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The exponential rise in electric vehicles and grid-scale energy storage systems has
intensified the demand for lithium-ion batteries (LIBs), bringing about mounting
concerns regarding the sustainability of raw material supply and end-of-life (EoL)
battery management. Traditional recycling methods such as pyrometallurgy and
hydrometallurgy are resource-intensive and environmentally taxing, often resulting in
elemental recovery rather than the regeneration of high-value cathode materials. Direct
recycling has emerged as a more sustainable pathway but remains limited by structural
degradation and feedstock variability. This study introduces a scalable, thermally-
driven selective upcycling strategy that transforms spent LIB cathodes into next-
generation single-crystal Ni-rich materials with high electrochemical performance and
phase purity. By utilizing a low-cost, multifunctional nickel salt for lithium extraction
and compositional enhancement, the method eliminates harsh chemicals and minimizes
energy use and greenhouse gas emissions. This work offers a pragmatic solution to
close the loop in battery manufacturing and advances circular economy goals,

positioning selective upcycling as a pivotal enabler for clean energy technologies.
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1 Abstract
g 2 The urgent need to recycle spent lithium-ion batteries (LIBs) is driven by the dual pressure of raw
? 3 material scarcity and ecological sustainability. Closed-loop recycling of spent LIBs not only
;g; 4  recovers valuable materials but also minimizes harmful environmental impacts, offering an
§ 5 efficient strategy to the increasing demand for critical resources. Here, we introduce a thermally-
é 6 driven selective upcycling process that extracts lithium from spent polycrystalline
§ 7 LiNig33C0033Mng 330, (NCM111) using NiSO,. This process subsequently converts the residual
Zi 8 materials into single-crystal Ni-rich cathodes with minimal input of nickel and lithium. We
é 9  demonstrate that both chemically delithiated NCM111 and spent NCM111 black mass can be
g 10 upgraded in terms of composition, structure, and electrochemical performance to match the
§ 11  pristine LiNigsCo,Mng,0, (NCM622) and LiNijsCoj;Mngy;0, (NCMS811). Life-cycle analysis
.é 12 reveals that this closed-loop selective upcycling approach significantly reduces energy
€ 13  consumption and greenhouse gas emissions, offering superior economic and environmental
§ 14  advantages over conventional hydrometallurgical, pyrometallurgical, and cathode production
g 15  methods. This work establishes a foundation for cost-effective upcycling strategies, advancing the
% 16  sustainable development of NCM materials and selective recovery for LIBs.
EEY
E

18 Keywords: Spent lithium-ion batteries; scalable upcycling; low-temperature conversion; aqueous

Open Access Article. Published on 15 September 2025. Downloaded on 9/24/2025 1:32:47 AM.

19  leaching

(cc)

20


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00128e

Open Access Article. Published on 15 September 2025. Downloaded on 9/24/2025 1:32:47 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

42
43
44
45
46
47
48
49
50

EES Batteries

View Article Online
DOI: 10.1039/D5EB00128E

1. Introduction

Over the past few decades, the surging demand for lithium-ion batteries (LIBs) has been driven by
their widespread use in portable electronics, electric vehicles (EVs), and large-scale energy storage
systems'-3. However, the disposal of end-of-life (EoL) LIBs poses a significant challenge to
industry due to resource scarcity, ecological concerns, and environmental sustainability issues. To
address this challenge, three main strategies for handing EoL LIBs have emerged, including
downcycling, direct recycling, and upcycling. Downcycling methods, primarily
hydrometallurgical and pyrometallurgical processes, are widely adopted in the industry*®. These
processes, however, involve high energy consumption and the use of harsh chemicals, such as
high-temperature smelting, acid leaching, and chemical precipitation® > 7> 3. This results in
considerable CO, emissions and hazardous waste generation, raising concerns about their long-
term sustainability. In contrast, direct recycling retains the embedded energy as well as the cathode
active material (CAM) structure, leading to lower energy consumption and reduced greenhouse
gas emissions” 0. Despite these advantages, direct recycling faces challenges due to the
complexity of material composition, variation of crystal structure, and different degradation states
of CAMs > 7 113/ The need for tailored recycling approaches to handle a diverse range of
impurities and degradation levels further complicates the process. For example, the
physicochemical properties of recycled materials are often constrained by the degradation state of
the original cathodes, limiting the potential for increasing nickel (Ni) content and addressing
different spent cathodes'4. All of these limitations hinder the successful scale-up of the direct

recycling process'> 16,

As the demand for high-energy density and low-cost cathode materials grows, downcycled and
directly recycled products may no longer meet future performance requirements. Next-generation
cathode materials, such as Nirich LiNi,Co,Mn,O, (0<xy.z<I, xty+tz=1, x>0.5,
NCMxyz), LiMn.Fe,_ PO, (LMFP), Li-rich Mn-based materials, are being developed to offer
enhanced energy density® 7> 18, Among these, single-crystal Ni-rich cathodes have gained
increasing interest due to their superior structural stability, attributed to their smaller specific
surface area and more uniform stress distribution compared to conventional polycrystalline
particles!®. This shift underscores the urgent need for advanced upcycling methods capable of

