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2D Phosphorene-Decorated Ni-Rich Layered Cathodes for
High-Power and High-Energy Li-lon Batteries

Jihoe Lee, Kijeong Nam, Bonyoung Ku, Myungeun Choi, Min-kyung Cho, Su Yeon Jung,
Jinhong Min, Jinho Ahn, Yongseok Lee, Sang-Yeop Lee, Dohyun Lee, Yun Seong Cho,
Da-Sol Kwon, Jung-Keun Yoo, Joohoon Kang,* and Jongsoon Kim*

To meet the demands of high-energy lithium-ion batteries (LIBs),

cathodes must achieve high mass loading and low carbon content without
compromising rate capability or cycling stability. However, the intrinsically
low electronic conductivity of conventional surface coatings limits their effec-
tiveness under high mass loading and low carbon content conditions. Here, a
surface modification strategy leveraging conductive and chemically stable 2D
phosphorene (2DP), electrochemically exfoliated from black phosphorus, is
presented to modify the surface of Li[Ni, ;Co, ;Mn,;]O, (NCM811) cathodes.
The 2DP-decorated NCM811 (2DP-NCM811) delivers a high discharge capac-
ity of 209.7 mAh g~' at 30 mA g~' and maintains 183.2 mAh g~ at 500 mA
g~ under practical conditions (18 mg cm~2 cathode loading, 1 wt.% carbon).
Compared to bare and phosphate-decorated counterparts, 2DP-NCM811
exhibits enhanced power capability. It also shows improved cycling stability
with 82.7% capacity retention after 100 cycles, outperforming bare NCM811
(73.8%) and phosphate-decorated NCM811 (80.1%). Operando X-ray diffrac-
tion and ex situ transmission electron microscopy confirm that the application
of 2DP effectively suppresses structural degradation. This study demonstrates
a surface engineering strategy that addresses both structural instability

and electronic limitations by integrating a conductive and chemically stable
2D material, offering a scalable route toward high-performance LIB cathodes.

particularly for transportation and grid-
scale applications.!?] As a result, the ap-
plication of Li-ion batteries (LIBs) has ex-
panded beyond small electronic devices like
mobile phones to large-scale applications
such as electric vehicles (EVs).3~! This ex-
pansion has led to a global surge in inter-
est and demand for LIBs, driving extensive
research and development efforts to secure
key technologies in this field.l*®]

In particular, intensive research has
been conducted to increase the energy
density of cathodes as a means to enhance
the overall energy density of LIBs.[>1
It has been reported that high energy
density can be achieved by increas-
ing the Ni content in the layered oxide,
Li[TM]O,.['"12] Thus, Li[Ni,4Co,,Mn,,]O,
(NCM811), one of Ni-rich layered oxide
cathodes, has received great attention
as the promising cathode for LIBs, due
to its reversible gravimetric capacity ap-
proaching ~200 mAh g! and the average
operation voltage of #3.7 V (vs Li*/Li).[1315]

1. Introduction

Global concerns over climate change and carbon emissions have
intensified the demand for sustainable energy storage systems,

However, in the case of the NCM811
cathode, Ni** ions formed during charging
undergo an irreversible reaction through

side reactions with the electrolyte, reducing to Ni?*.['%! Due to the
similar ionic radius of Li*(0.76A) and Ni**(0.69A), Ni** ions are
easily migrated into the Li-layer, leading to cation disorder.['*]
After prolonged cycling, the surface of the NCM811 particles
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converts through a spinel-like compound and ultimately forms
an electrically insulating rocksalt-type NiO.[2>2!] This undesirable
surface degradation significantly deteriorates the electrochemical
properties of the NCM811 cathode, including power capability
and cyclability.

To prevent surface degradation, various oxide-based and
polyanion-based coatings such as Al,O,, ZrO,, Li,0-2B,0;, and
PO, have been applied to NCM811 particles.[???5] While these
coatings enhance structural stability, their intrinsically low elec-
tronic conductivity impairs electron transport within the elec-
trode. This issue becomes particularly critical in practical high-
energy-density cell configurations, where the amount of con-
ductive carbon is minimized to maximize the active material
fraction.[2*?7] In particular, under high mass loading conditions
required for practical electrodes, the limited electron transport
through oxide coatings can lead to severe polarization and slug-
gish reaction kinetics, ultimately degrading rate capability. There-
fore, alternative coating materials with higher conductivity and
strong chemical and mechanical stability are required. In addi-
tion, a method for forming thin and uniform coatings that do
not compromise the electrochemical activity is essential.

In this study, we introduce 2D phosphorene nanosheets (2DP),
electrochemically exfoliated from black phosphorus, as a high-
conductivity surface modifier for NCM811 cathodes.!?®] 2DP
has a unique puckered structure, which provides exceptional me-
chanical flexibility and allows the nanosheets to conform tightly
to the curved surfaces of NCM811 particles.3%3!l This ensures
intimate interfacial contact, thereby enhancing both electronic
conductivity and structural stability. In addition, 2DP offers high
carrier mobility, enabling efficient and stable electron conduc-
tivity compared to metallic or insulating coatings.***] Beyond
its electronic and structural advantages, 2DP forms uniform and
conformal coverage on NCM811 surfaces, minimizing interfacial
voids and reducing contact resistance, thereby enhancing interfa-
cial compatibility. These features make 2DP a compelling candi-
date for suppressing surface reactions and stabilizing interfacial
structure under practical cycling conditions.

