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A B S T R A C T

Upcycling is recognized as a sustainable recycling approach for spent lithium-ion batteries. However, existing
upcycling methods typically involve intricate pretreatment or post-treatment steps, complicating their practical
application. Here, we propose a straightforward, etching-assisted upcycling method that effectively transforms
polycrystalline Ni-lean cathodes into high-performance single crystal Ni-rich cathodes. During the etching step,
nickel acetate was dissolved into acetic acid and then polycrystalline NMC111 are etched in the solution. Finally,
polycrystalline NMC111 are converted into single crystal particles coated with amorphous nickel acetate. This
significantly enhances elemental diffusion during subsequent sintering by minimizing both particle size and the
contact distance between NMC111 and nickel acetate. As elemental diffusion is improved and acetate ions de-
compose completely during sintering, the process requires neither additional pretreatment nor post-treatment.
The resulting cathode materials (Etched-UP622) exhibit superior structural and electrochemical properties com-
pared to the Control622, achieving an energy density of 719.7 Wh/kg, approximately 56.7 mAh/g higher than
Control622 and 125.5 Wh/kg higher than NMC111. Etched-UP622 also delivers higher discharge capacity, im-
proved rate performance and cycling stability, surpassing Control622 and NMC111. Meanwhile, NMC811 also
can be synthesized by the proposed strategy, and the discharge capacity can reach 166.9 mAh/g at 1C, ∼14 mAh/
g higher than Control811. Overall, this etching-assisted strategy simplifies the upcycling process and offers a
scalable, sustainable route for producing high-quality cathode materials.

1. Introduction

Lithium-ion batteries (LIBs) have become the dominant energy stor-
age solution for various applications, particularly electric vehicles
(EVs). However, the typical lifespan of LIBs in EVs is approximately
8–10 years, resulting in an exponential increase in the number of spent
LIBs which require effective recycling [1–3]. Consequently, the global
LIB recycling market has expanded rapidly, valued at approximately
$4.97 billion in 2023, and is projected to reach $17.67 billion by 2029
[4]. Efficient recycling of spent LIBs is thus critical for both environ-
ment and resource recovery. Among the different components of LIBs,
the cathode significantly affects the battery's performance, particularly
its energy density [4,5]. LiNi1-x-yMnxCoyO2(NMC) cathodes are the most
common cathode materials due to their superior electrochemical prop-
erties [6]. Therefore, various methods have been developed to recycle
NMC cathodes and the main recycling processes include pyrometallur-
gical, hydrometallurgical, and direct recycling methods [7–11]. Com-

pared to pyrometallurgical and hydrometallurgical processes, direct re-
cycling provides notable advantages by restoring cathode materials to
their original performance characteristics without complete chemical
decomposition [12,13]. This results in significantly reduced wastewater
generation, lower energy consumption, and simplified recycling
processes, making direct recycling a highly attractive option [14,15].

Despite the advantages offered by direct recycling methods, contin-
uous advancements in cathode chemistry necessitate further innova-
tions in recycling technologies [16]. However, the recovered NMC111
only can deliver low energy density, limiting the utilization for next
generation applications which require high energy density. Meanwhile,
market demands increasingly favor high-nickel NMC cathodes due to
their enhanced energy densities, driving research efforts towards upcy-
cling strategies that can convert Ni-lean into Ni-rich cathodes [17–20].
A critical aspect of successful cathode upcycling is achieving uniform
elemental diffusion, particularly nickel ions [21]. Among the existing
upcycling strategies, several approaches have been applied to optimize
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the diffusion of nickel ions: molten salt sintering (creating a liquid envi-
ronment at low temperature), precipitation (growing nickel source on
the surface of LiNi0.33Mn0.33Co0.33O2 (NMC111)), and ball milling (re-
ducing the particle size to short the diffusion path). Among the existing
upcycling strategies, molten salt methods have shown particular effec-
tiveness by creating high-temperature liquid environments that signifi-
cantly enhance the diffusion rates of nickel ions [19,22]. For example,
Ma et al. upcycled polycrystalline (PC) NMC111 to single crystal (SC)
LiNi0.6Mn0.2Co0.2O2 (NMC622) by adding excess of LiOH and Li2SO4 as
molten salts [22]. After sintering, ball milling and washing, upcycled
NMC622 was obtained. However, the introduction of molten salts and
excess lithium can induce severe particle agglomeration. Consequently,
additional ball milling and washing steps are necessary to disperse the
agglomerates and eliminate residual salts, thereby increasing the
process complexity and leading to the waste of excess lithium salts. To
improve the metal ions diffusion without molten salts, growing nickel
salt on the surface of NMC is also an effective approach [23]. Allen et al.
added NMC111 into a coprecipitation reactor and allowed Ni(OH)2 to
grow on the surface of NMC111 by pumping into NiSO4 and NaOH with
high-speed stirring [23]. The obtained precursor was sintered to obtain
the upcycled NMC622 [23]. However, this process consumes a large
volume of solution during the coprecipitation reaction. Moreover, the
significant residual lithium remaining on the surface of the upcycled
NMC622 necessitates additional washing and annealing steps, which
not only generate wastewater but also increase the complexity of post-
treatment procedures. Overall, these established methods typically re-
quire post-treatments, like washing and annealing, to remove residual
molten salts and excess lithium as well as recovery structure, leading to
wastewater generation, increased complexity, and higher costs.

