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Broader context

Direct upcycling of degraded NCM via
low-temperature surface engineering for
high performance lithium-ion batteriest

Yu Wang and Chris Yuan & *

Upcycling degraded low-Ni cathode materials into Ni-rich alternatives offers significant economic and
environmental benefits for lithium-ion battery production. However, the stability and safety of the
upcycled materials remain challenging due to their aggressive composition. This study reports an innova-
tive two-step upcycling method that integrates a coating process with a low-temperature annealing
process, thereby successfully upcycling degraded NCM622 with a LIAlO, coating layer. Through comprehen-
sive characterization, the recovery of crystal structure and uniform LIAlO, coating on the particle surface are
confirmed by XRD and XPS results. As a result of structural recovery and surface engineering, upcycled
NCM622 demonstrates an initial capacity comparable to that of NCM811 at 195.3 mA h g™* at 1 C rate, with
86.8% capacity retention after 100 cycles at a cut-off voltage of 4.6 V. Moreover, it exhibits excellent rate
capability, delivering 141.9 mA h g~* at 5 C. Beyond enhancing electrochemical performance, this method sig-
nificantly improves the thermal stability of degraded NCM622, with the upcycled material showing less than
0.1% weight loss at 400 °C. The findings highlight the potential of upcycled cathode materials with the LIAIO,
coating to meet the high-performance and sustainability requirements of modern lithium-ion batteries, con-
tributing to the circular economy of lithium-ion batteries in the future.

The transition to sustainable energy storage systems is critical for achieving global climate goals, with lithium-ion batteries playing a central role in electrify-

ing transportation. However, the rapid growth of electric vehicles raises concerns about resource depletion and waste management of critical battery

materials. While traditional recycling focuses primarily on material recovery, there is an urgent need for more sustainable approaches that can both recover

and enhance the performance of degraded materials. Our innovative upcycling strategy demonstrates that end-of-life cathode materials can be transformed

into high-performance components while reducing the environmental footprint of battery production. By combining coating and low-temperature annealing

processes, this method not only recovers but significantly enhances the electrochemical performance and thermal stability of degraded materials, addressing
both sustainability and safety challenges. The successful implementation of such upcycling approaches could dramatically reduce the need for primary raw

material extraction while providing high-quality materials for next-generation batteries. This work establishes a new pathway toward circular material flows in

the battery industry, contributing to both resource conservation and sustainable manufacturing practices.

Introduction

substantial accumulation of spent LIBs, while the current
global recycling rate of spent LIBs remains below 5%, present-

The rapid adoption of electric vehicles has driven unpre-
cedented growth in lithium-ion battery (LIB) production, with
global battery demand expected to reach 2600 GW h by 2030."
However, lithium-ion batteries of electric vehicles reach their
end-of-life with less than 70% of their initial capacity after
8-10 years of service.” This relatively short lifespan has led to a
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ing critical challenges in resource economics and environ-
mental sustainability.’ In a lithium-ion battery, cathode
materials constitute the most valuable component for re-
cycling, accounting for approximately 40% of the total battery
cost” and containing a substantial amount of high-value tran-
sition metals such as Ni, Co, and Mn. To address these chal-
lenges, direct recycling methods have been proposed to
recover the electrochemical performance of degraded cathode
materials to their original states. Despite these efforts, the
recycled cathode materials are outdated and often fail to meet
the current performance standards of lithium-ion batteries for
electric vehicles. For instance, NCM111, commonly used a
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decade ago, delivers an energy density of 180 W h kg™,
whereas contemporary NCM811 achieves over 280 W h kg™'.°
This performance gap not only demonstrates a critical limit-
ation in conventional direct recycling methods but also
necessitates the development of effective upcycling strategies
to enhance the electrochemical performance of degraded
cathode materials for sustainable battery manufacturing.