The resulting 2DP-decorated NCM811 (2DP-NCM811) was
prepared by incorporating 2DP with ethyl cellulose (EC), which
served to improve interfacial adhesion and promote a uniform
coating morphology. This combination established continuous
conductive pathways within the electrode and contributed to
the enhanced electrochemical performance. Under high mass
loading (18 mg cm™2) and low conductive carbon content (1
wt.%), 2DP-NCMS811 delivered a high discharge capacity of 209.7
mAh g~! at a current density of 30 mA g~!, outperforming bare
NCMS811 (B-NCM811, 192.63 mAh g™') and phosphate-decorated
NCM811 (PO-NCMS811, 179.86 mAh g'). Even at a high cur-
rent density of 500 mA g~!, 2DP-NCM811 retained a specific
capacity of 183.2 mAh g~!, while B-NCM811 and PO-NCM811
showed only 161.9 and 160.1 mAh g1, respectively. In addition,
2DP-NCM811 exhibited improved cycling retention of 82.7% af-
ter 100 cycles, significantly higher than B-NCM811 (73.8%) and
PO-NCM811 (80.1%).

Operando X-ray diffraction (XRD) and ex situ transmission
electron microscopy (TEM) analyses confirmed the suppressed
structural degradation in 2DP-NCM811. These results demon-
strate that this 2D phosphorene-based modification strategy of-
fers a viable route toward high-performance and durable LIB
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cathodes. Unlike conventional oxide coatings, this approach
uniquely combines high electronic conductivity, mechanical con-
formity, and interfacial stability. This work presents a new di-
rection for designing cathode surfaces under practical electrode
conditions.

2. Results and Discussion

2.1. Preparation of 2D Phosphorene Nanosheets
(2DP)-Decorated NCM811 Cathode (2DP-NCM811)

Figure 1a shows a schematic illustration of molecular intercala-
tion driven electrochemical exfoliation of 2DP in solution and
wrapping on NCM811 to prepare 2DP-NCM811.33] Molecular
intercalation driven electrochemical exfoliation is a method to
prepare atomically-thin 2D nanosheets in large quantities us-
ing a molecular intercalant under the electrochemical potential
application.

During the process, tetrabutylammonium ions (TBA*) were
intercalated into the van der Waals gaps of layered BP crys-
tals, causing the volume expansion due to increased inter-layer
distance. This process results in the van der Waals interaction
weakening, so that 2DP are easily exfoliated under mild soni-
cation in N,N-dimethylformamide (DMF). This dispersion was
centrifuged repeatedly to obtain a few-layer 2DP by discarding
non-exfoliated BP. From 50 mg of bulk BP, this process typically
yielded ~3 mL of 2DP dispersion at 0.68 mg mL~!, correspond-
ing to a yield of ~4% and productivity of ~1 mg h~! (Table S1,
Supporting Information).

Furthermore, DMF was changed to low-boiling-point iso-
propyl alcohol (IPA) to minimize residual solvents after the pro-
cess. Due to the ambient instability of 2DP, the entire process was
carefully done in an Ar-sealed chamber, and anhydrous solvents
were utilized (more details are in the experimental section).3*-3¢]
Subsequently, the NCM811 powders were introduced into the
2DP solution, followed by mild sonication to promote uniform
wrapping of the 2DP onto the surface of the NCM811 particles.

After ensuring homogeneous dispersion, the mixture was sub-
jected to evaporation to remove the IPA solvent. Finally, the
resulting composite was calcined under an Ar atmosphere for
a short duration in order to minimize the oxidation of 2DP
during the thermal treatment. This systematic coating proce-
dure allowed for the formation of a uniform and thin 2DP
layer on the surface of NCM811, effectively contributing to im-
proved structural stability and enhanced both ionic and electronic
conductivity.

Following the 2DP preparation, the exfoliated 2DP were char-
acterized with a comprehensive suite of microscopic and spec-
troscopic analyses. In Figure 1D, the atomic force microscopy
(AFM) images show the representative structures of exfoliated
2DP. As shown in Figure 1c,d, the thickness of the exfoliated
2DP has a distribution between 2 and 12 nm, with the majority
of the 2-3 nm samples, corresponding to 3-5 layers of 2DP.[7]
The lateral size of 2DP shows an average value of 0.53 ym. Addi-
tionally, the batch-to-batch uniformity of lateral size and thick-
ness was confirmed through AFM measurements of indepen-
dently synthesized samples, as shown in Figure S1 (Supporting
Information).
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Figure 1. a) Schematic illustration of the preparation processes of 2DP and 2DP-NCM811 with the advantages of the 2DP-decorated coating on NCM811.
b) AFM analysis of 2DP flakes. c) Thickness and d) lateral size of 2DP. €) Comparison of Raman spectra of 2DP-EC mixture according to the calcination
condition. f) Conductivity of the bare 2DP and 2DP-EC film according to the condition of calcination, with error bars.
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This structural uniqueness of 2D nanosheets enables wrap-
ping NCM811 particles in a uniform and conformal manner with
effective van der Waals interface formation.[*¥3%) The crystallinity
of 2DP after electrochemical exfoliation was characterized by Ra-
man spectroscopy shown in Figure S2 (Supporting Information).
The representative Raman modes of 2DP, including A,', B,
and A,” peaks, are clearly shown at ~358, 438, and 467 cmﬁ,
respectively. Also, high A,*-A,' ratio of Raman intensity indi-
cates the atomically-thin structure in the thickness of the exfo-
liated 2DP.[*0]

