-
rich layered cathode materials under high-voltage operation.
To further investigate the effect of PO,>~ polyanion
incorporation on the interfacial and charge transport
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properties of P,-NCM811 cathode materials, EIS measure- Po.s-NCMS811, which contain incorporated PO,>~, displayed
ments were performed after 100 charge/discharge cycles at  significantly lower values of 5.30 and 5.53 £2, respectively.
1.0C. The corresponding Nyquist plots are shown in  This reduction in surface resistance is attributed to the for-
Figure 4h, and the results are summarized in Table S3. The = mation of a Li;PO,—based surface coating layer, which
first semicircle in the high-frequency region corresponds to  enhances the surface stability of the cathode particles during
the resistance of the solid electrolyte interphase (SEI) layer ~ prolonged cycling. The second semicircle in the mid-
(Rsp). Among the cathode materials, Py o-NCM811 exhibited ~ frequency region represents the charge transfer resistance
the highest Ry value of 8.10Q2, whereas Py 3-NCM811 and (Re). Ppo-NCMB8I11 exhibited an R, of 11.85 2, while Py, 5-
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comparison of P,-NCM811 cathode materials. (f) Capacity retention of Py3-NCM811 cathode material at various C-rates. (g) Cycling
stability of P,-NCMS811 cathode materials at 1.0 C over 100 cycles. (h) Nyquist plots of P,-NCM811 cathode materials after 100 cycles at 1.0
C. (i) Spider chart summarizing key electrochemical performance metrics.

NCM811 showed a reduced value of 9.86 Q. Notably, P ;-
NCMS811 exhibited the lowest R of 7.79 Q. Since R is
closely related to the penetration of electrolyte into micro-
cracks and the charge transfer kinetics at the electrode/elec-
trolyte interface, the significantly reduced R, of Py 3-NCM811
suggests a suppression of microcrack formation and improved
interfacial charge transfer, correlating well with its superior
long-term cycling performance. Furthermore, the Li* diffusion
coefficient (Dr;+) was calculated from the low-frequency region
of the Nyquist plots. Py 3-NCM811 exhibited the highest diffu-
sion coefficient of 9.84 x 10~"* cm®s ™, in comparison to 5.21
x 107" ecm?s™" for Pyo-NCM811 and 7.12x 10" cm?*s™" for
Py5s-NCMS8I11. This result confirms that the superior rate capa-
bility of Py 3-NCMS811 can be attributed to both its reduced
interfacial resistance and enhanced Li* transport kinetics. As
summarized in Figure 4i, the Py;-NCMS811 cathode incorpo-
rating an optimal amount of PO, polyanions exhibits the best
overall electrochemical performance in terms of initial dis-
charge specific capacity and Coulombic efficiency at 0.1C,
cycling stability at 1.0 C, discharge specific capacity at 4.0 C,
rate retention, and R.

3.3. Mechanistic Insights Into the Influence of PO~
Polyanion Incorporation on the Electrochemical Behavior of
P,-NCMS811 Cathode Materials. To elucidate the mechan-
isms underlying the enhanced electrochemical performance
of P,-NCMS811 cathode materials upon PO,’~ polyanion
incorporation, a more in-depth comparative analysis was
conducted between P,,-NCM811 (without PO,’”) and
Py3-NCMS811, the composition that exhibited the best capac-
ity, rate capability, and cycling stability. Cross-sectional SEM
images of the two cathode materials in the pristine state
(before electrochemical cycling) are shown in Figure 5a,b.
The Pyo-NCMS811 cathode material exhibited noticeable
particle fracture and a loosely packed core structure, indicat-
ing lower internal density (Figure 5a). In contrast, the Pg 3-
NCMS811 cathode material showed no apparent particle
cracking and featured a denser and more compact micro-
structure throughout the particle cross section (Figure 5b).
These observations suggest that PO,>~ incorporation led to a
reduction in the size of primary particles, resulting in a more
densely packed secondary particle architecture. This com-
pact microstructure is expected to suppress particle degrada-
tion and microcrack formation during cycling, contributing
to the improved structural stability observed in Py 3-NCMS811.
Furthermore, such dense particle arrangements can reduce
interparticle distances and enhance electronic and ionic con-
ductivity, which likely played a key role in the superior rate
performance exhibited by this composition. Taken together,
these results provide strong evidence that the incorporation
of PO,>~ polyanions not only modifies the bulk lattice
structure and surface chemistry of NCM811, but also signifi-
cantly influences the internal particle architecture—ultimately

enhancing both the mechanical integrity and electrochemical
performance of the cathode material.