To prevent the post-treatment and improve the elemental diffusion,
ball milling was used to reduce the particle size of NMC111 which can
enhance the diffusion of nickel ions by reducing the diffusion path.
Zhang et al. developed a pretreatment process involving ball milling of
NMC111 to reduce particle size, followed by a pre-oxidation step to im-
prove the contact between NMC111 and nickel salts. After the pretreat-
ment, the powder was mixed with lithium salts and sintered at high
temperature to synthesize NMC622 [24]. However, the complex pre-
treatment and multistep sintering procedures result in high energy con-
sumption and increased process complexity. To avoid multistep sinter-
ing, Gao et al. pelletized the mixture of NMC111 and Ni sources after
ball milling, which optimized the interfacial contact and enhanced Ni
ions diffusion during high-temperature sintering [25]. Nevertheless,
the pelleting process is difficult to scale up, and the pretreatment re-
mains complicated because it involves both ball milling and pelletizing.
Although ball milling effectively reduces particle size and shortens the
diffusion path, additional pretreatment steps such as pre-oxidation and
pelletizing are still required to improve the contact between nickel salts
and NMC111, leading to complex processing and limited scalability.
Therefore, reducing particle size and improving the contact of NMC and
Ni salts with simple processes to enhance the Ni and Li diffusion during
high temperature sintering is still the challenge for upcycling Ni-lean to
Ni-rich cathode materials.

Herein, we introduce an innovative etching-assisted upcycling
method which can reduce the diffusion path by transferring PC NM-
C111 to SC NMC111 and improving the contact of NMC and Ni salts by
precipitating nickel acetate on the NMC111 particles only in one step,
facilitating effective diffusion during subsequent sintering. Meanwhile,
the acetate ions can be burnt out during sintering, without requiring ad-
ditional washing step. This simplified method successfully synthesizes
the upcycled NMC622 cathode (Etched-UP622) with well layer struc-
ture, homogeneous element distribution and excellent electrochemical
performance. Notably, the energy density of Etched-UP622 can reach
719.7 Wh/kg, 56.7 Wh/kg higher than that of commercial NMC622
cathodes (Control622) and 125.5 Wh/kg higher than that of NMC111.
Meanwhile, Etched-UP622 also demonstrates a high specific discharge

capacity of 188.3 mAh/g, outperforming Control622 by 13 mAh/g and
NMC111 by 31 mAh/g. Additionally, this method exhibits versatility,
effectively upcycling NMC111 to higher nickel-content NMC811 cath-
odes, thereby aligning with evolving market demands for advanced,
high-energy-density cathode materials.

2. Experimental section

2.1. Materials preparation

2.1.1. Synthesize Etched-UP622
To increase the content of nickel, nickel acetate (Ni(AC)2) was em-

ployed as nickel source and stoichiometric Ni(AC)2 was dissolved into
0.5 M acetic acid. When the Ni(AC)2 was fully dissolved, PC NMC111
was added in the solution with a solid to liquid ratio of 1/20 and etched
at room temperature. After 25 h, the temperature was increased to
50 °C to evaporate the excess acetic acid, and the dried SC NMC111
covered with Ni(AC)2 was obtained. The dried etched powders were
mixed with LiOH·H2O to make the Li content to 1.05 M ratio, and the
mixture was sintered 450 °C for 5 h and 950 °C for 12 h under oxygen
atmosphere to obtain Etched-UP622.

2.1.2. Synthesize Etched-UP811
To increase the content of nickel, nickel acetate (Ni(AC)2) was em-

ployed as nickel source and stoichiometric Ni(AC)2 was dissolved into
0.5 M acetic acid. When the Ni(AC)2 was fully dissolved, PC NMC111
was added in the solution with a solid to liquid ratio of 1/35 and etched
at room temperature. After 25 h, the temperature was increased to
50 °C to evaporate the excess acetic acid, and the dried SC NMC111
covered with Ni(AC)2 was obtained. The dried etched powders were
mixed with LiOH·H2O to make the Li content to 1.05 M ratio, and the
mixture was sintered 450 °C for 5 h and 850 °C for 18 h under oxygen
atmosphere to obtain Etched-UP622.