Following the 2DP preparation and characterization, ethyl cel-
lulose (EC) was added to the dispersion to form a conductive path-
way between 2DP and NCM811 by thermally converting into a
carbon interfacial layer. To determine the optimal ratio between
2DP and EC, we prepared cathodes by coating NCM811 active
materials with various 2DP and EC ratios using a low loading of
2 mg cm™ and a carbon source content of 5 wt.%, followed by
cycling tests (Figure S3, Supporting Information).

The cathode coated with a solution without EC exhibited dis-
charge capacity and retention performances similar to those of
B-NCM811. Meanwhile, the cathode coated with a solution con-
taining 2DP and EC in a 1:2 ratio showed relatively high reten-
tion but significantly low discharge capacity. In contrast, the cath-
ode prepared using a solution with a 1:1 2DP-to-EC ratio demon-
strated superior electrochemical performance, achieving a high
retention of 93.43% and a discharge capacity of 188.27 mAh g~!
after 70 cycles. Based on these results, we identified the optimal
2DP:EC ratio as 1:1 and proceeded with subsequent experiments
accordingly.

In addition, we investigated the property changes in the mix-
ture of 2DP-EC according to the heat treatment conditions. As
shown in Figure 1e, the Raman peaks of 2DP after various ther-
mal processes are shown, respectively. When the 2DP-EC mix-
ture was annealed in an O, atmosphere, the peaks were removed
due to oxidation. Oxidation of phosphorene to phosphate, com-
posed of P—O bonding, lost its intrinsic properties, and its elec-
tronic performance will be degraded contrast to that of 2DP. On
the other hand, when the 2DP-EC mixture was calcinated in an
Ar atmosphere, the peaks were well retained.

Moreover, as shown in Figure 1f, we compared electrical con-
ductivities of the 2DP-EC mixtures after heat treatment under Ar
and O, atmospheres, respectively, through current-voltage mea-
surements (Figure S4, Supporting Information). It was verified
that the conductivity of the 2DP-EC mixture annealed under an
Ar atmosphere is #24.07 x 10~° S cm™!, which is much higher
than that of both the 2DP-EC mixture annealed under an O, at-
mosphere (0.3 X 10° S cm™!) and bare 2DP annealed under an
Ar atmosphere (x5.35 X 107% S cm™!). These results imply that
the heat treatment of a 2DP-EC mixture under an Ar atmosphere
facilitates the optimum preparation of 2DP-NCMS811, offering
enhanced electrochemical performances through simultaneous
improvements in structural stability and electrical conductivity.

2.2. Structure and Morphology of 2D Phosphorene Nanosheets
(2DP)-Decorated NCM811 Cathode (2DP-NCM811)

To verify the successful preparation of 2DP-NCM811, we per-
formed XRD measurement and Rietveld refinement. As shown
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in Figure 2a, 2DP-NCM&811 exhibits a hexagonal-based layered
structure with R3m symmetry. The detailed structural informa-
tion on 2DP-NCMS811, such as the atomic coordinates, thermal
factor (B,,), and occupancies, is tabulated in Table S2 (Support-
ing Information). The reliability factor of 2DP-NCM811 (R, =
7.83%, R; = 9.32%, R; = 1.93%, x> = 1.89%) proved the high
accuracy of the refinement.

In addition, we compared the XRD patterns of 2DP-NCMS811,
bare NCM811 (B-NCMS811), and NCM811 with phosphate (P—O
bonding)-decorated coating (PO-NCM811). It was confirmed that
the three samples have the same crystal structure (Figure S5, Sup-
porting Information). These results indicate that the crystal struc-
ture of NCM811 was well retained after the 2DP-decorated coat-
ing process.

To investigate the 2DP-decorated coating on NCM811 parti-
cles, we performed high-resolution transmission electron mi-
croscopy (HRTEM) analyses. The B-NCMS811 particle just shows
the smooth surface without a coating layer (Figure S6, Support-
ing Information). In the case of the PO-NCM811 particle, its
coating layer has a thickness ranging from 5 to 10 nm, formed
unevenly and relatively thick, which is expected to hinder Li*
diffusion during charge—discharge. On the other hand, 2DP-
NCMS811 particles have a uniform and thin coating layer with a
thickness of just 1.5 nm (Figure 2b). Moreover, the fast Fourier
transform (FFT) analyses of the HRTEM images confirmed an
interplanar spacing of ~0.243 nm, consistent with the charac-
teristic d-spacing of the (101) plane in the NCM811 structure.
To further validate the coating conformity of the 2DP layer, we
analyzed additional TEM images collected from multiple 2DP-
NCMS811 particles. As shown in Figure S7 (Supporting Informa-
tion), the HRTEM images and histogram compiled from the in-
dependent regions confirm that the coating thickness is narrowly
distributed ~1.5 nm, indicating a highly uniform and conformal
coating.