meeting the demands of next-generation materials. Recent advancements have demonstrated the
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51  potential of upcycling methods, such as molten salt techniques, to upgrade lower-grade cathodes.
52 For example, a LIOH-Li,SO, salt mixture has been used to upgrade polycrystalline NCM111 and
53  LiNiysCo03Mng,0, (NCM532) 20 into single-crystal NCM6222!. Other approaches, such as a
54  ternary molten salt system (LiNO;-LiCl-NaOH), have been developed for upcycling spent
55 NCMI11 into LiNij¢Co09,Mng,0, (NCM622)?2. However, these processes generate some
56  unexpected pollutant gases, such as NO, and SO,, which pose environmental risks. Our group
57  previously reported an efficient method to upgrade polycrystalline delithiated NCM 111 (D-NCM
58 111) into single-crystal upcycled NCM622 (U-NCM622) and LiNiygCog1Mng 10, (U-NCMS811)
59 using LiOH as the sole lithium source ?°. Nevertheless, challenges remain, particularly when

60 dealing with low-nickel cathodes and varying feedstocks with different degradation levels.

61 In this work, we present an efficient upcycling method for upgrading degraded polycrystalline
62 NCMI11 into various single-crystal Ni-rich (e.g., NCM 622 and NCM 811) by a rational design
63  and selection of a multifunctional Ni salt precursor, which not only effectively extracts lithium
64  from bulk crystals at mild roasting conditions without generating waste but also serve as the
65  feedstock to enhance the Ni content in the upcycled product. Our approach involves spent battery-
66  based, acid-free selective extraction of lithium from spent polycrystalline NCMI111 and

67  subsequently converting the remaining transition metal oxides (TMO) solids into various Ni-rich

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

68  single-crystal particles with the desired Ni content. The versatility of this straightforward method
69 is further validated through successful synthesis of NCM622 and NCM&811 by adjusting precursor

Open Access Article. Published on 15 September 2025. Downloaded on 9/24/2025 1:32:47 AM.

70 ratios and testing various batch sizes as well as by using spent cathode black mass feedstocks. The

(cc)

71  wversatility of this method stems from its scalability and compositional flexibility, enabling
72 synthesis of different NCMs from diverse feedstocks through simple tuning of precursor ratios.
73  Comprehensive materials characterizations confirm the uniformity of Ni valence and its
74  homogenous distribution within the single-crystal particles. The upcycled Ni-rich cathodes
75  exhibited significant enhancements in rate capability and cycling stability, outperforming the
76  polycrystalline counterparts. This upcycling method offers substantial economic and
77  environmental benefits by reducing energy consumption and greenhouse gas emissions, presenting
78  ascalable and sustainable solution for LIB recycling.
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2. Results and Discussion
2.1 Selective upcycling process

An overview of the selective upcycling process is illustrated in Fig. 1a and Supplementary
Fig. 1, which is comprised of two stages: selective lithium extraction and material upcycling?*. In
the first stage, D-NCM111 is ground and mixed with NiSO, in a specific molar ratio, then calcined
in a muffle furnace at a mild temperature. NiSOj acts as a conversion agent, selectively extracting
lithium from the polycrystalline D-NCM111 while maintaining sulfur in the stable SO4>- form to
generate Li,SO,4. Since Li,SO,4 is water-soluble, it is subsequently leached out using deionized
water, leaving behind insoluble Ni-Co-Mn transition metal oxide (TMO) solids, which are readily
separated by filtration to serve as the precursor for the next step of synthesis. The resulting Li,SO4
solution can be further purified and concentrated for recovery and reuse in lithium salt production
as reported®’, enhancing the sustainability of the process. In the second stage, the solid TMO
feedstock is added with a balanced amount of nickel hydroxide (Ni(OH),) by ball milling to
achieve the desired transition metal ratios for upcycling. This ball-milling process crushed D-
NCMI111 into its primary grains, which were then thoroughly mixed with LiOH in a 1:1.07 molar

ratio. This mixture is sintered under oxygen to obtain single-crystal Ni-rich cathodes.

To gain insights into the conversion mechanisms during the selective upcycling process, scanning
electron microscope (SEM) imaging was used to observe the surface morphology. The SEM image
of D-NCM111 in Fig. 1b consists of irregularly sized, rough spherical particles. NiSO,4 - 6H,O
appears as sharp-edged, rough square fragments (Supplementary Fig. 2a). After mixing and
grinding, both NCM111 and NiSQOy, are still recognizable according to their original morphology
(Supplementary Fig. 2b). After mild roasting, their original structures are indistinguishable (Fig.
1c). After extraction of Li;SO,, the surface of the TMO precursor shows increased porosity (Fig.
1d). Interestingly, the TMO precursor partially retains the original spherical morphology of the D-
NCMI111 (Fig. 1d), which can be attributed to the conformal NiO coating that protects the Ni-Co-
Mn oxide core from structural breakdown (Supplementary Fig. 3. and 4.)%°. Upon subsequent

sintering, the upcycled Ni-rich powder evolves into a single-crystalline morphology.