2.2. Characterization methods

X-ray diffraction (XRD) patterns were collected using a PANalytical
Empyrean diffractometer with Cu Kα radiation (λ = 1.5409 Å, step
size = 0.0167°). Rietveld refinements were conducted using FullProf
Suite. Surface morphology and elemental mapping were examined via
scanning electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) using a JEOL JSM-7000F SEM at 10 kV. Focused ion
beam (FIB) and cross-section SEM were using Thermo Scientific Scios 2
DualBeam system. Inductively coupled plasma optical emission spec-
trometry (ICP-OES) was used to determine Chemical compositions. Sur-
face chemical states and depth profiles were characterized using X-ray
photoelectron spectroscopy (XPS) with a PHI 5000 VersaProbe II (Al
Kα, 1486.6 eV). High-resolution spectra were acquired at a pass energy
of 23.5 eV, and survey scans at 117.4 eV C1s (284.8 eV) was used as a
reference for charge correction. Data were analyzed with Shirley back-
ground subtraction and peak fitting using Gaussian-Lorentzian func-
tions in XPSpeak 41. Simultaneous Thermal Analyzer (SDT Q600-TA In-
struments) was used to study the thermal behavior during sintering.

2.2.1. Electrode/half-cell fabrication
Cathodes were fabricated by mixing active material, Super C65 car-

bon black (conductive agent), and PVDF binder in NMP at a weight ra-
tio of 80:10:10. The slurry was coated onto 15 μm thick Al foil using a
150 μm doctor blade and initially dried at 105 °C under vacuum. The
loading mass of active material was controlled to ∼4.5 mg/cm2. The
electrodes were then dried overnight at 120 °C to eliminate residual sol-
vents. The dried films were calendared to 35–40 μm, punched into
12 mm discs, and assembled into CR2032 coin cells in an argon-filled
glovebox, using lithium metal as the anode, 1.0 M LiPF6 in EC/DMC
(3:7 w/w) as the electrolyte, and Celgard separator.
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Electrochemical performance was tested using a LANDT CT2001A
system. Initial charge/discharge profiles were measured at 0.05 C
(2.5–4.3 V vs. Li/Li+). Rate capability was assessed by cycling at in-
creasing rates of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 C. Cycling sta-
bility was evaluated at 2 C within the same voltage window. All the
testing is under room temperature. EIS was tested by a 10 mV sinu-
soidal amplitude between 1 MHz and 20 mHz.

The CV curves are tested at 0.1, 0.4, 0.7, 1.0, and 1.3 mV/s between
2.8 and 4.6V. The lithium ions diffusion coefficient can be calculated by
Randles–Sevcik equation: , where the
number of electrons transferred in the redox reaction (n = 1); A is
electrode surface area (1.13 cm2); C is the theoretical molar concentra-
tion of lithium ions in the NMC crystal (0.05 mol/cm3); and DLi is the
lithium ions diffusion coefficient. DLi can be calculated by the slope of
the linear relationship of Ip2 vs υ.

3. Results and discussion

3.1. Etching process for NMC111 cathode materials

In the etching-assisted upcycling strategy, the etching process simul-
taneously reduces the particle size and precipitates Ni(AC)2 onto NMC
particles in a single step (Fig. 1). During etching, PC NMC111 was
transferred to SC NMC111, significantly reducing the particle size.
Meanwhile, Ni(AC)2, which exhibits high solubility in acetic acid, can
serves as a suitable nickel precursor for NMC synthesis [26]. During the
evaporation step, Ni(AC)2 can precipitate on the surface of single crys-
tal NMC111. Upon high-temperature sintering, Ni(AC)2 can decompose
into NiO, CO2 and H2O, leaving no impurity residues [27].Therefore,
Ni(AC)2 is selected as the nickel source in this process. Ni(AC)2 is ini-
tially dissolved within the etching solution and subsequently precipi-
tated onto SC NMC111, enabling close contact between NMC and
Ni(AC)2 and allowing Ni to directly diffuse from the surface to the bulk
of NMC111 during high temperature sintering. Due to the optimized
diffusion path and close contact between particles, pretreatment and
extra molten salts are not required to further enhance the diffusion of
Ni. Additionally, Ni(AC)2 can be decomposed to NiO, H2O, and CO2 at
high temperature, without introducing impurities [28]. Thus, post-
treatments, like washing and annealing, are not required. Therefore, by
applying etching process and Ni(AC)2, the process of upcycling NMC
can be simplified to two steps.