To achieve the upcycling of the degraded cathode materials,
advanced technologies can be integrated into the direct re-
cycling methods. Recent studies have explored various direct
upcycling routes, including composition engineering, element
doping, and structure reconstruction.® Composition engineer-
ing enhances the electrochemical performance of the
degraded NCM materials by transforming low-Ni NCM to Ni-
rich variants through high-temperature sintering with Ni salt.
Kim et al. demonstrated this approach using reciprocal ternary
molten salts to transform degraded NCM111 to NCM622,
achieving a capacity of 180 mA h g™ " at 0.1 C with a capacity
retention of 87.5% after 300 cycles.” Building on this concept,
Ma et al. demonstrated an efficient upcycling method to trans-
form spent polycrystalline LiNi,;3C0,,3Mn;/30, (NCM111) cath-
odes into high-performance single-crystal LiNij ¢C0,Mng 0,
(NCM622) by utilizing the rapid diffusion of nickel ions
through NiO dissolution in molten Li,CO;, resulting in
cathode materials with high phase purity and electrochemical
performance comparable to commercial NCM622.% Another
promising approach involves element doping methods, which
involve lattice modification through ion substitution, enhance
electrochemical performance by improving structural stability,
Li" diffusion, and electronic conductivity. For example, Xing
et al. reported an Al-doping method to upcycle degraded
NCM523, achieving a capacity of 158.6 mA h g~* at 0.1 C and
89.6% capacity retention at 1 C after 200 cycles.” Similarly, Ji
et al. proposed a closed-loop upcycling strategy that repurposes
waste current collector debris (Cu/Al) as dopants in a ternary
eutectic molten salt system to transform highly degraded poly-
crystalline LiNij g3C09.12Mng,050, into high-voltage cathode
materials with superior electrochemical performance.'® In
addition to these methods, recent advances have also explored
transitioning from degraded polycrystalline cathode materials
to single-crystal variants, offering improved structural stability
and more uniform volumetric change during cycling. Liu et al.
demonstrated this by transforming degraded polycrystalline
NCM622 to single-crystal NCM622, achieving a capacity of
171.9 mA h ¢! at 0.1 C and a capacity retention of 83.3% at 1 C
after 200 cycles."" Further advancing this strategy, Shen et al.
developed an innovative surface reconstruction strategy to effec-
tively upcycle highly degraded polycrystalline NCM523 cathodes
into single-crystal structures, employing a two-step approach
where organic lithium salt (Li,DHBN) transforms the surface
rock salt phase into a layered structure, creating Li" diffusion
channels that significantly reduce the energy barrier for lithium
replenishment."> Despite these achievements, significant chal-
lenges still persist. Element doping and composition engineering
methods are cost-intensive and energy-consuming, requiring sub-
stantial amounts of high-value metal salts and demanding high
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sintering temperatures. Additionally, compositional inhomogen-
eity hinders large-scale application of these technologies. For
structure reconstruction methods, the upcycled single-crystal
cathode materials exhibit lower capacity than their polycrystalline
counterparts.'® In light of these limitations, it is imperative to
develop more efficient and economically viable approaches for
upcycling of degraded cathode materials.

Surface modification through advanced coating methods
could be a promising alternative to address these challenges.
Among various coating materials, LiAlO, stands out due to its
superior performance of Li-ion conductivity."*'® The unique
layered structure of LiAlO,, similar to that of NCM, enables
efficient lithium-ion diffusion pathways.'® In this paper, an
integration of advanced LiAlO, coating with direct recycling
methods is achieved for the first time to enhance the electro-
chemical performance of the degraded NCM materials. Unlike
element doping and composition engineering, surface modifi-
cation can be achieved at lower sintering temperatures.
Moreover, the coating process, which modifies only the par-
ticle surface, allows for superior uniformity compared to
element doping and composition engineering approaches. The
LiAlO, layer enhances the overall reaction kinetics of NCM
materials while suppressing interfacial side reactions, thereby
increasing capacity and enabling stable cycling at higher cut-
off voltages."””*° As a result of these improvements, the rate
capability of NCM materials is significantly improved, attribu-
ted to the high lithium-ion conductivity of the LiAlO, coating
layer. Notably, the overall electrochemical performance of the
upcycled NCM622 is comparable to that of the Ni-rich variants
such as NCM811. In addition to the electrochemical enhance-
ment, the LiAlO, coating enhances both thermal stability and
safety of the upcycled NCM materials. From a practical per-
spective, the surface modification process remains cost-
effective due to the low cost of precursor materials.

In this study, we report an upcycling method to enhance
the electrochemical performance of degraded NCM622 cathode
materials. The upcycling process simultaneously accomplishes
two key objectives: fully recovering both lithium loss and struc-
tural degradation while converting the coating precursor to a
LiAlO, layer. By addressing these aspects, this dual-function
approach operates at a low temperature with a short sintering
time, significantly enhancing the electrochemical performance of
the degraded NCM622 while minimizing energy consumption
and cost. Through the efficient integration of processes, the pro-
posed upcycling method represents a novel approach to revitaliz-
ing the degraded cathode active materials, effectively addressing
the growing demand for high-performance battery components
while advancing the sustainable development goals of the
lithium-ion battery industry.

Experimental section

Material preparation

Pristine NCM (P-NCM) was purchased from MTI. To prepare
the degraded NCM (D-NCM), as-received P-NCM was
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immersed in a redox solution under continuous stirring to
achieve the delithiation process. The solution was made by dis-
solving 3.5 g potassium persulfate (K,S,0g, Sigma Aldrich) in
400 mL distilled water, with continuous stirring at 50 °C until
complete dissolution. 10 g pristine NCM622 was then dis-
persed into the solution and subjected to magnetic stirring at
60 °C for 12 hours. Then, the solution was filtered, and the
obtained black powder was washed 3 times with distilled
water. The D-NCM was subsequently dried in a vacuum oven at
120 °C for 2 hours. The final lithium leaching rate of the
D-NCM was approximately 15%.