To further elucidate the impact of PO,>~ polyanion
incorporation on the electrochemical behavior of P,-
NCM811 cathode materials, differential capacity (dQ/dV)
analysis was performed for Pyo-NCM811 and Pg;-
NCMS11 at the 25", 50™, 75™, and 100™ cycles during 1.0
C cycling. As shown in Figure 5¢,d, layered NCM cathode
materials undergo sequential phase transitions during Li*
insertion and extraction, following a characteristic sequence
from the original hexagonal phase (HI) to a monoclinic
phase (M), then, to a second hexagonal phase (H2), and
finally to a third hexagonal phase (H3) (HI - M — H2 —
H3) [41]. In Ni-rich NCM systems, the H2 — H3 transition
occurring around approximately 4.2 V (vs. Li/Li") is partic-
ularly critical, often associated with severe structural collapse
and significant capacity fading. In the case of Py (-NCM811,
the anodic peak corresponding to the H2 — H3 transition
progressively shifts to higher potentials with cycling, while
the current intensity notably decreases (Figure 5¢). Concur-
rently, the corresponding cathodic peak shifts to lower
potentials, resulting in a voltage gap of approximately 0.27
between the anodic and cathodic peaks by the 100™ cycle.
This increasing polarization is indicative of c-axis lattice
shrinkage and elevated internal resistance, likely arising
from particle cracking and interfacial degradation during
repeated cycling. These structural changes may also promote
side reactions between the electrolyte and electrode or the
formation of electrochemically inactive NiO phases. In con-
trast, the Py 3-NCMS811 cathode exhibited remarkable stabil-
ity. As shown in Figure 5d, the anodic peak position
remained nearly unchanged even after 100 cycles, and the
associated current decay was minimal. Moreover, the voltage
difference between the anodic and cathodic peaks was sig-
nificantly smaller, around 0.15V, indicating reduced polari-
zation. These observations strongly suggest that PO,’~
polyanion incorporation improves the structural reversibility
of the phase transitions, particularly mitigating the detri-
mental effects of the H2 — H3 transition. This enhanced
phase stability is consistent with the improved cycling
performance and reduced impedance observed for P ;-
NCM811, underscoring the effectiveness of polyanion engi-
neering in stabilizing Ni-rich layered cathode materials.
Figure 5e schematically illustrates how the enhanced structural
stability and electrochemical performance of Py;-NCMS8I11
cathode material, achieved through the appropriate incorpo-
ration of PO,>~ polyanions, arise from their functional effects
within the cathode material system.

4. Conclusion

We have demonstrated that strategic incorporation of
PO, polyanions into Ni-rich layered Li(NiygCop;Mng ;)
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NCMS811 cathode materials. () Schematic illustration highlighting the functional effects of PO,>~ polyanion incorporation in Py 3-NCM811

cathode material.

O, significantly enhances the electrochemical performance
and structural stability of the resulting cathode materials.
The coprecipitation synthesis approach enabled uniform
polyanion distribution, resulting in reduced primary particle
size, denser microstructure, and suppressed surface degrada-
tion. Among the cathode materials studied, Py;-NCMS811
cathode material exhibited the most balanced and superior
performance, delivering high initial discharge specific capac-
ity, excellent rate capability, and long-term cycling stability.
Detailed electrochemical and structural analyses revealed
that PO,>~ incorporation mitigated cation mixing, reduced
interfacial resistances, and improved Li* diffusion. Further-
more, the reduced polarization and stabilized phase transi-
tion behavior observed in differential capacity analysis confirm
the beneficial role of PO, in suppressing structural degrada-
tion during extended cycling. Overall, our findings highlight
the effectiveness of polyanion-assisted structural and surface
engineering in advancing the practical application of high
energy Ni-rich layered cathode materials in next-generation
LIBs.
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