To elucidate the mechanisms of the etching process, PC NMC111
was treated for various durations. It was observed that increasing etch-

ing time progressively transformed PC NMC111 into single-crystal par-
ticles, with complete conversion achieved after 25 h (Fig. 2a). Mean-
while, the structure of NMC111 was also changed during etching,
which was investigated by XRD (Fig. S1). The (003) peak shifted to-
ward lower angles, reflecting expansion along the c-axis [29]. The
clearly distinguished splitting of the (018)/(110) diffraction peaks was
consistent with lithium extraction during charging processes [29]. No-
tably, the absence of (104)/(101) peak splitting indicated no mono-
clinic distortion, confirming the maintained layered structure [29].
Thus, the etching strategy effectively transforms PC NMC111 into sin-
gle crystal particles to reduce the diffusion path and promote beneficial
lattice expansion without destroying the layer structure of NMC111.
Meanwhile, the roles of acid corrosion and high-speed stirring on the
transformation from polycrystal NMC111 to single crystal NMC111 are
analyzed. As shown in Fig. S2, when the PC NMC111 was etched with
water at high-speed stirring, only small number of secondary particles
can transfer to SC NMC111, indicating the importance of the grain
boundary corrosion by acetic acid. When the PC NMC111 was etched
with acetic acid at low speed stirring, only lots of secondary particles
can be observed, indicating the importance of high stirring speed.
Therefore, PC NMC111 can be broken into SC NMC111only when com-
bining acid corrosion and high-speed stirring.

To further study the etching process, the dissolving rate and per-
centage of Li, Co, Mn, and Ni from polycrystalline NMC111 into solu-
tion are investigated. During etching process, some metal ions are dis-
solved from NMC111 particles into solution. As shown in Fig. S3, the
dissolving rate of Li is much higher than that of Ni, Mn, and Co while
the dissolving rate of Ni, Mn, and Co are comparable. Specifically, the
dissolving rate of Li from polycrystalline NMC111 is 124 mg/L/hour
while the dissolving rate of Ni, Mn, and Co in polycrystalline NMC111
are ∼70 mg/L/hour. Meanwhile, according to XRD (Fig. S1), the split-
ting of (018)/(110) planes are extended, which is due to the dissolving
of Li from the Li layer [29].

Meanwhile, etching process also can facilitate close particle contact
between NMC111 and Ni(AC)2 prior to sintering, markedly reducing
diffusion paths (Fig. 1). The precipitation of Ni(AC)2 is investigated by
ICP. As shown in Fig. S4, during precipitation, the precipitation rate of
Ni (60 mg/h) is higher than other metals (∼0.5 mg/h) due to the high
concentration in the solution (extra Ni salts are dissolved into the solu-
tion before etching process) from 0.5 h to 1 h. After 1 h, since large
number of solutions are evaporated, the concentration of Li, Ni, Mn and
Co are high in the solution and the precipitation rate of Ni further in-
creased to 393 mg/h and that of Li, Mn and Co are increased to ∼3 mg/
h.

Fig. 1. Schematic for the mechanism of Ni diffusion in Etched NMC111 with Ni(AC)2.
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Fig. 2. Properties of Etched NMC111 with Ni(AC)2. a) SEM of etched NMC111 with different etching time. b) SEM and EDS mapping of Etched NMC111 with
Ni(AC)2. c) XRD pattern of commercial Ni(AC)2 and Etched NMC111 with Ni(AC)2. d) XRD refinemet of Etched NMC111. e) TGA for Etched NMC111 with Ni(AC)2.

The results of SEM and EDS mapping confirmed that etched samples
comprised closely contacted particles covered by Ni(AC)2 (Fig. 2b and
Fig. S5) since Ni can be observed in the whole particle while Mn and Co
only can be observed in some small parts of the particle. Additionally,
the crystalline state of Ni(AC)2 was altered during the etching process.
XRD analysis (Fig. 2c) indicated that etched NMC111 with Ni(AC)2 ex-
hibited solely NMC111 peaks and there are no peaks for Ni(AC)2. This
result suggested a transformation of Ni(AC)2 from crystalline to amor-
phous form during etching. Meanwhile, according to the XRD refine-
ment results in Fig. 2d, Fig. S6, and Table S1, the etched NMC111 deliv-
ered larger c-axis parameter and higher cation mixing than unetched
NMC111, and the cation mixing can be subsequently reduced during
post-sintering. TGA and DTA provided insights into thermal behavior of
etched NMC111 with Ni(AC)2 during high temperature sintering (Fig.
2e). The first mass loss is around 100 °C, which is corresponding to the
dehydration of crystallized water in LiOH·H2O and Ni(AC)2 [27]. Then
more mass loss is around 300 °C when Ni(AC)2 was decomposed to NiO
[27]. According to the decomposition temperature is the same as
Ni(AC)2, the amorphous nickel salts in etched NMC111 can be recog-
nized as Ni(AC)2 [27]. Consequently, the etching process can effectively
reduce the particle size of NMC111 and allow Ni(AC)2 to be covered on
NMC111, shortening the diffusion path of Ni and reducing the distance
between Ni(AC)2 and NMC111.