Direct upcycling of cathode materials

To prepare the coating solution, 0.35 g Al(NO;); was added
and stirred in the 25 mL distilled water until fully dissolved.
Subsequently, 3 g D-NCM was dispersed into the solution and
the solution was magnetically stirred at 50 °C for 10 min. The
temperature of the solution was then increased to 90 °C, and
15 mL (30 wt%) ammonium hydroxide was gradually added to
the solution. The solution was continuously stirred magneti-
cally for 1 h. Then, the solution was filtered, and the black
powder was washed 3 times with distilled water. An excess of
5% LiOH (0.15 g) was added to the dried powder, and the
mixture was then sintered in a furnace at 600 °C for 4 h. The
upcycled NCM622 (Up-NCM-2) with 2 wt% LiAlO, coating layer
was finally obtained by grinding the sintered powder using a
mortar and pestle. The prepared cathode materials are labeled
Up-NCM-1 (1 wt% LiAlO,), Up-NCM-2 (2 wt% LiAlO,), and Up-
NCM-3 (3 wt% LiAlO,).

Material characterization

The chemical compositions of D-NCM, P-NCM, and Up-NCM
were measured by ICP-OES (PerkinElmer Optima 3000DV). The
crystal structures of all samples were examined by XRD using a
Rigaku SmartLab (Cu Ko radiation). SEM/EDS was carried out
to observe the morphology of samples and investigate the
element distribution on the particle surface using a
ThermoFisher Apreo2. TEM was conducted to observe the
LiAlO, layer on the Up-NCM particle surface, employing a FEI
Tecnai G2 Spirit. XPS was conducted to study the oxidation
states of elements on the surface of all samples using a PHI
Versaprobe. TGA was carried out to measure the weight loss at
high temperature using a TGA500.

Electrochemical characterization

D-NCM, P-NCM and Up-NCM were used as cathode active
materials for cell assembly. The cathode active materials were
mixed with polyvinylidene difluoride (PVDF) and Super P65
carbon black in N-methyl-2-pyrrolidone (NMP) with a mass
ratio of 8:1:1 to prepare electrode slurries. The slurries were
then uniformly spread on aluminum foil using a doctor blade
and dried in a vacuum at 120 °C for 10 h. The electrodes were
subsequently cut to disc-size and compressed using a double-
roller calendering machine. The areal mass loading of the elec-
trodes was approximately 3 mg cm™>. Coin cells were
assembled using these electrodes, with a Li metal disc
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(1.1 mm thickness) as the counter electrode, 1.0 M LiPFg in
EC/EMC = 3: 7 as the electrolyte, and a Celgard 2500 monolayer
membrane as the separator. Galvanostatic charge/discharge
tests were conducted using a Neware battery testing system
over a potential range of 2.7-4.6 V at various rates for 100
cycles, following initial 3 formation cycles at C/10. For per-
formance evaluation, cycling tests were conducted in constant
current-constant voltage (CCCV) protocol, while rate capability
assessments were performed using constant current (CC)
mode. Cyclic voltammetry (CV) tests were performed using a
Versastat 3F at a scanning rate of 0.1 mV s~ ' within the voltage
range of 2.7-4.6 V. Electrochemical Impedance Spectroscopy
(EIS) measurements were carried out using a Versastat 3F,
applying an amplitude voltage of 5 mV over a frequency range
from 1 Hz to 100000 Hz. All the electrochemical tests were
conducted in a temperature-controlled environment at 25 °C.

Results

To restore and improve the electrochemical performance and
safety of D-NCM, a novel two-step upcycling method is pro-
posed in this study. The upcycling method for D-NCM is illus-
trated in Fig. 1. In the initial phase, aluminum nitrate (Al
(NO3)3) serves as the aluminum source for the coating, while
an ammonia solution acts as the precipitant, facilitating the
deposition of an ultrathin Al(OH); layer on the surface of
D-NCM particles. Following the deposition, the obtained NCM
is then thoroughly rinsed with distilled water to eliminate the
remaining salts. The process can be described by the chemical
reaction in the first step of the upcycling process as follows:

Al(NO;), + NH; - H,O — Al(OH), + NH4NO; (1)