Through scanning electron microscopy (SEM) analysis, it was
also verified that 2DP-NCMS811 has similar particle morphology
and size (x5 um) to B-NCM811, while displaying surface differ-
ences caused by the 2DP-decorated coating (Figure 2¢,d). These
results imply that the uniform and thin 2DP-decorated coating
with carbon in 2DP-NCM811 can suppress the side reactions
and provide the electrically conductive pathways during charge—
discharge, thereby enhancing the electrochemical performances
compared to both PO-NCM811 and B-NCM811.

The 2DP-decorated coating in 2DP-NCM811 was also con-
firmed through the SEM based energy dispersive X-ray spec-
troscopy (EDS) elemental mapping analyses. As shown in
Figure 2e, it was verified that not only Ni, Co, and Mn but also P
and C elements are homogenously distributed in the secondary
particle of 2DP-NCM811.

In addition, Raman spectroscopy was employed to further in-
vestigate the P—C and P—P bonds in 2DP-NCM811. As shown
in Figure 2f, in the Raman data of 2DP-NCM811, P—P and P—C
bonds were detected in the range of 300-500 cm™' and 650-770
cm™!, respectively.*!] The D and G bands attributed to the con-
ductive carbon in the 2DP-NCM811 electrode were also observed
at ~1320 and 1580 cm™', respectively. These results clearly in-
dicate that the 2DP-decorated coating with carbon on NCM811
particles in 2DP-NCM811 was successfully achieved. In terms of
B-NCM811 and PO-NCM811, no signals on P—P and P—C bonds
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Figure 2. a) Rietveld refinement of the XRD pattern of 2DP-NCM811. b) HRTEM image of 2DP-NCM811 and corresponding FFT image. SEM images of
c) 2DP-NCM811 and d) B-NCM811. e) SEM-EDS mapping images of 2DP-NCM811. f) Raman spectra of the 2DP-NCM811 cathode. g) EIS results of
the electrodes after 1 activation cycle.
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cannot be detected in their Raman data (Figure S8, Supporting
Information).

To deepen our comprehension of the improved conductiv-
ity exhibited by the 2DP-decorated coating with carbon, electro-
chemical impedance spectroscopy (EIS), as depicted in Figure 2g,
was measured after one activation cycle.[*2] The observed semi-
circle size for 2DP-NCMS811, ~75.6 Q, was significantly smaller
than the corresponding value observed for B-NCM811 and PO-
NCMS811, which measured ~86.1 and ~122.4 Q. These re-
sults suggest that improved Li* diffusion kinetics by the 2DP-
decorated coating with carbon enables the effective enhancement
of the electrochemical performances of the NCM811 cathode,
such as fast charge—discharge (Ch/Dis) performances and power
capability. To further investigate the contribution of carbon coat-
ing alone, we additionally conducted an EIS test of EC-NCMS811,
which was fabricated by applying EC coating followed by iden-
tical thermal treatment. As shown in Figure S9 (Supporting In-
formation), EC-NCM811 exhibited a reduced semi-circle size of
~82.1 Q, lower than that of B-NCM811 but still larger than 2DP-
NCMS811, indicating that the EC-derived carbon contributes par-
tially to improved Li* diffusion kinetics.

2.3. Electrochemical Performances of 2D Phosphorene
Nanosheets (2DP)-Decorated NCM811 Cathode (2DP-NCM811)

Figure 3a illustrates the comparison of electrochemical perfor-
mances among 2DP-NCM811, B-NCM811, and PO-NCMS811 in
ahalf-cell system, tested ata current density of 30 mA g~! within a
voltage range of 3.0-4.3 V (vs Li/Li*). All cathode electrodes were
prepared with a mass loading of ~18 mg cm=2 and ~1% carbon
content, reflecting the characteristics of low-carbon, high-loading
electrodes. As measured from the cross-sectional SEM image of
the electrode (Figure S10, Supporting Information), the thick-
ness of the 2DP-NCM811 electrode was ~59 um. This falls within
the practically relevant range for high-energy-density lithium-ion
batteries.[**** Therefore, our electrode design is suitable for prac-
tical applications, ensuring the relevance of the observed perfor-
mance improvements.

While discharge capacity of 2DP-NCM811 is #209.7 mAh g7,
B-NCM811 and PO-NCMS811 just delivered ~#192.62 and ~179.86
mAh g1, respectively. In terms of Coulombic efficiency, 2DP-
NCM811 achieved ~98.66%, which is better than B-NCM811
(~92.28%) and PO-NCM811 (~87.88%). These results clearly
show that 2DP-decorated coating can successfully enhance the
electrochemical performance of the NCM811 cathode.