3.2. Upcycled cathodes

Different characterization techniques were employed to assess the
physical and chemical properties of the upcycled cathode materials.
The etched NMC111 with Ni(AC)2 were sintered to produce upcycled
NMC622 (Etched-UP622) and the equation is shown as below:

The results of ICP confirmed successful stoichiometric conversion of
NMC111 to NMC622 (Table S2). The structure of Etched-UP622 was
analyzed by XRD. Etched-UP622 maintained a single-phase α-NaFeO2
layered structure with distinct (006)/(102) peak splitting, indicative of
superior layer ordering (Fig. 3a). Compared with NMC111, the (003)

peak shift to lower angle, indicating the enlarged lattice parameter
[30,31]. The crystal structure of Etched-UP622 and NMC111 also were
investigated by the XRD refinement (Fig. 3b, Fig. S6, and Table S1).
Comparison with NMC111, Etched-UP622 delivers larger lattice para-
meter in a and c-axis, enhancing Li+ diffusion paths and thus promot-
ing improved rate performance [32]. Notably, Etched-UP622 also ex-
hibited significantly lower cation mixing (1.2 %) compared to NMC111
(4.76 %) [24].

Beyond structural improvements, the etching process also markedly
impacted the morphology and elemental distribution within the upcy-
cled cathode materials. The morphology of Eched-UP622 was investi-
gated with SEM and Eched-UP622 are single crystal particles (Fig. 3c),
indicating the beneficial role of the etching process in transforming
polycrystal into single-crystal particles. Elemental distribution within
the upcycled cathode materials was examined through EDS mapping.
As shown in Fig. 3c and Fig. S7, Ni, Mn, Co and O distribute homoge-
neously in the Etched-UP622. The homogeneous element distribution is
due to the small particle size and close contact of NMC111 and Ni(AC)2
which allow short Ni diffusion path. To check the distribution of Ni in
the bulk and surface of Etched-UP622, cross-sectional SEM, EDS, and
linear scan were applied. All elements distribute homogeneously at the
cross section of Etched-UP622 according to the EDS mapping (Fig.
3d).The linear scan of Ni for the cross section of Etched-UP622 also can
support the homogeneous distribution of Ni according to the consistent
intensity of Ni from surface to bulk (Fig. 3e).

3.3. Qualifying physical and chemical properties of upcycled cathodes

The physical and chemical properties of Etched-UP622 were com-
pared with commercial NMC622 (Control622) to check the quality of
Etched-UP622. As shown in Fig. 4a, both Etched-UP622 and Con-
trol622 exhibited a single-phase α-NaFeO2 structure characterized by
distinct splitting of (006)/(102) and (018)/(110) peaks, indicating ex-
cellent layered structure. According to the XRD refinement results in
Figs. 3b and 4b and Table S1, Etched-UP622 delivers larger lattice para-
meter and lower cation mixing than Control622. According to the depth
profile of XPS for Ni 2p3, Mn 2p3 and Co 2p3 (Fig. 4c–h) of Etched-
UP622, they showed similar results, indicating the comparable chemi-
cal states of these elements from the surface to the bulk [3].
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Fig. 3. Properties of Etched-UP622. a) XRD pattern of Etched-UP622. b) XRD refienment of Etched-UP622. c) SEM and EDS mapping of Etched-UP622. d) SEM and
EDS mapping of the cross-section of Etched-UP622. e) linear scan of the cross-section of Etched-UP622.