In the second stage of the upcycling process, lithium
hydroxide (LiOH) is added to the NCM for two primary pur-
poses: to recover the lithium loss in D-NCM and to transform
the Al(OH); coating into LiAlO,. The temperature is set to
600 °C for the calcination step in the upcycling process. At this
temperature, Li" from the molten LiOH migrates and reinte-
grates into the crystal lattice of D-NCM, compensating for the
lithium loss. Simultaneously, the structural degradations,
including anti-site mixing and distorted spinel structure, are
also repaired by the high calcination temperature. During this
process, the chemical reaction between Al(OH); and LiOH
occurs at this temperature, forming an ultrathin layer of LiAlO,
on the regenerated particle surface. The chemical reactions
occurring in this phase of the upcycling process are detailed
as follows:

Lilfoiolﬁc:Oolenolzoz + xLiOH —
LiNi0‘6C00A2Mn0A202 + H,O+ O,

(2)

Al(OH), + LiOH — LiAlO, + H,O (3)

To investigate the composition recovery in the upcycling
process, Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) was employed to measure the compo-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Diagram of the two-step upcycling process.

sitions of Up-NCM, P-NCM, and D-NCM, with the results
shown in Table S1.t It was observed that approximately 15% of
lithium was extracted through the redox reaction with potass-
ium persulfate in the delithiation process. Through the upcy-
cling process, D-NCM was effectively recovered, exhibiting the
same composition as the pristine material. The lithium
content of D-NCM increased from 0.986 to 1.156, which is
slightly higher than that of P-NCM. This high lithium content
can be attributed to the intercalation of extra lithium into the
D-NCM as a result of the high-temperature sintering.”'
Additionally, an ultrathin LiAlO, layer was successfully coated
on the surface of NCM particles through the upcycling
process.

While ICP-OES analysis confirmed the compositional recov-
ery, further investigation of the structural evolution was
necessary to fully characterize the material changes. During
the upcycling process, the re-insertion of lithium and recovery
of crystal structure occurred simultaneously with the conver-
sion of the Al(OH); coating layer to LiAlO, at high temperature.
To investigate these crystal structure changes, X-ray powder
diffraction (XRD) analyses were performed. The XRD patterns
of D-NCM, P-NCM, and Up-NCM are presented in Fig. 2a. All
samples displayed the typical diffraction pattern of the
a-NaFeO, structure with R3m space group. This suggests that
the delithiation process does not cause significant phase tran-
sition of D-NCM. However, as shown in Fig. 2¢, the (003) peak
in D-NCM shifts to a lower angle, corresponding to the expan-
sion of the c-axis. Quantitative analysis reveals that the c-axis
distance increases to 4.76 A in D-NCM, compared to 4.73 A in
both P-NCM and Up-NCM, confirming the lattice expansion
caused by lithium extraction. This is attributed to the increase
of electrostatic repulsion between transition metal layers due
to the Li" vacancy.”” Along with this change, the increase of
(108)/(110) peak distance, shown in Fig. 2d, is also observed in
D-NCM, representing a decrease of the ag-axis parameter. The
explanation for this lies in the results of XPS, which shows

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that the valence of Ni in NCM is a combination of Ni** and
Ni**. Due to the extraction of lithium in D-NCM, Ni** was oxi-
dized to Ni**, which has a smaller radius compared to Ni*",
resulting in the contraction of g-axis.>® Notably, D-NCM exhibi-
ted a significantly higher (003)/(104) intensity ratio of 1.34,
compared to 1.16 for P-NCM and 1.15 for Up-NCM, quantitat-
ively demonstrating the increased anti-site mixing levels in the
degraded material. This increase is attributed to the lithium
extraction in D-NCM during the chemical delithiation process,
leading to Ni occupying unstable valence states (Ni*" and
Ni*"). These states are prone to reducing to Ni** in the electro-
lyte environment.>* Given the similar ionic radius of Ni** and
Li*, Ni** is likely to migrate from its original lattice position to
that of Li*, resulting in an increased intensity ratio of (003)/
(104). Furthermore, the splitting of the (006)/(102) doublets is
observed, a result of the distortion at the transition metal (TM)
sites. This distortion leads to the migration of TM ions to Li"
sites and initiates a phase transition from a layered structure
to a spinel structure.>® The (003) peak shifting back to its orig-
inal position and the contraction of the (108)/(110) and (006)/
(102) peak doublets are observed, confirming that both the
lithium loss and the crystal structure of D-NCM are effectively
recovered by the upcycling process. The (006)/(102) peak posi-
tion shows that the Up-NCM has the same layered crystal struc-
ture as P-NCM and the crystal structure is not influenced by
the upcycling process. Moreover, the (003)/(104) intensity ratio
of Up-NCM is lower compared to P-NCM, which indicates that
the anti-site mixing is further decreased by the upcycling
process. In addition to the peaks of NCM, peaks of (101),
(102), and (200) are observed within the range of 21° to 35° in
the sample of Up-NCM, which is shown in Fig. 2b. These
peaks are consistent with those of LiAlO, in the work of Lei
et al., which also proves the LiAlO, coating layer on the surface
of Up-NCM.>®