The enhanced electrical conductivity by 2DP-decorated coat-
ing is also confirmed through comparison of power capabil-
ity (Figure 3b; Figure S11, Supporting Information). The cor-
responding error bars, obtained from triple determination, are
provided in the Supporting Information (Figure S12, Support-
ing Information). Even at a high current density of 500 mA g,
2DP-NCM811 exhibited a discharge capacity of #183.2 mAh g1,
while the capacities of B-NCM811 and PO-NCM811 were just
~161.9 and ~160.12 mAh g=! at the same conditions (Figure
S13, Supporting Information). It was reported that at high cur-
rent densities, the electrochemical performance of low-carbon,
high-loading electrodes is hindered by limited Li* diffusion.[2627]
The 2DP-decorated coating enhances Li* diffusion, resulting in

Adv. Funct. Mater. 2026, 36, e11385 e11385 (6 of 13)
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a significant increase in discharge capacity even at high current
densities compared to B-NCM811 and PO-NCM811. Further-
more, to evaluate the independent impact of EC-derived carbon,
EC-NCM811 was conducted under the same conditions (Figure
S14, Supporting Information). Although EC-NCM811 showed
improved capacity (165 mAh g=! at 500 mA g~!) compared to
B-NCM811, 2DP-NCM811 maintained a significantly higher ca-
pacity at all current densities, clearly demonstrating superior con-
ductivity attributed to 2DP-decorated coating.

Moreover, we compared the average discharge voltages of the
three samples along the current density (Figure 3c). The differ-
ence in average discharge voltages among the cathodes becomes
increasingly pronounced at higher discharge current densities.
At 500 mA g7!, the difference between 2DP-NCM811 and B-
NCM811 reaches up to 0.07 V, while the difference between 2DP-
NCM811 and PO-NCM811 is even larger, reaching up to 0.13 V.

Based on discharge voltage and capacity, both energy density
and power density were calculated (Figure 3d). 2DP-NCM811 de-
livered outstanding performances in both discharge voltage and
capacity, indicating the significant enhancement of fast Ch/Dis
performance in 2DP-NCM811 compared to B-NCM811 and
PO-NCM811.

The improvement in electrical conductivity plays a critical role
in maintaining discharge voltage by minimizing resistive losses
within the 2DP-NCM811 particles. This enhancement facilitates
efficient charge transport and contributes to the overall stability
of the particles during discharge.

Moreover, the 2DP-decorated coating can provide stable cycle-
performance for the NCM811 cathode. To further verify the su-
perior Li* diffusion of 2DP-NCM811, a galvanostatic intermit-
tent titration technique (GITT) test was conducted for both 2DP-
NCM811 and B-NCM811 (Figure 3e,f). The Li* diffusion coef-
ficient (Dy;*) from the GITT test was calculated using Equa-
tion (1).14°]

4 (mV\*(AE\’ 12
D, =~ (1Y ) = 1
% m(MS) <AE,> <D @)

In Equation (1), = designates the time duration during the con-
stant current, where m and M stand for the electrode’s mass and
the molar mass of the electrode. V stands for the molar volume
of the electrode, S signifies the active surface area of the elec-
trodes, and AE; and AE, represent the voltage change during a
single step and the cumulative voltage change under GITT test
conditions.

Consistent with the power capability results, 2DP-NCM811 ex-
hibited an average diffusion coefficient of 1.09 x 1077 cm? s7!,
during charge—discharge, which is higher than the diffusion co-
efficient of 0.57 X 107 cm? s~ observed for B-NCM811, confirm-
ing its enhanced Li* diffusivity.

As shown in Figure 3g, we compared the cyclability of 2DP-
NCMS811, B-NCM811, and PO-NCM811 under the half-cell sys-
tem. It was revealed that the 2DP-NCM811 cathode exhibited en-
hanced capacity retention of ~82.65% after 100 cycles at 200 mA
g1, while the capacity retention of B-NCM811 and PO-NCM811
was observed to be just x73.76% and ~80.14%, respectively.
Additionally, we compared the cyclability of the cathodes un-
der two conditions: elevated temperature (45 °C) and higher
cutoff voltage (4.5 V) (Figure S15, Supporting Information).

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Initial charge—discharge profiles of the cathodes with a current density of 30 mA g~'. b) Power capability of the 2DP-NCM811 cathode.
c) Average discharge voltage of the cathodes at various current densities. d) Energy and power density of the cathodes. GITT test profiles and diffusion
coefficient of e) 2DP-NCM811 and f) B-NCM811. g) Cyclability of the cathodes at a current density of 200 mA g~' under the half-cell system.
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Figure 4. a) Cyclability of the cathodes at a current density of 200 mA g~!

under the full-cell system. Normalized charge—discharge profiles for b) the

2DP-NCM811||graphite full-cell and c) the B-NCM811||graphite full-cell. d) Average discharge voltage of the cathodes during the cycles under the full-cell

system.

Under both conditions, 2DP-NCMS811 still maintained relatively
higher retention and discharge capacity than B-NCM811 and PO-
NCM811. This result confirms that 2DP-NCM811 offers superior
performance under both elevated temperature and high-voltage
stress due to its ability to suppress interface degradation and en-
sure stable conductivity.