However, the XPS results of Ni 2p3 in Etched-UP622 are different
from that in Control622 (Fig. 4c and Fig. S8a). There are four peaks in
the Ni 2p3/2 spectra, two peaks are Ni2+ (854 eV)and Ni3+ (856 eV)
while the others are satellite peaks (861 and 865 eV) [33]. The percent-
ages of Ni2+ in Etched-UP622 and Control622 are 32 % and 35 % re-
spectively. Since Ni2+ has a similar radius to Li+, Ni2+ is easier to oc-
cupy the sites of Li+ and causes cation mixing [34]. Because Etched-
UP622 contains less Ni2+ than Control622, Etched-UP622 delivers
lower cation mixing, corresponding to the XRD refinement results. For
the XPS results of Mn 2p3 and Co 2p3 (Fig. 4e–h and Fig. S8b–c) in
Etched-UP622 and Control622, they deliver comparable results [3].
The XPS results of C and O for Etched-UP622 and Control622 have ob-
vious differences. Specifically, C 1s spectra were decomposed into
peaks corresponding to CO3

2− (289.8 eV), C–O (286.5 eV), and C–C
(284.8 eV) (Fig. 4i) [35]. Etched-UP622 demonstrated a significantly
lower proportion of CO3

2− (17.2 %) compared to Control622 (22.1 %),
indicating that there is less Li2CO3 impurity on the surface of Etched-
UP622 [35]. Similarly, O 1s spectra showed peaks corresponding to C-O
(531.9 eV), and lattice oxygen (M − O at 530 eV) (Fig. 4j) [36]. No-
tably, the lattice oxygen content in Etched-UP622 was significantly
higher (33.6 %) than that in Control 622 (30.5 %), suggesting less
Li2CO3 impurity in Etched-UP622 [36,37]. Therefore, in comparison
with Control622, Etched-UP622 delivered better physical and chemical
properties, indicating the high quality of Etched-UP622.

3.4. Electrochemical performance of upcycled cathodes

The electrochemical performance of upcycled cathodes and com-
mercial cathodes was tested in half cells. As shown on Fig. 5a and b,
Etched-UP622 demonstrated specific capacities of 188.3 mAh/g at
0.05 C between 2.5 and 4.3V. In comparison, Control622 only achieves
175.3mAh/g, 13 mAh/g less than Etched-UP622, which is due to en-
larged lattice parameter and low cation mixing of Etched-UP622. Mean-
while, NMC111 delivers 154.5 mAh/g in the initial cycle, ∼34 mAh/g
lower than Etched-UP622. Due to the high discharge capacity, the en-
ergy density of Etched-UP622 can reach 719.7 Wh/kg, 56.7 Wh/kg
higher than that of Control622 and 125.5 Wh/kg higher than that of
NMC111 (Fig. 5b). It indicates that NMC111 was successfully upcycled
to NMC622 and Etched-UP622 can deliver higher specific capacity and
energy density than Control622. The rate performance of Etched-
UP622 is also obviously higher than Control622 and NMC111. In Fig.
5c and Table S3, Etched-UP622 delivers better rate performance than
Control622 and at a high rate (5C), the specific capacity of Etched-
UP622 (133.3 mAh/g) is 6.6 mAh/g higher than Control622 (126.7
mAh/g) and 14.5 mAh/g higher than NMC111(118.8 mAh/g). Mean-
while, for Etched-UP622, more than 73 % capacity can be kept when
the current density changes from 0.05C to 5C, which is comparable to
Control622 and higher than NMC111 (Fig. S9). Investigating the excel-
lent rate performance, the lithium-ion diffusion coefficient is measured
by CV curves with various scan rates (Fig. S10). The lithium-ion diffu-
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Fig. 4. Properties of Etched-UP622 an Control622. a) XRD pattern of Etched-UP622 and Control622. b) XRD refienment of Control622. c) High-resolution XPS
spectra of Ni 2p3/2 for the surface of Etched-UP622. d) High-resolution XPS spectra of Ni 2p3/2 for the bulk of Etched-UP622. e) High-resolution XPS spectra of Mn
2p3/2 for the surface of Etched-UP622. f) High-resolution XPS spectra of Mn 2p3/2 for the bulk of Etched-UP622. g) High-resolution XPS spectra of Co 2p3/2 for the
surface of Etched-UP622. h) High-resolution XPS spectra of Co 2p3/2 for the bulk of Etched-UP622. i) High-resolution XPS spectra of O 1s for Control622 and
Etched-UP622. j) High-resolution XPS spectra of C 1s for Control622 and Etched-UP622.

sion coefficient of Etched-UP622, Control622, and NMC111 are
6.5*10−10 cm2/s, 2.3*10−10 cm2/s and 3.0*10−12 cm2/s, respectively.
The improve lithium-ion diffusion coefficient of Etched-UP622 is due to
the short diffusion path enabled by small particle size and enlarged lat-
tice parameters caused by etching process. Due to the high lithium-ion
diffusion coefficient, Etched-UP622 delivers superior rate performance
than Control622 and NMC111.