XPS analysis was employed to identify the coating layer
composition by examining the oxidation states of Al, Ni, Co,

EES Batteries, 2025,1,902-912 | 905
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Fig. 2 XRD patterns and XPS spectra with fitting results of D-NCM, P-NCM, and Up-NCM, (a) full XRD patterns, (b) 31°-35°, (c) 18°-19.5°, (d) 63.5°—

66.5°, (e) full XPS spectra, (f) Ni 2p, (g) Al 2p.

and Mn in all samples, with the complete elemental spectra
shown in Fig. 2e. The Co 2p region exhibited characteristic
peaks at 780.4 eV (Co 2p3/2) and 795.2 eV (Co 2p1/2), while the
Mn 2p region showed consistent peaks at 641.2 eV (Mn 2p3/2)
and 653.1 eV (Mn 2p1/2) across all samples. These values align
with previous reports,”” confirming that neither degradation
nor upcycling affected the Co and Mn valence states. Fig. 2f
presents the Ni 2p XPS spectra, revealing spin-orbit splitting
with Ni 2p3/2 and Ni 2p1/2 peaks at 855.2 eV and 873.2 eV,
respectively. These peaks indicate the presence of both Ni**
and Ni** in the NCM particles. Notably, Up-NCM samples
showed a reduced Ni*" ratio compared to D-NCM and P-NCM,
suggesting lower Li*/Ni>" anti-site mixing and a more balanced
charge distribution on the Up-NCM surface. This result is con-
sistent with the findings from the 1003/I104 ratio analysis,
which also demonstrated the lower anti-site mixing in Up-
NCM compared to D-NCM, confirming the successful recovery
of the crystal structure during the upcycling process. The Al 2p
peak observed at 72.8 eV in Fig. 2g confirms the presence of Al
on the Up-NCM surface. According to Negi et al.,”® the Al 2p
signal can be deconvoluted into two distinct peaks at 73.9 eV
(Al,03) and 72.8 eV (LiAlO,). The observed Al 2p peak value in
Up-NCM therefore confirms that the coating layer is LiAlO,.

906 | EES Batteries, 2025, 1, 902-912

To explore the morphological change before and after the
upcycling process, Scanning Electron Microscopy (SEM) ana-
lyses of D-NCM, P-NCM, and Up-NCM were conducted. Fig. 3a
and b, and c reveal a uniform spherical morphology of all
samples, with an average diameter of approximately 10 pm.
These spherical particles consist of numerous primary par-
ticles. Notably, despite lithium loss and structural degradation,
no morphological alterations were observed in D-NCM. Both
D-NCM and P-NCM samples exhibit smooth surfaces, allowing
for a clear view of individual primary particles. In contrast, Up-
NCM is characterized by its rough surface, overlaid with a thin,
nanoparticle coating layer, making it difficult to distinguish
the primary particles on the surface. To evaluate the uniform-
ity of the coating layer, Energy-dispersive X-ray Spectroscopy
(EDS) mapping of Up-NCM was employed, enabling the exam-
ination of the elemental distribution (Al, Ni, Co, and Mn)
across the particle surface. Fig. 3d illustrates that these
elements are uniformly distributed, with the presence of Al
confirming the continuous and uniform coating of the Al-
based layer over the NCM microspheres. The following XRD
and XPS results show that the composition of the Al-based
coating layer is LiAlO,. This coating serves dual functions: it
acts as a thermal insulator and provides a protective layer, pre-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of particles (a) D-NCM, (b) P-NCM, (c) Up-NCM, and (d) EDS mapping images of a Up-NCM particle.

venting direct contact between the NCM particles and the elec-
trolyte. Therefore, the thermal and electrochemical stability of
the NCM particles can be significantly enhanced by the LiAlO,
coating layer. To further investigate the morphology, thickness,
and uniformity of the LiAlO, coating layer, high-resolution
TEM was performed, and the results are shown in Fig. S1.t
The NCM particle and LiAlO, coating layer can be identified by
the shape difference. In the TEM image, the dense material in
the light grey area is the NCM particle, while the loose material
in the outer dark layer is LiAlO,. The TEM results, which are
shown in Fig. S1,T confirmed that LiAlO, was homogeneously
coated on the NCM particle surface by the two-step upcycling
process. The distinct boundary between the NCM particle and
the LiAlO, coating layer can also be observed. Additionally, the
elemental mapping analysis across this interface further com-
firms this finding, with Fig. S21 clearly revealing the nickel,
cobalt, and manganese distribution characteristic of the
cathode material interior, while Fig. S31 shows the distribution
of aluminum in the coating region with stoichiometric ratios
consistent with LiAlO,.