A key aspect of this upcycling process is the stability of the conversion agent at high temperatures,
which is crucial for the successful extraction of Li from NCM during the thermal-driven

conversion stage** 2%, We investigated the thermodynamic stability of potential conversion agents
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and their possible products across a temperature range from 298 to 1300 K. Among commonly

used nickel salts (Ni(NOs),, NiCO3, NiCly) and Ni(OH),, only NiSO, remains thermally stable at

typical lithium extraction temperatures (above 800 °C) without gas generation?* 27 (Fig. 1g-h,

Supplementary Fig. 5.). Such unique reactivity and thermal stability justifies our selection of

NiSOy as the conversion agent for this process. Moreover, Ni occupies the octahedral center in the

NiSOy crystal, aligning with the same lattice position in NCM materials. This suggests that the

octahedral structure remains intact during the upcycling process, making this method well-suited

for recovering and upgrading various NCM materials from spent NCM111 cathode.
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Fig. 1. Schematic illustration of the direct upcycling method. (a) The flowsheet for spent

polycrystalline NCM111 through roasting, leaching, and upcycling into single crystal Ni-rich


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00128e

Open Access Article. Published on 15 September 2025. Downloaded on 9/24/2025 1:32:47 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

121
122
123
124

125

126

127
128
129
130
131
132
133

134

135
136
137
138
139
140
141
142
143
144

145
146
147
148

EES Batteries

View Article Online
DOI: 10.1039/D5EB00128E

NCM. SEM images of the (b) spent polycrystalline NCM111, (c) roasted products, (d) leached
residue, and (e) single crystal NCM622 as an example. (f) Nickel source selection process
considering the conversion mechanism of the selective recycling process. (g) Nickel source

decomposition temperatures and (h) gas production amount during the roasting process in the air.

2.2 In-depth understanding of upcycling process

To understand the structural conversions throughout the selective upcycling process, we
characterized D-NCM111, roasted products, TMO residues, and upcycled NCM622 (U-NCM622)
with X-ray diffraction (XRD) measurement (Fig. 2a). After calcination, D-NCM111 was
converted by NiSO4-6H,0 into Li,SO,4 and TMO. A comparison of the XRD patterns of the roasted
products and TMO residues revealed the absence of the Li,SO,4 phase after the leaching. Coupled
plasma mass spectrometry (ICP-MS) results further confirmed that lithium was completely

extracted. The selective extraction efficiency for each element was calculated using Equation (1):

C m . _m..
Z"Zi X 100% = ——— 77~ X 100% 1)

i Mo i M;

S =

where C,, represents the concentration of target metal "m" in the leaching solution, C; represents

Hi"

the concentration of metal "i" in the leaching solution, m,, represents the mass of target metal "m"

HZ‘H

in the calcined sample, m;; represents the mass of metal "i" in the calcined sample, M,, represents
the relative atomic mass of target metal "m" and M, represents the relative atomic mass of metal
"i". Lithium exhibited the highest selectivity (97.88%), while the selectivity for transition metal
elements (including Ni, Co, and Mn) was only 2.11% (Supplementary Fig. 6.). Thus, the
selectivity for lithium was significantly superior to that of other metals. These results suggest that
under the thermal-driven conditions, NiSO,4 can be effectively used as an as an additive to promote
converting D-NCM111 into TMO precursor, and a simple water-based leaching method can be

employed to selectively extract and recover lithium from the roasted products.

Through the selective upcycling method described above, Ni-rich NCM single crystals with the
desired composition were obtained, as confirmed by ICP-MS (Supplementary Table 1). 10%
lithium-deficient D-NCM 111 (Lig9oNig33C0033Mng330,) was transformed into fully lithiated
NCM primary particles (Lij 04Nig 0C0920Mng 200, and Lij g¢Nig goC0g.10Mng 100,) of single crystal