The enhanced cyclability of NCM811 by the 2DP-decorated
coating was more clearly confirmed through the full-cell-
based tests using a graphite anode. As shown in Figure 4a,
it was verified that the 2DP-NCM811||graphite full-cell de-
livered the capacity retention of ~96.68% after 200 cycles,
while the capacity retention of the B-NCMS811||graphite

Adv. Funct. Mater. 2026, 36, e11385 e11385 (8 of 13)

full-cell was just ~83.28% retention at the same
conditions.

Furthermore, the normalized Ch/Dis profiles of the two cath-
odes offered a comprehensive perspective on the differences in
cycling performance by illustrating the evolution of cell polar-
ization over repeated cycles (Figure 4b,c). Specifically, in the
case of the B-NCM811||graphite full-cell, a continuous and pro-
nounced decline in normalized capacity was observed through-
out the Ch/Dis process up to 200 cycles. Conversely, the 2DP-
NCM811||graphite full-cell exhibited lower polarization com-
pared to the B-NCM811||graphite full-cell, with only minimal ca-

pacity fading.
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This reduced polarization and improved capacity retention are
further supported by the voltage decay analysis, which reveals
that the 2DP-NCM811||graphite full-cell exhibited a voltage drop
of ~11 mV after 200 cycles-significantly lower than that of the
B-NCM&811||graphite full-cell (Figure 4d). These results indicate
that uniform and thin 2DP-decorated coating effectively shields
the NCM811 particles from undesirable side reactions degrada-
tion during prolonged cycling, leading to enhanced cyclability
and fast Ch/Dis performance. Especially, when compared with
other reported conductive coatings applied to NCM811 cathodes
(Table S3, Supporting Information), the 2DP-NCM811 electrode
in this work demonstrates superior capacity retention and rate
performance under practical electrode conditions, highlighting
its potential as a high-performance cathode material for next-
generation LIBs.[46-2]

2.4. Structural and Morphological Changes of 2D Phosphorene
Nanosheets (2DP)-Decorated NCM811 Cathode (2DP-NCM811)

To confirm the enhanced structural stability of 2DP-NCM811, we
performed operando XRD analyses. As shown in Figure 5a,b, it
was verified that both 2DP-NCM811 and B-NCM811 experienced
the structural change, including H2-H3 phase transitions as a
function of the state of charge (SOC), consistent with previous
studies.l?*>*)

Specifically, a shift in the (003) peak toward lower angles dur-
ing charging up to 4.1 V (vs Li*/Li) indicates an expansion of
the c-lattice and an increase in interlayer spacing by O-O repul-
sion. Upon further charging to 4.3 V (vs Li*/Li), the H2-H3 phase
transition occurs, marked by a pronounced contraction of the c-
lattice, resulting in the (003) peak shifting to higher 260 angles.

Importantly, during the H2-H3 transition, the angular shift of
the (003) peak was smaller for the 2DP-NCM811 (A26 = 0.15°)
compared to the B-NCM811 (A26 = 0.22°), despite both having
nearly identical SOCs (Figure 5c). Furthermore, Rietveld refine-
ment of the operando XRD data (Figure 5d) revealed the overall
lattice parameter changes in the NCM811 cathode during cycling.

For the 2DP-NCMS811, the changes in the a- and c-lattice pa-
rameters were ~2.16% and 2.82%, respectively, whereas the B-
NCM811 showed larger variations of ~2.3% and 3.31%. These
findings demonstrate that the 2DP-decorated coating plays a crit-
ical role in reducing the structural evolution of the NCM811 cath-
ode, thus contributing to enhanced cycle-performance.

To further validate these observations and gain deeper in-
sight into the differences in lattice evolution between the B-
NCM811 and 2DP-NCM811 cathodes during cycling, the lattice
microstrain was quantitatively analyzed using the Williamson—
Hall isotropic strain model (W-HISM).55%¢] The full width at half
maximum (FWHM) of each X-ray diffraction peak was corrected
for instrumental broadening effects, which were determined
using lanthanum hexaboride (LaB;) as a standard reference
material.

This correction was performed according to Equation (2),
where B, Breasured> 304 Biygrumenta TEPTESENt the corrected, mea-
sured, and instrumental peak widths, respectively, expressed in
radians.

— 2 _n2
ﬁhkl - \/ﬁmeasured ﬂinstmmenml (2)
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Within the W-HISM framework, the corrected f,,, accounts
for both lattice strain and crystallite size effects. To distinguish be-
tween these two contributions, the total peak broadening, which
reflects the isotropic nature of the crystallites, was analyzed us-
ing Equation (3). In this equation, 8, is the Bragg angle, D is the
crystallite size, A is the X-ray wavelength, and the shape factor K
was set to 0.9.

ﬁhkl Cos thl = 4esin thl + % (3)

Based on the linear fitting of f,,cos6,,, versus 4siné,,, the
calculated lattice strain (¢) values are calculated. As shown in
Figures S16 and S17 (Supporting Information), the B-NCM811
cathode exhibited an increase in lattice strain of £32.94% com-
pared to its pristine state, indicating significant structural degra-
dation. In contrast, the 2DP-NCM811 cathode showed a marginal
increase in lattice strain of ~24.20%, suggesting that the 2DP-
decorated coating effectively enhances the structural stability of
the NCM811 cathode material during cycling.