Through the upcycling process, the crystal structure of
degraded NCM622 was fully recovered and a uniform LiAlO,
coating layer was observed on the particle surface. To evaluate
the cycling performance of D-NCM, P-NCM, and Up-NCM, the
samples were subjected to cycling tests at a 1 C rate within a
voltage range of 2.7-4.6 V. The results of all samples are shown
in Fig. 4a. Due to the structural degradation, D-NCM shows a
capacity of only 145.7 mA h g™, which nearly drops to 0 after
100 cycles. In comparison, P-NCM delivers an initial capacity
of 187.8 mA h g~ but experiences a sharp capacity reduction
to 83.6 mA h g™ ! after 100 cycles, corresponding to a capacity
retention of 44.5%. This significant decline in the capacity of
P-NCM is attributed to the higher anti-site mixing and Ni dis-
solution at high voltages.>® Notably, the upcycled sample, Up-
NCM-2, exhibits superior cycling performance, with an initial
capacity of 195.3 mA h g~' and an impressive capacity reten-
tion of 86.8% after 100 cycles. Similarly, Up-NCM-1 also dis-

© 2025 The Author(s). Published by the Royal Society of Chemistry

plays enhanced cycling behavior, achieving a capacity retention
of 71.7%. The improvement in cycling performance is attribu-
ted to the LiAlO, coating, which not only facilitates Li"
diffusion and stabilizes the crystal structure under high
voltage conditions but also serves to protect the NCM particles
from direct contact with the electrolyte.>® Although LiAlO, has
high Li* conductivity, the electronic conductivity is poor.**
Consequently, as the LiAlO, coating thickness increases, the
low electronic conductivity of Up-NCM-3 becomes the limiting
factor, resulting in high overall charge-transfer resistance. The
higher charge transfer resistance initially limits the access to
the full capacity in early cycles. The trade-off between protec-
tive properties and conductivity is well-documented in coating
strategies for cathode materials. Despite the lower initial
capacity, the cycling stability of Up-NCM-3 benefits from the
LiAlO, coating layer, as evidenced by a capacity retention of
53.7%. In fact, despite its lower initial capacity, Up-NCM-3
demonstrates higher stability under high cut-off voltage con-
ditions compared to the P-NCM. While the unprotected
P-NCM undergoes progressive structural degradation, tran-
sition metal dissolution, and electrolyte decomposition at the
particle surface, the thicker LiAlO, coating on Up-NCM-3 pro-
vides enhanced protection against these degradation mecha-
nisms. When comparing the Up-NCM-2 with reported
NCMS811 materials, the upcycling method demonstrates
superior cycling stability. Under the voltage range of 2.7-4.3 V,
NCMS811 delivers an initial capacity of approximately 180 mA h
¢~! but experiences a capacity loss of 42.37% after 100 cycles
at 1 C. Even at a higher voltage range (2.7-4.5 V), where
NCMS811 can achieve a higher initial capacity of around
210 mA h g™, it still shows only modest capacity retention of
50% after 100 cycles.®® In stark contrast, the Up-
NCM-2 maintains 86.8% of its initial capacity after 100 cycles
at 1 C, despite being cycled at an even higher upper cutoff
voltage of 4.6 V, which typically accelerates degradation in
nickel-rich cathodes. This superior cycling stability of Up-
NCM-2 compared to NCMS811 (86.8% vs. 50% retention)
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Fig. 4 Electrochemical performance of P-NCM, D-NCM, and Up-NCM with 1, 2, 3wt% LiAlO,, (a) cycling performance, (b) rate capability, (c) CV

curve of Up-NCM, (d) CV curve of P-NCM.

demonstrates the effectiveness of our upcycling strategy in bal-
ancing high capacity with exceptional long-term stability,
which is crucial for practical battery applications.

To assess the impact of the LiAlO, coating layer on the rate
capability, all samples were cycled under various current den-
sities of 0.1, 0.5, 1, 2, and 5 C within a voltage range of 2.7-4.6 V.
Fig. 4b illustrates the results, showing that P-NCM achieves
a capacity of 116 mA h g™ at 5 C, corresponding to a capacity
retention of 59.4% relative to the capacity at 0.1 C. In compari-
son, the capacity of D-NCM at 5 C plummets to 56.1 mA h g™*
due to significant degradation. Remarkably, Up-NCM-2
demonstrates exceptional performance at all current densities,
achieving a capacity of 141.9 mA h g™* at 5 C with a capacity
retention of 68.3%. This superior rate capability can be attribu-
ted to the low charge-transfer resistance and the fast Li'
diffusion channels provided by the LiAlO, layer on the NCM
particle surface. Up-NCM-1 with a lower amount of LiAlO,, still
surpasses P-NCM in rate capability with a capacity of 134.2 mA
h ¢! at 5 C. Up-NCM-3 only delivers a capacity of 56 mA h g™*
at 5 C due to the sluggish electron transportation across the
thick LiAlO, layer. Upon reverting to a lower current density of
0.1 C, the capacities of all samples are slightly lower than the