Page 8 of 27
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149  particles. To demonstrate the effectiveness of our selective upcycling method, Figs. 2b and
150  Supplementary Figs. 7 and 8 show the XRD pattern of U-NCM622 and U-NCMS811 under
151  optimized synthesis conditions. All samples confirmed the standard pattern of a hexagonal a-
152  NaFeO,-type structure in the R3m space group, with no detectable phase impurities?® 2°. The peak
153  positions of all upcycled samples and the pristine polycrystalline NCM samples (T-NCM 622 and
154  T-NCM 811) matched very closely, indicating the successful construction of a pure high-nickel
155  phase. Notably, the peak intensity ratio of Io3)/I(104) in the single-crystal U-NCM622 samples was
156  higher than 1.85, compared to 1.37 in the pristine polycrystalline T-NCM622 particles, indicating
157  a highly ordered lattice structure and reduced Li/Ni mixing in the single crystals3% 3!, This was
158  further evidenced by the Rietveld refinement of the XRD pattern of U-NCM622 (Fig. 2b).
159  According to the Rietveld refinement results given in Supplementary Table 2, the Li/Ni mixing
160 in U-NCM622 was lower (3.76%) compared to 4.55% in T-NCM 622. This reduction is attributed
161  to the highly ordered structure suppressing oxygen release, thus reducing oxygen loss and Ni**
162  content in U-NCM622, consequently mitigating Li/Ni mixing in single crystal U-NCM622
163  particles.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Fig. 2. Phase determination, thermodynamic understanding, and valence uniformity
analyses of the selective upcycling process. (a) XRD patterns of delithiated NCM111, roasting
products, leaching residue, and U-NCM622. XRD refinement for (b) U-NCM622. TGA-DSC
curves of (c) the leachate, LiOH, and Ni(OH), mixture. Two-dimensional contour plot of the in
situ XRD patterns recorded during the conversion of (d) the mixture of leachate, LiOH, and
Ni(OH), into an U-NCM622. XPS spectra of (¢) T-NCM622 and (f) U-NCM622. (g) Calculated
K-edge XAFS spectra of T-NCM622 and U-NCM622. (h) HRSTEM image of U-NCM622 with
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173  an inset image of the FFT pattern. (i) TEM-EDS mapping of Ni, Co, O, and Mn. (j) EDS linear

174  scanning with inset elemental distribution intensity.

@

% 175  To investigate the conversion mechanism of the selective upcycling process, we considered the
:E‘) 176  relevant reactions and their associated Gibbs free energy as follows:

g 177

'E 178 LiNiy33C0033Mng 330, + 2NiSO, = 0.5Li,S04 + 0.5NiO + Nig33C0033Mny33015

é 179 A,G% =30.90 — 0.05T, (298 — 2000K) (2)

Z; 180

g 0.3NiO + 0.6Nip33C0033Mngy33015 + 0.1Ni(OH), + LiOH + 0.050,

é et = LiNiysC09,Mng,0, + 0.6H,0

(% 182 A,GS =175.15 — 0.19T, (298 — 2000K) 3

% 183

‘;é 184 0.3NiO + 0.6Nip33C0033Mngy33015 + 1.1Ni(OH), + 2LiOH + 0.650,

g = 2LiNiggCog1Mny,0, + 2.1H,0

; 185 A-GS = 204.24 — 0.23T, (298 — 2000K) (4)

3 186

E 187  Supplementary Fig. 9 displays the relationship between 4G and temperature for different
£

188  reactions. As depicted, NiSO4 can transform NCM111 into Li,SO,4, NiO, and Ni-Co-Mn oxides at
189  high temperatures (Equation 2). At a theoretical reaction temperature of 618 K (345°C), A,.G7 =

Open Access Article. Published on 15 September 2025. Downloaded on 9/24/2025 1:32:47 AM.

190 0. When the calcination temperature reaches 823 K (550 °C), the A,.G% for Reaction 2 becomes

(cc)

191 negative, explaining why this transformation can complete at 550 °C. Since NiSO, decomposes
192  only at above 800 °C, it remains stable during thermal-driven conversion at 550°C, facilitating
193  solid-phase reaction with NCM. Similarly, Li,SO,4, which decomposes above 1000°C, also
194  remains stable throughout the roasting process. Consequently, the entire transformation process is
195  environmentally benign, not producing or emitting SO,>*. In reactions 3 and 4, at high temperatures,
196  Ni-Co-Mn oxides can react with a certain amount of Ni(OH), and LiOH to be converted into
197  NCM622 and NCMS811, respectively. Theoretical reaction temperature for A,.G% to reach 0 is 922
198 K (648 °C) for NCM622 and 888 K (615 °C) for NCMS811. This indicates that NCM811 can be
199  synthesized at a lower temperature than NCM622 under the experimental conditions. At
200  calcination temperatures of 1053 K (780 °C) for NCM622 and 993 K (720 °C) for NCM811, A,-G%

201  for both reactions becomes negative, confirming why these reactions occur at 780 °C and 720 °C,

10
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respectively, as used in this study. Under optimal conditions, a similar methodology can be applied
to synthesize both NCM622 and NCMS811 with no apparent lithium salt residues on their surface
(Supplementary Fig. 10).

Thermogravimetric analysis and differential scanning calorimetry (TGA-DSC) analysis
(Supplementary Fig. 11) illustrate the evolution of each constituent during the roasting process.
TGA-DSC analysis shows that NiSO4-6H,0 undergoes gradual dehydration and continuous mass
loss within the roasting temperature range. TGA-DSC analysis (Fig. 2¢) further illustrates the
evolution of the precursor constituent during the upcycling process of NCM622. Phase I involves
surface H,O loss. Phase II sees LIOH-H,O losing H,O to form LiOH and Ni(OH), decomposing
into NiO,. In phase III, LiOH begins to melt, and in phase IV, the Ni-Co-Mn oxides react with
NiO, in the LiOH solution. According to the upcycling process protocol, the temperature is
maintained at 480°C for 6 hours, allowing the LiOH solution to form a uniform mixture with Ni-
Co-Mn oxides and the decomposed Ni(OH), precursor. Prolonged high-temperature sintering

results in fully lithiated single-crystal U-NCM 622.