Etched-UP622 also delivers better cycle performance than Con-
trol622 and NMC111 (Fig. 5d and e). The cycle performance was tested
at 2C between 2.5 and 4.3V. The capacity retention of Etched-UP622 is
87.85 % after 100 cycles and 82.32 % after 150 cycles, outperforming
Control622 (84.13 % after 100 cycles and 77.54 % after 150 cycles).

Additionally, Etched-UP622 delivered highest specific capacities
throughout the cycling process (Fig. 5e). As shown in Fig. 5f and g, the
specific capacity of Etched-UP622 is 164.9 mAh/g at the first cycle and
after 150 cycles, the specific capacity still can reach 135.5 mAh/g, only
29.4 mAh/g was lost during cycling. For Control622, the specific capac-
ity of Control622 is 147.4 mAh/g at the first cycle and after 150 cycles,
the specific capacity still can reach 114.3 mAh/g, about 33.2 mAh/g
was lost during cycling. Meanwhile, the cycle performance and specific
capacity of Etched-UP622 are also higher than NMC111 (Fig. 5d and e
and Fig.S11).

Phase transitions during cycling were represented by the dQ/dV
profiles (Fig. 5h and i). The voltage shift of the characteristic peak dur-
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Fig. 5. Electrochemical performance of Etched-622, Control622 and NMC111. a) Initial charge-discharge profiles at 0.05C; b) specific discharge capacity and energy
density at 0.05C; c) rate performance; d) capacity retention at 2C; e) cycle performance at 2C of Etched-622, Control622 and NMC111; the capacity voltage curves
with different cycle number of f) Etched-622 and g) Control622; differential capacity (dQ/dV) versus voltage profiles with different cycle number of h) Etched-622
and i) Control622.

ing 150 cycles in Control622 was 0.085 V, 19.7 % higher than that ob-
served in Etched-UP622 (0.071 V). This smaller peak shift in Etched-
UP622 indicates improved reversibility of the H2 to H3 phase transition
during cycling, which contributes to the preservation of mechanical in-
tegrity and retention of specific discharge capacity. Additionally,
Etched-UP622 also showed a lower voltage shift than NMC111, con-
firming its superior structural reversibility (Fig. 5h and Fig. S12). EIS
results further demonstrated that Etched-UP622 had a smaller semicir-
cle in the Nyquist plots compared to both Control622 and NMC111, re-
flecting reduced charge transfer resistance during cycling (Figs. S13
and S14, and Table S4).

To further evaluate the cycle performance of Etched-UP622, the cy-
cle performance of Etched-UP622 and Control622 was also tested by
full cells (Fig. S15). Anode materials are graphite, and the n/p ratio is
between 1.10 and 1.20. The full cells are tested between 2.8 and 4.2V.
In the initial charge and discharge curves, the charge capacity of
Etched-UP622 and Control622 are 216.4 mAh/g and 201.3 mAh/g, re-
spectively (Fig. S15a). Meanwhile, the discharge capacity of Etched-
UP622 and Control622 are 188.4 mAh/g and 176.5 mAh/g, respec-
tively. Therefore, the initial charge and discharge capacity of Etched-
UP622 and Control622 is comparable to that of half cells. Additionally,
the discharge capacity of Etched-UP622 is 151.5 mAh/g, higher than
that of Control622 (137.5 mAh/g). During cycling, the discharge capac-
ity of Etched-UP622 and Control622 did not decrease during the first 37
cycles, but the discharge capacity of Etched-UP622 is always higher
than Control622 (Fig. S15b).

Therefore, the electrochemical performance of Etched-UP622 is bet-
ter than both Control622 and NMC111, confirming its high quality and
suitability for commercial applications. Comparison with reported arti-
cles about upcycling NMC111 to NMC622, Etched-UP622 delivered the
highest discharge capacity (Table S5), indicating the high quality.
Meanwhile, our method only includes two steps: etching and sintering,
the fewest among all reported methods (Table S5).