908 | EES Batteries, 2025, 1, 902-912

initial capacities at 0.1 C, which is a result of irreversible struc-
tural degradation induced by high current densities and high
cut-off voltages. Comparing the Up-NCM-2 with reported
NCM811 materials reveals a substantial advantage in rate per-
formance. While NCM811 can only deliver a capacity of
103.61 mA h g™ at 5 C, Up-NCM-2 achieves a significantly
higher capacity of 141.9 mA h g™ at the same rate, represent-
ing a 37% improvement. This enhanced rate capability of Up-
NCM-2 can be attributed to the synergistic effects of the opti-
mized LiAlO, coating, which creates efficient Li' diffusion
pathways while maintaining adequate electronic conductivity.
Despite having a lower nickel content than NCM811, the Up-
NCM-2 demonstrates that proper surface engineering can
effectively compensate for the theoretical capacity advantages
of higher-nickel formulations, particularly at elevated current
densities where electrode kinetics become the limiting factor.
To conduct a thorough evaluation of electrochemical per-
formance, cyclic voltammetry (CV) analyses were performed on
the samples within a voltage range of 2.7-4.6 V at a scan rate
of 0.1 mV s™'. The CV curves for P-NCM and Up-NCM are
depicted in Fig. 4c and d, respectively. Each sample exhibited
a pair of redox peaks, indicating the Ni**/Ni*" oxidation/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reduction processes. Notably, the oxidation peaks of Up-NCM
remain constant at 3.8 V across the 1st, 3rd, and 5th cycles,
whereas the oxidation peaks of P-NCM, initially at 3.8 V during
the first cycle, shifted to 3.86 V by the fifth cycle. This stability of
oxidation peak positions in Up-NCM suggests a higher electro-
chemical reversibility compared to P-NCM. Further evidence of
improved electrochemical properties is seen that the potential
difference (AE) between the oxidation and reduction peaks was
significantly lower in Up-NCM (0.102 V) than in P-NCM (0.22 V),
indicating that the LiAlO, coating layer effectively reduces inter-
face polarization within the NCM structure. This reduction in
polarization is attributed to the protection provided by the LiAlO,
coating layer against the formation of a non-conductive rock-salt
layer on the NCM particle surface, a consequence of structural
degradation at high cut-off voltages.*> In addition to reaction
reversibility and reduced polarization, the high oxidation peak
intensity observed in Up-NCM shows enhanced kinetics of the
electrochemical reactions compared to those in P-NCM, further
highlighting the positive impact of the LiAlO, coating on the
electrochemical performance of NCM.

To further understand the improvement of the LiAlO,
coating layer in Li" diffusion, Electrochemical Impedance

700

View Article Online
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Spectroscopy (EIS) was employed to measure the impedance of
the samples in their fully discharged state before and after
three formation cycles. As illustrated in Fig. 5a and b, all
samples displayed a semi-circle in the high-frequency range
and a sloping line in the low-frequency range. The semi-circle
is indicative of the combined resistance of the solid electrolyte
interface (SEI) and charge transfer, while the sloping line is
associated with the Warburg impedance, reflecting Li"
diffusion through the electrode. Given that the formation con-
ditions for all samples were identical, the SEI resistance (Rg;)
is presumed constant across the samples, allowing the value of
the semi-circle to primarily reflect charge-transfer resistance
(Rct). The equivalent circuit model used for EIS curve fitting is
presented in Fig. 5d. Both P-NCM and Up-NCM samples
exhibit comparable bulk resistance (R},) both before and after
the formation cycles. Before formation, all samples show sig-
nificantly high impedance values primarily attributable to
charge transfer resistance, with P-NCM exhibiting the highest
R, of 787.4Q due to its unprotected surface. Initially, the R,
values for Up-NCM samples were significantly lower than
those for P-NCM, attributable to the presence of the LiAlO,
coating. Among them, Up-NCM-2, with its optimal LiAlO,
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Fig. 5 EIS curve of P-NCM and Up-NCM with 1, 2, 3wt% LiAlO,, (a) before formation, (b) after formation, (c) Relationship of Z' and »~/2,