In-situ XRD experiments provided further insights into the structural evolution of the mixture of
the leachate, LiOH, and Ni(OH), during the upcycling process (Fig. 2d). The whole process can
be divided into two steps in terms of phase transformation. As the temperature increases to 480 °C,
the intensity of the leachate and LiOH gradually decreases as LiOH starts to react with Ni-Co-Mn
oxides. As the temperature increases to 780 °C, the (003) and (104) peaks associated with the
layered structure gradually increase in intensity. The initially merged (103) and (110) peaks in the
degraded NCM622 become separated, which also indicates the re-assembly of the layered
structure’?. These findings confirm the formation of layered structures during the upcycling

process, supporting previous ex-situ XRD and TGA results.

X-ray photoelectron spectroscopy (XPS) analysis was performed on T-NCM622 and U-NCM622
to examine the valence states of the transition metals. The Ni 2p3/2 spectra, as illustrated in Figs.
2e and f, reveal a similar Ni**/Ni** ratio between T-NCM622 and U-NCM 622, indicating a
consistent average valence of Ni in both samples. These XPS findings align with data from the Ni

K-edge in the X-ray absorption fine structure (XAFS) spectrum for both samples (Fig. 2g). It is

11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00128e

Page 13 of 27 EES Batteries

View Article Online
DOI: 10.1039/D5EB00128E

233 shown that the valence ratio, bonding state, and coordination environment within the structure of
234  U-NCM 622 are comparable to those observed in T-NCM622. Based on the XPS S 2p spectra of
235  the upcycled U-NCM622 and T-NCM622 (Supplementary Fig. 12), no S-related peaks were
236  detected in either upcycled U-NCM622 or T-NCM622, indicating the absence of SO7 species on
237  the upcycled cathode surface.

238

239  To get further insight into the microstructural characteristics of U-NCM622, a focused ion beam
240 (FIB) cross-section was used to create a cross-sectional view. Supplementary Fig. 13 shows that
241  U-NCMB622 lacks cavities, cracks, or visible grain boundaries. The high-resolution high-angle
242  annular dark-field (HAADF)-STEM images, coupled with a fast Fourier transform (FFT) pattern,
243 confirm the homogeneous a-NaFeO,-type layered structures (Fig. 2h). Energy-dispersive X-ray
244 spectroscopy (EDS) mapping illustrates a uniform local distribution of Ni, Mn, and Co at the
245  nanometer scale (Fig. 2i). The linear scanning substantiates the atomic ratio of Ni, Mn, and Co as
246 6:2:2 with high uniformity in the examined grain (Fig. 2j).

247

248 2.3 Electrochemical performance of upcycled NCMs

249

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Fig. 3. Electrochemical performance evaluation of upcycled materials. (a) First cycle voltage
profiles, (b) cycling stability, and (c) rate performance of U-NCM622 compared with the pristine
T-NCM622. (d) Full cell cycling stability of U-NCM622 sample compared with the pristine T-
NCM622 at 1C. (e) First cycle voltage profiles and (f) cycling stability of U-NCM 811 compared
with the pristine T-NCMS811.
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257  The electrochemical performance of the U-NCM622 was examined by coin cells with cathode
258  mass loading of ~5 mg cm? and Gen2 (1.2M LiPF¢ in EC/EMC = 3:7) electrolyte and compared
259  with T-NCM622. As shown in Fig. 3a and b, at C/3, U-NCM622 exhibited an initial capacity of
260 176 mAh/g with a retention of 92.8% after 100 cycles. This performance is comparable to that of
261  pristine T-NCM622, which exhibited a capacity retention of 92.4%. This signifies that the U-
262  NCM622 can achieve similar cycling stability to the pristine T-NCM622. Rate capability testing
263  further demonstrated that U-NCM622 exhibited comparable electrochemical performances to T-
264  NCM622 across all tested rates (Fig. 3¢), confirming the effectiveness of our upcycling method.
265  Full-cell tests were also conducted, pairing these cathodes (with a mass loading of 14 mg/cm?)
266  with a commercial graphite anode (Fig. 3d) at a N/P ratio of 1.1. In this setup, the U-NCM622
267  showed an initial capacity of 153 mAh g! at 1C and maintained the capacity of 130 mAh g ! after
268 100 cycles, comparable to the pristine T-NCM622 under the same conditions. Additionally, Figs.
269  3e and f show that while the pristine T-NCMS811 (commercial polycrystalline NCM811) delivers
270  higher initial discharge capacity than U-NCMS811 may be due to its smaller primary particle size
271  and larger specific surface area, T- NCM811 exhibits lower rate performance compared to U-
272 NCMBS8I11, which can be attributed to increased grain boundary resistance and more severe side