3.5. Further studies about upcycling NMC111 to NMC811

In addition to upcycling NMC111 to NMC622, our method also can
synthesize cathodes with higher Ni content, like NMC811(Etched-
UP811). Etched-UP811 are single crystal particles with some agglomer-
ations and the element distribution in Etched-UP811 is homogeneous
(Fig. S16). The composition of Etched-UP811 was tested by ICP (Table
S2) and is determined as Li1.02Ni0.82Mn0.09Co0.09O2. Meanwhile, the
crystal structure of Etched-UP811 is studied by XRD refinement (Figs.
S17 and S18, and Table S1) and XRD (Fig. S14). According to the XRD
refinement results, Etched-UP811 delivers comparable lattice parame-
ter and cation mixing to Etched-UP622(Table S1). Meanwhile, Etched-
UP811 delivers a single-phase α-NaFeO2 layered structure with distinct
(006)/(102) and (018)/(110) peak splitting (Fig. S19). Due to the ho-
mogeneous element distribution and well layer structure, the electro-
chemical performance of Etched-UP811 is comparable to Control811.
In the first cycle (Fig. S20), the initial discharge capacity of Etched-
UP811 is 192.9 mAh/g, lightly lower than that of Control811 (199.5
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Fig. 6. a) cost and revenue comparison results, b) profit comparison, c) total energy consumption, d) greenhouse gas (GHGs) emission, e) comprehensive comparison
of the process for transferring polycrystal NMC111 to single crystal NMC111, transferring polycrystal NMC622 to single crystal NMC622, and upcycling polycrystal
NMC111 to single crystal NMC622.

mAh/g). As for rate performance, discharge capacity of Etched-UP811
is 192.9 mAh/g, 188.3 mAh/g, 182.9 mAh/g, 173.8 mAh/g, 166.9
mAh/g, 156.7 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, and 2C (Fig. S21).
The discharge capacity of Control811 is 199.5 mAh/g, 191.9 mAh/g,
179.1 mAh/g, 164.2 mAh/g, 153.2 mAh/g, 138.8 mAh/g at 0.05C,
0.1C, 0.2C, 1C, and 2C (Fig. S21). However, the electrochemical perfor-
mance of Etched-UP811 at low rate is still not high enough and the
properties of Etched-UP811 should be further optimized.

3.6. Cost analysis

The techno-economic analysis (TEA) of these recycling technologies
was performed using the EverBatt 2023 model, comparing the process
for transferring polycrystal NMC111 to single crystal NMC111 [29],
transferring polycrystal NMC622 to single crystal NMC622 [29], and
upcycling polycrystal NMC111 to single crystal NMC622(Figs. S22–S27
and Tables S6–S8). Fig. 6a compares costs and revenues among the
three processes. To produce 1 kg single crystal NMC, only the feedstock
usage of UPNMC622 is only $5.6, almost half of others. For the pro-
posed upcycling process, 1 mol feedstock can produce 1.65 mol final
product while for other process, 1 mol feedstock can produce 1 mol fi-
nal product. The upcycling process also delivers the highest profit (Fig.
6b). To produce 1 kg single crystal NMC cathode materials, the upcy-
cling process can earn $6.37, 6 % higher than the process of NMC622
and 23 % than the process of NMC111. Meanwhile, the upcycling
process also delivers less energy consumption and GHGs emission than
other processes (Fig. 6c and d), indicating that the upcycling process is
energy-efficient and environmentally friendly. Therefore, as shown in
Fig. 6e, our proposed upcycling process delivers more cost advantages,
higher profit advantages, reduced GHGs emission, and less energy con-
sumption than other methods, delivering excellent balance between
economic and environmental impacts.

4. Conclusion

In this work, we successfully developed a novel etching-assisted up-
cycling strategy for converting Ni-lean PC NMC111 into Ni-rich single-
crystal NMC622 cathode materials. The designed etching process effec-
tively reduced the particle size, transforming PC NMC111 into single-

crystal particles, and simultaneously depositing amorphous nickel ac-
etate onto the cathode surface. This structural modification signifi-
cantly shortened the diffusion pathways, promoting efficient and uni-
form elemental diffusion during high temperature sintering. Etched-
UP622 showed a well-ordered layered structure, large lattice parame-
ters, and substantially low cation mixing. Moreover, the homogeneous
elemental distribution in Etched-UP622 further improved electrochem-
ical performance. Remarkably, the energy density of Etched-UP622 can
reach 719.7 Wh/kg, 56.7 Wh/kg higher than that of Control622 and
125.5 Wh/kg higher than that of NMC111. Compared with previous re-
ports, our method prevents the requirement of pretreatment and post-
treatment. Meanwhile, the discharge capacity of Etched-UP622 delivers
higher discharge capacity than other cathode materials with the same
composition. Furthermore, this upcycling strategy can be extended to
synthesize high-Ni content cathodes, such as NMC811, and provides a
practical route toward synthesizing high-performance cathodes
through upcycling spent LIBs, facilitating broader industrial implemen-
tation and contributing to the circular economy of LIBs. There are also
some drawbacks of upcycled cathode materials in terms of particle size
and uniformity. To address these issues, molten salt systems such as
LiOH-LiNO3 can be employed to promote metal ion diffusion and regu-
late particle growth, thereby generating larger and more uniform NMC
particles. Meanwhile, to improve the economic value and scalability,
future work will focus on exploring cost-effective etching agents and in-
dustrial-scale processes.
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