The enhanced structural stability of NCM811 by the 2DP-
decorated coating is also confirmed through comparison of the
dQ/dV results. As shown in Figure 5ef, dQ/dV curve in B-
NCM811 was significantly changed as the cycles were processed,
while that in 2DP-NCM811 was relatively well-retained after
cycling.

Distinct differences were observed in the voltage regions
at 3.7-4.0 V, indicative of the monoclinic phase, between B-
NCMS811 and 2DP-NCM811. While the presence of the mon-
oclinic phase on B-NCM811 was challenging to confirm in
the dQ/dV curve, it remained evident in the case of the 2DP-
NCM811.5571

In addition, we conducted ex situ HRTEM analyses to con-
firm the enhanced structural stability of NCM811 by the 2DP-
decorated coating. As shown in Figure 5g,h, and B-NCM811 ex-
perienced noticeable structural degradation, leading to the for-
mation of the rocksalt structure across a substantial surface area.
This observation suggests the structural instability of the B-
NCM811 during cycling. Conversely, the layered structure was
significantly observed in the surface area of 2DP-NCMS811 even
after 100 cycles, indicating the restrained structural change in
NCM811 by the 2DP-decorated coating.

We also compared the structural changes after cycling. As
shown in Figure S18 (Supporting Information), it was verified
that B-NCM811 showed a large shift of XRD peaks on (101) and
(104) planes, while the XRD pattern of 2DP-NCM811 was well-
retained with negligible changes. Especially, in comparison to
2DP-NCM811, B-NCM811 exhibited a significant decrease in the
intensities of the peaks on the (101) and (104) planes. The XRD
peak on the (101) plane of B-NCM811 showed a reduction of
16.96%, while that on the (104) plane decreased by 14.91%. In
contrast, the XRD peak of the (101) plane on 2DP-NCM811 de-
creased by 10%, and the peak on the (104) plane decreased by
9.18%. These results indicate that the 2DP-decorated coating can
provide an effective protective layer on the surface of NCM811
particles, contributing to the maintenance of the crystal structure
during prolonged cycling.

This structural stability is further supported by ex situ X-
ray photoelectron spectroscopy (XPS) analysis after 100 cycles
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Figure 5. Operando XRD patterns of the a) 2DP-NCM8&11 and b) B-NCM811 cathode during charge—discharge. Comparison of the c) angular shift of the
(003) peak and d) the overall lattice parameter changes based on operando XRD results. Comparison of dQ/dV curve and ex situ TEM images with their
FFT images of the e,g) 2DP-NCM811 and f,h) B-NCM811 cathode after 100 cycles.
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(Figure S19, Supporting Information). Compared to B-NCM811,
which showed strong signals of Li,PF, and Li,F,PO, in both P
2p and F 1s spectra, indicating extensive electrolyte decomposi-
tion and CEI breakdown, 2DP-NCM811 exhibited notably weaker
Li,F PO, intensity.***°l This suggests that the 2DP-decorated
coating effectively suppressed interfacial degradation reactions,
consistent with prior reports on the protective role.[¢l] More-
over, Figure S20 (Supporting Information) shows a comparison
of the morphology between B-NCM811 and 2DP-NCM811 after
100 cycles. B-NCM811 particles showed complete destruction af-
ter cycling, due to severe structural changes. 2DP-NCM811 par-
ticles, on the other hand, displayed well-preserved morphology
after 100 cycles, which also supports the enhanced electrochem-
ical performances of 2DP-NCM811.

3. Conclusion

In this study, we demonstrated that 2D phosphorene nanosheets
(2DP), prepared via electrochemical exfoliation of black phos-
phorus (BP), can homogeneously wrap NCM811 particles with
the aid of ethyl cellulose (EC), forming a conductive and uni-
form coating layer. This 2DP-based modification significantly im-
proves both fast charge—discharge performance and cycling sta-
bility of Ni-rich NCM811 cathodes. Under practical conditions
of high mass loading (18 mg cm™2) and low carbon content (1
wt.%), the 2DP-decorated NCM811 (2DP-NCM811) delivered a
high specific capacity of ~209.7 mAh g™ at a current density of
30 mA g7!, outperforming bare NCM811 (192.6 mAh g™') and
phosphate-modified NCM811 (179.9 mAh g™!). At increased cur-
rent densities, the gap in both capacity and average voltage be-
came more pronounced, indicating enhanced rate capability of
the 2DP-modified cathode. Furthermore, 2DP-NCM811 exhib-
ited more stable long-term cycling, which correlated well with
operando XRD and ex situ TEM results showing suppressed struc-
tural changes and surface degradation. This work offers an effec-
tive surface engineering strategy for improving both power and
durability in Ni-rich layered cathodes under commercially rele-
vant conditions. Leveraging the high conductivity, flexibility, and
interfacial compatibility of 2DP, this work establishes a new sur-
face design strategy that unifies charge transport enhancement
and structural stabilization in Ni-rich layered cathodes for high-
energy LIBs.