273  reactions under high current conditions?®. U-NCM811 demonstrated good electrochemical

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

274  performance, with a capacity retention of 88.9% after 100 cycles, on par with T-NCM&811 in the
275  control experiment. These results further validate the success of the selective upcycling process in

276  producing cathode materials with electrochemical performance equivalent to pristine materials.
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277

278 2.4 Feasibility Investigation

279  In practical scenarios, spent NCM111 black mass (“NCM111-BM”) is obtained from end-of-life
280 cells. To demonstrate the versatility of our selective upcycling process with a more practical
281  feedstock, we applied it to NCM111-BM for evaluation’. The overall procedure remained the same
282  as the process for upcycling D-NCM111. NCM111-BM consists of degraded cathode active
283  material, residual PVDF binder, conductive carbon, and electrolyte salt after pre-procesing?3, as
284  shown in the backscattering mode SEM image in Fig. 4a. After roasting and leaching steps, the
285  particle surfaces appear clean (Supplementary Fig. 14), confirming the effective removal of the
286  carbon black, PVDF, and salt residues. After upcycling, the U-NCM622-BM shows a clean
287  particle surface and the formation of single-crystal particles (Fig. 4b), demonstrating that the
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process simultaneously removes surface residues and achieves effective structural regeneration.
This was further corroborated by XPS analysis of F1s, as shown in Figs. 4c, d and Supplementary
Fig. 15, indicating that the PVDF binder, conductive carbon, and salt residues could be eliminated
after the roating and leaching steps. XRD results (Supplementary Fig. 16) reveal that the (003),
(108), and (110) peaks of the U-NCM622-BM closely match those of T-NCM622, indicating the
success of the upcycling process. Half-cells composed of U-NCM622-BM as the cathode
demonstrated an initial coulombic efficiency (ICE) of 86% with a discharge capacity of 173 mAh/g,
close to that of T-NCM622. Long-term cycling data for these half-cells showed a commendable
87.8% capacity retention after 100 cycles (Figs. 4e, f), underscoring the high quality of the U-
NCM622 cathode materials using real cathode black mass. We further validated our process by
scaling up to a 10g batch of U-NCM622 ((U-NCM622-BM-10g) prepared using the same
pelletized sintering protocol as the small-batch synthesis. The long-term cycling performance of
these half-cells demonstrated the capacity retention of 87.3% after 100 cycles (Supplementary
Fig. 17), highlighting the scalability of the U-NCM622 cathode materials and the versatility of our
selective upcycling process for processing real cathode black mass in practical applications. This
upcycling strategy, although demonstrated on NCM111, is in principle extendable to other layered
oxide cathodes—including LiNi,Co,Al;_,,0, (NCA) and Ni-rich NCMs—through appropriate

adjustment of precursor ratios and sintering conditions.
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Fig. 4. Feasibility demonstration. SEM images of (a) spent NCM111 black mass and (b)
upcycled NCM622 (U-NCM622-BM) using NCM111 cathode black mass from an EV battery as
raw materials. XPS data of Florine for (c¢) spent NCM111 black mass and (d) U-NCM622-BM to
indicate the removal of the binder from the recovered cathode through a selective upcycling
process. (e) First cycle voltage profile and (f) cycling stability for U-NCM622-BM, compared with
the T-NCM622.
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2.5 Economic and Environmental Analysis

We further adopted the EverBatt model®* to evaluate different recycling processes to assess the
environmental and economic benefits, demonstrating that selective upcycling could be both cost-
effective and sustainable. Further details on the methodologies used are available in the
Supplementary Materials. Modifications were made to the EverBatt model's flow charts to adapt
them to the revised process designs. As illustrated in Supplementary Fig. 18, the selective
upcycling process involves discharging, dismantling, and crushing the battery3®. This is followed
by a physical separation method to isolate metals, plastics, and cathode materials. These materials
are then subjected to roasting and upcycling to produce U-NCM622 cathode powders.
Comparative flow charts for selective upcycling, pyrometallurgical, hydrometallurgical, and
cathode powder production processes are displayed in Supplementary Fig. 18, 19, 20 and 21,

respectively.

In terms of cumulative energy consumption (Supplementary Fig. 22a), the EverBatt modeling
results project that manufacturing accounts for the highest energy input, primarily due to the
upstream production of chemical reagents required in conventional cathode production processes.
Among the methods evaluated, pyrometallurgy exhibited higher energy consumption than
hydrometallurgy, owing to the elevated temperatures required during the smelting stage. These
trends underscore that the dominant contributors to energy consumption are raw material inputs
and high-energy equipment. In contrast, the selective upcycling process—revised and
implemented within the EverBatt model—relies only on minimal reagents, namely NiSO,4 and
Ni(OH),, whose quantities are determined by the lithium loss from the spent cathode and the nickel
content of the target product. Therefore, due to reduced chemical usage, the absence of high-
temperature operations, and simplified processing, selective upcycling achieved a cumulative
energy consumption of just 43.4 MJ per kg of spent cathode material—approximately 15% of that
required for hydrometallurgical recycling. Additionally, selective upcycling circumvents the usage

of energy-intensive equipment employed in pyrometallurgical recycling process.