(d) Equivalent circuit for EIS fitting.
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coating ratio, showed the lowest R, of 312.1 Q. After formation
cycles, a dramatic decrease in overall impedance is observed
for all samples, indicating the successful formation of a stable
SEI layer on the electrode surface. The R values decrease by
an order of magnitude, with Up-NCM-2 showing the lowest
value of 57.9 Q, compared to 70.4 Q of P-NCM. This reduction
in R, for Up-NCM-2 underscores the ability of the LiAlO,
coating to facilitate rapid Li" diffusion. The Li" diffusion coeffi-
cient within the electrode bulk is directly correlated with the
Warburg impedance, which is derived from the slope of the
straight line in the Z,. ~ w ' plot. Thus, the Li* diffusion
coefficient can be calculated based on the following equations:

R*T?
Dy = 242n4F4c%02 (4)
Zre = Ry + Rt + 000 1/2 (5)

where, R is the gas constant (8.31446 ] mol™* K™'), T is absol-
ute temperature (298.15 K), A is the surface area of the elec-
trode (0.96987 cm?, D = 1.11 cm), n is the electron number (1
for Li*), F is the Faraday constant (96 485.33 C mol ™), ¢ is the
lithium ion concentration (1 mol L"), and ¢ is the Warburg
factor, which is the slope of the straight line in Fig. 5c.

Based on the equations, the Li" diffusion coefficient is
shown in Table 1. Up-NCM-2 achieves the highest Li" diffusion
coefficient (Dy;:), which is 1.228 x 10™"* cm® S™". Even though
Up-NCM-1 has a lower LiAlO, ratio than Up-NCM-2, it still
exhibits an enhanced Dy;- compared to 8.601 x 107" em® §7*
of P-NCM. This enhancement in Li" diffusion for Up-NCM-1
and Up-NCM-2 relative to P-NCM illustrates the positive
impact of the LiAlO, coating on lithium-ion transport.
However, it is noted that the D;; decreases with increasing
weight ratio of the coating layer. This decline is attributed to
the excessive thickness of the LiAlO, coating which impedes
lithium-ion transport.

The thermal stability of the NCM cathode is of great impor-
tance, since it is directly related to the safety of lithium-ion
batteries. To evaluate this critical property, the thermo-
gravimetric analysis (TGA) was conducted to compare the
thermal stability of P-NCM, D-NCM, and Up-NCM in the temp-
erature range of 25-400 °C. As shown in Fig. 6, D-NCM exhibits
a large weight loss starting from 150 °C, which is attributed to
the decomposition of D-NCM due to the unstable structure of
D-NCM caused by the lithium loss and structural degradation.
Through the upcycling process, the D-NCM was regenerated

Table 1 EIS fitting results

Before

formation After formation
Sample Ro(Q) Re(®) R,(Q R«(Q Dpyi(em?s™)
P-NCM 1.957 787.4 2.112 70.4 8.601 x 107
Up-NCM-1  2.024 329.9 1.925 65.6 1.228 x 1072
Up-NCM-2  2.017 312.1 1.910 57.9 2.358 x 1072
Up-NCM-3  1.912 360.4 1.970 78.4 7.019 x 107
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Fig. 6 TGA curve of P-NCM, D-NCM, and Up-NCM.

and was covered with a LiAlO, coating layer. As a result of the
surface engineering, Up-NCM shows a significantly enhanced
thermal stability with only 0.1% weight loss across the temp-
erature range, which is better than the 0.4% of P-NCM. The
results clearly prove that the thermal stability of degraded
cathode materials is effectively recovered and improved by the
proposed upcycling process.

Conclusion

Here we report the development of a novel two-step upcycling
method that integrates a low-temperature annealing process
with a LiAlO, coating process to regenerate degraded NCM622
with enhanced electrochemical performance. Through this
upcycling process, the lithium deficiency and structural degra-
dation of D-NCM are effectively recovered, resulting in
upcycled NCM622 with a LiAlO, coating layer demonstrating
high initial capacity, cycling stability, and rate capability. The
LiAlO, coating layer plays a crucial role in reducing interface
polarization and enhancing the electrochemical reversibility of
NCM. Additionally, the low charge-transfer resistance and high
Li" diffusion coefficient confirm the presence of fast Li"
diffusion channels provided by the LiAlO, coating layer.
Thermogravimetric analysis (TGA) results indicate that the
upcycled NCM622 with a LiAlO, coating layer exhibits superior
thermal stability compared to the pristine material. Based on
the findings of this study, the upcycled NCM622 with a LiAlO,
coating layer demonstrates superior electrochemical perform-
ance and thermal stability compared to the pristine counter-
part. These improvements have significant practical impli-
cations, as this advancement enables the reuse of such
cathode materials in new lithium-ion batteries with high per-
formance requirements, thereby reducing costs, environmental
impacts, and enhancing sustainability. In conclusion, the
results of this study highlight the potential of upcycling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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degraded NCM for high electrochemical performance, high
safety, and low-cost lithium-ion battery.
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