4. Experimental Section

Preparation of 2D Phosphorene Nanosheets (2DP) Solution:  An electro-
chemical exfoliation cell was prepared by dissolving tetrabutylammonium
bisulfate (0.1 m) in anhydrous acetonitrile, with a carbon electrode acting
as the anode and a BP crystal clamped in a metallic clip serving as the
cathode. Applying a constant potential of 6 V for 1h drove the insertion of
tetrabutylammonium ions (TBA*) into the phosphorene layers, resulting
in efficient exfoliation. Intercalants made the van der Waals force of each
layer weaker, allowing the phosphorene crystal to be exfoliated only after
a mild sonication process. The sonication process was performed for 1h
with poly(vinylpyrrolidone) (PVP) added dimethylformamide (DMF) solu-
tion. During sonication, PVP adsorbed onto the surface of black phospho-
rus nanosheets, providing steric stabilization that effectively suppressed
restacking. After sonication, to obtain few-layer BP nanosheets, a cen-
trifuge process was required. The dispersion was transferred to a coni-
cal tube, and the supernatant was collected after centrifuging at 2340 x g
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to remove unwanted bulk crystal. Typically, this process yielded ~3 mL of
2DP dispersion at a concentration of 0.68 mg mL~" from 50 mg of bulk BP
crystal. Next step, to eliminate PVP and to change the solvent from DMF
to isopropyl alcohol (IPA), the supernatant was collected and centrifuged
at 2340 x g. The supernatant was replaced with IPA and redispersed with
the sediments. This step is called the rinsing process, and rinsing will be
repeated three times to clearly remove PVP and residue of DMF. Due to
2DP being vulnerable to oxidation, all processes were carried out under an
Ar atmosphere using anhydrous solvents.

Preparation of Cathode Material: To fabricate 2DP-NCM&11 cathode
material, a desired amount of NCM811 was added to isopropanol, where
2DP and ethyl cellulose (EC) were dispersed. The 2DP-decorated coating
on the surface of NCM811 was achieved by bath sonication for 20 min.
To evaporate isopropanol, the solvent was dried using a vacuum oven at
80 °C for 3 h. The dried powder was calcined at 250 °C for 30 min under
an Ar atmosphere. The processes for fabricating PO-NCM811 were carried
out identically, with only the calcination step being conducted in an O,
atmosphere for 5 h.

Materials Characterization: The crystal structures of 2DP-NCM811,
B-NCM&11, and PO-NCM811 were characterized using X-ray diffraction
(XRD; PANalytical Empyrean) with Cu K-alpha radiation (4 = 1.54178 A).
Data were collected over a 26 range of 10°-80° with a step size of 0.026°.
The obtained XRD data were analyzed by Rietveld refinement using the
FullProf software. Operando XRD patterns of the cathodes were recorded
during charge and discharge at a current density of 30 mA g~ within a
voltage range of 3.0-4.3 V (vs Li*/Li).

The morphology and elemental distribution were examined using field-
emission scanning electron microscopy (FE-SEM; GeminiSEM 560) and
energy-dispersive X-ray spectroscopy (EDS) mapping at the National Cen-
ter for Inter-university Research Facilities (NCIRF), Seoul National Uni-
versity. Further morphological and microstructural analyses were con-
ducted using field-emission transmission electron microscopy (FE-TEM;
JEM-ARM200F) at the Advanced Facility Center for Quantum Technology
(AQT), Sungkyunkwan University, and high-resolution transmission elec-
tron microscopy (HR-TEM; FEI TITAN 80-300) at the Korea Institute of
Science and Technology (KIST). Raman spectroscopy was performed us-
ing the XperRAM 200 (NanoBase) at AQT, Sungkyunkwan University.

Electrochemical Characterization: The electrodes of the active materi-
als were fabricated by mixing 97 wt.% of the active material, 1 wt.% of
Super P carbon black, and 2 wt.% of polyvinylidene fluoride (PVDF) using
N-methyl-2-pyrrolidone (NMP) as the solvent. The slurry was applied on Al
foil using a doctor blade, and each electrode was dried in an oven at 100 °C
for 12 h. CR2032 cells were fabricated as half-cells using the electrode
(mass loading of cathode ~18 mg cm™2), Li metal as the counter elec-
trode, a separator (Celgard 2400), and 1.15 M LiPFg in ethylene carbonate:
ethyl methyl carbonate: dimethyl carbonate (volume ratio of 2:4:4) as the
electrolyte in an Ar-filled glove box. The electrochemical performance was
evaluated in the voltage range of 3.0-4.3 V at 30 °C using a battery test sys-
tem (WonATech WBCS3000). Each full cell consisted of a 2DP-NCM811 or
B-NCM811 cathode, a separator (Celgard 2400), an electrolyte of 1.15 M
LiPFg in ethylene carbonate: ethyl methyl carbonate: dimethyl carbonate
(volume ratio 2:4:4), and a graphite anode. The full-cell electrode was de-
signed with an N/P ratio of 1.2.
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