When evaluating greenhouse gas (GHG) emissions (Supplementary Fig. 22b), both
pyrometallurgical and hydrometallurgical routes exhibited significantly higher emissions
compared to selective upcycling. The majority of GHG emissions in pyrometallurgy stem from
the smelting stage, while those in hydrometallurgy originate mainly from the upstream chemical

manufacturing. Notably, the selective upcycling process released only 3.75 kg of GHG per 1 kg of
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spent cathode recycled, markedly lower than pyrometallurgy (21.35 kg) and hydrometallurgy (19.8

The spider diagram offers a detailed comparison of these recycling methods, highlighting the clear
benefits of selective upcycling in terms of energy use, GHG emissions, chemical waste, simplicity
of operations, and revenue, as shown in Figs. 5a to 5d and Supplementary Fig. 22. Technically,
this selective upcycling process represents a major step, bridging the gap between laboratory-scale
recycling and its industrial implementation. Historical data suggests that while regenerated cathode
materials were once top-grade, they now fail to meet modern standards, necessitating an upgrade®.
This process revitalizes outdated cathode materials, transforming them into cutting-edge materials
with superior capacity and energy density. This scalable application significantly enhances the
electrochemical performance of spent cathode active materials'!- 36, By upgrading and recycling
cathode materials, there are considerable gains in value, adaptability in development, and support

for the sustainable development of the lithium-ion battery industry.
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Fig. 5. Economic and environmental analysis. (a) Schematic of this work (“selective upcycling”),
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pyrometallurgical (‘‘Pyro’’), and hydrometallurgical (‘‘Hydro’’) methods, as well as cathode
production (‘‘Manufacturing’’) from virgin materials mining. Spider charts comparing various

features of (b) this work, (¢) Pyro, (d) Hydro, and (e) cathode production methods.

3. Conclusion

In summary, we have successfully demonstrated an effective strategy for the thermally-driven
selective upcycling process of spent cathodes. Our method involves the selective extraction of
lithium from spent polycrystalline NCM111 and the conversion of residues into single-crystal
NCM622 particles with the desired Ni content. The process employs NiSOy, for lithium extraction
while maintaining sulfur as SO4> throughout the process to prevent contamination. This facile
process achieves the desired composition and high phase purity in the upcycled single-crystal
particles, resulting in comparable rate performance and cycling stability compared to the original
polycrystalline cathodes. Life-cycle analysis demonstrates that this method significantly reduces

energy consumption and greenhouse gas emissions, offering superior economic and environmental

benefits over traditional hydrometallurgical, pyrometallurgical, and cathode production techniques.

This study paves a path for the efficient upcycling of spent LIB materials, accommodating the
diverse chemistries used in current NCM cells, and contributes to the development of the next
generation of selective recovery and upcycling strategies for sustainable energy storage in lithium-

10n batteries.

4. Methods

4.1 Chemically Delithiated NCM111 and Electrochemically Degraded NCM111

Materials Engineering Research Facility (MERF) from Argonne National Laboratory produced
chemically delithiated NCM111, labeled as "D-NCM111," with about 10% lithium removed. The
pristine NCM 111 material, supplied by Toda America Inc., was reacted with an aqueous potassium
persulfate solution to extract lithium. It was then washed with water and acetonitrile before being
dried under vacuum at room temperature. These 1 kg batch of D-NCM111 was used as the starting

material for our additive screening experiments.
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388  End-of-life 20 Ah prismatic NCM111 cells were provided by American HONDA Motor Company.
389  These cells were manually disassembled in a fume hood, and the long cathode strips were cut into
390 pieces approximately 5 x 5 inches in size. After disassembly, the cathode strips were stored in the
391  fume hood for two days, and then dried overnight in a vacuum oven at 80°C. The degraded NCM
392 111 was obtained by scratching these cathode strips with blade.

393

394 4.2 Selective upcycling

395 The D-NCM111 was ground and mixed with NiSO, - 6H,0, and then roasted in a muffle furnace at
396  aheating rate of 5 °C/min at 550°C for 60 min. The roasted product was ground and leached with
397  deionized water at a solid-liquid ratio of 150 g/L. for 90 min at room temperature. The insoluble
398 leached residue was filtered and dried overnight at 80 °C in a vacuum oven. 5g of leached residues
399  and certain amounts of Ni precursor (calculated based on the end product) were mixed in 10 ml of
400 ethanol by the planetary ball milling (XIAMEN TMAX) at 600 rpm. The mixture was collected
401  after drying in a vacuum oven at 80 °C for 2 hours. 1g of ball milled mixture was pelleted with a
402  1.07x molar ratio (based on stoichiometry in the final product, Li;;Ni,Co,Mn,O, for
403  compensating the Li loss during sintering) of LiOH.

404  For sintering, the pellet was held at 480 °C for 6 h with a ramping rate of 5 °C/min and then held

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

405 at 780 °C for 12h with a ramping rate of 5 °C /min in pure oxygen atmosphere. The optimal
406  condition for upcycling NCM 622 is sintering the pellet under 780 °C for 12h. For black mass

Open Access Article. Published on 15 September 2025. Downloaded on 9/24/2025 1:32:47 AM.

407  upcycling, the same process is performed. The optimal condition for upcycling NCM 811 is
408  sintering the pellet under 720°C for 12h.

(cc)

409

410 4.3 Materials Characterization

411  The crystal structure was determined by X-ray powder diffraction (XRD) using Cu Ka radiation
412 (A = 1.5406 A) with the Bruker D2 Phaser, and Rietveld refinement of the XRD results was
413  performed using the General Structure Analysis System (GSAS) software with the FullProf Suite
414  interface. The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
415  curve of the upcycling process were collected in alumina pans by An Instruments™ Discovery
416 SDT 650 ™ simultanecous DSC/TGA in UC San Diego Materials Research Science and
417  Engineering Center (UCSD MRSEC). The chemical composition of various cathode powders was
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evaluated using ICP-MS with the Thermo Scientific iCAP RQ model. Surface composition
analysis was conducted through X-ray photoelectron spectroscopy (XPS) with data collected on
the PHI 5000 VersaProbe II system (Physical Electronics), utilizing Al Ka radiation at 1486.6 eV.
The surface and bulk morphology of the different NCM cathode particles were examined using a
scanning electron microscope (SEM), specifically the FEI XL30. The particle cross-section
experiment was performed using a FEI Scios DualBeam FIB/SEM. High-resolution transmission
electron microscopy (HRTEM) was performed on ThermoFisher Talos 200X TEM operating at
200 kV with the CETA Camera. STEM was conducted on primary particles in high-angle annular
dark-field imaging (HAADF) mode using the same instrument. Ni K-edge XAFS spectra were
collected at the Stanford Synchrotron Radiation Lightsource (SSRL), at the Molecular
Environmental and Interface Science beamline (11-2) at 298 K using a cryogenically cooled

double-crystal Si (220) monochromator (U = 0 °).

4.4 Electrochemical Characterization

The electrochemical performance of all samples was assessed using coin cells in a half-cell
configuration with a cathode mass loading of approximately 5 mg cm™2. To prepare the electrode
slurries, the pristine, upcycled NCM cathode material was mixed with a conductive agent (Super
P65) and a polyvinylidene fluoride (PVDF) binder in a mass ratio of 8:1:1 in N-methyl-2-
pyrrolidone (NMP) solvent. The slurries were then applied to aluminum foil using a doctor blade
and dried at 120°C for 12 hours in a vacuum oven. The dry laminate was cut into disc shapes and
calendared. Coin cells were assembled inside a glovebox, using a 1.1 mm thick Li metal disc as
the counter electrode, Gen2 (1.2M LiPF¢ in EC/EMC = 3:7) as the electrolyte, and a tri-layer
membrane (Celgard 2320) as the separator. Galvanostatic charge-discharge tests were performed
with a Neware battery cycler within the potential range of 3.0-4.3 V, including 4 activation cycles

at a rate of C/10, followed by 100 cycles at a rate of C/3.

For making full-cells, the cathode composition is cathode : PVDF (Kynar HSV 1800): carbon black
(Super-P) at 90:5:5 wt.% ratio. The areal capacity is 2.7 mAh cm™2. The anode composition is graphite
(Carnad Ltd.): (Kynar HSV 1800): carbon black (Super-P) at 90:5:5 wt.% ratio. The anode areal
capacity is 3 mAh cm2. The slurries of cathode and anode materials were cast on aluminum and copper

foils, respectively. Both cathode and anode electrodes were transferred into a vacuum oven for drying
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449  overnight at 120 °C and 80 °C, respectively. CR-2032 type coin cells were assembled with prepared
450  cathodes and anodes (N/P ratio = 1.1) with a trilayer membrane (Celgard 2325) as the separator soaked
451  with 70 pL of electrolyte. Galvanostatic charge-discharge was tested using a Neware battery cycler in
452  the potential range of 2.8V-4.2V at room temperatures with 4 activation cycles at the rate of C/10
453  followed by long cycles at a constant rate of 1C.

454

455 4.5 Economic and environmental analysis

456  To analyze the differences in techno-economic aspects and life cycle evaluations between the traditional
457  cathode production and selective upcycling methods, we used the EverBatt model. Developed at
458  Argonne National Laboratory, EverBatt is a closed-loop battery recycling model. It assumes that all
459  recycling methods can process an annual capacity of 10,000 metric tons of battery cells in the United
460  States’t.
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