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Table S1. ICP-MS result of NMC811 samples.

Element Li(wt.%) Co (wt.%) Ni(wt.%) Mn (wt.%)
NMC-R1 11.73 9.42 69.67 9.18
NMC-R2 12.02 8.87 69.97 9.14
NMC-CS 11.97 10.17 73.33 4.53
NMC-BASF 11.55 10.43 73.66 4.36

Table S2. Composition of aqua regia digested black mass (provided by Altilium).

Element Al Co Li Mn Ni Ca Cu Fe Mg Na Pb Zn

Composit

on

(Wt.%) 35 76 39 95 165 02 12 02 0.03 0.03 0.04 0.1

Table S3. Material properties of NMC811 samples.
Sample Unit  NMC-RI NMC-R2  NMC-CS  NMC- Standard
BASF

Skeletal density gem™  3.43+0.01  3.72¢0.01  4.10£0.01  4.26+0.01 >3
Tapped density gem3  2.53+0.03 2.59+0.02  2.67+0.01  2.89+0.03 >2.2
D10 um 3.3240.06  6.03£0.20  5.2840.08  7.01+£0.10 >5
D50 um 9.27+0.26  12.70+0.35 11.27+0.16 11.32+0.21 11+£2
D90 um 20.74+1.68 22.89+1.19 19.33+0.23 18.36+0.51 <25
Specific surface area m?g! 1.29 0.81 0.37 0.46 0.2-0.7
pH of water extract - 11.76 11.73 11.59 11.70 11.4+0.3




Table S4. Statistical variation in charge/discharge capacities and initial Coulombic

efficiency for NMC811||Li half-cell

Sample Standard ~ Relative  Standard Relative Stal?da.lrd Relative
. . standard deviation  standard
deviation  standard  deviation of . . .
.. . deviation  of initial deviation
of charge  deviation discharge : .
canacit of charce  capacit of Coulombic of initial
(ijAh yl) ca acitg (ijAh yl) discharge  efficiency Coulombic
& pacity & capacity (%) efficiency
NMC-R1 1.03 0.57% 0.43 0.27% 0.74 0.84%
NMC-R2 2.93 1.55% 1.03 0.59% 0.71 0.76%
NMC-CS 0.59 0.30% 2.16 1.24% 0.83 0.95%
NMC- 3.69 1.73% 2.92 1.56% 0.88 1.00%
BASF
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Figure S1. Charge-discharge profiles of the initial cycle at 0.05C of NMC811||Li half-
cell measurements.



Table S5. Comparison of Regenerated NMC Cathodes: Methods, Feedstocks, and
Performance
No NMC Method Feedstock source Performance Ref
types
1 NMC Hydrometallurgy Industrial black mass. 175 mAh g at This
811  to precursor to Pilot scale. 0.05C. (initial CE work
cathode 93%); 165 mAh g!
at 0.2 C. 95.1% after
50 cycles at 0.2C.
2 NMC Hydrometallurgy Spent EV batteries 158 mAh g'at0.1C. !
111  to cathode (manually
disassembled): Metal
ratio limited by
variability in
commercial feed.
Requires monitoring
and adjustment
3 NMC Simulated Pristine precursors with 172, 178, and 196 2
811  hydrometallurgy: introduced additional mAh g'at0.1C.
Co-precipitation ~ Na impurities. Lab- (initial CE ~89—
scale. 91%)
4 NMC Simulated Pristine precursors with 180.2, 175.7, and 3
622  hydrometallurgy: introduced additional 141.6 mAh g-1 at
Co-precipitation Al impurities. Lab- 0.05C.
scale.
5 NMC Simulated Pristine precursors with 189.7, 226.4, 226.7, 4
811  hydrometallurgy: introduced additional and 213.9 mAh g-1
Co-precipitation ~ Cu impurities. Lab- at 0.1C. (initial CE
scale. 77.25%, 82.47%,
81.81% and 76.3%)
6  NMC Directrecycling-  Spent EV batteries 162 mAh g! at 3
811 solid-state (manually 0.25C, 78% after
sintering disassembled). Lab- 100 cycles at 0.25C
scale.
7  NMC Directrecycling-  Spent EV batteries 180.1 mAhg'and ¢
811  molten-salt (manually retained 86.5% of
fluxing disassembled). Lab- the initial capacity
scale. after 200 cycles at
1C.
8 NMC Defect-healing Pristine NMC811 Capacity increases 7
811 material, assembled by 10% from 6.49 to

into laboratory pouch
cells

7.14 Ah at 1C.
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Figure S2. Bulk SEM images of NMC811 electrodes before and after 50 cycles. (a-b)
NMC-R2. (c-d) NMC-CS. (e-f) NMC-BASF.
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Figure S3. SEM images of NMCS811 particles before and after 50 cycles. (a-b) NMC-

R2. (c-d) NMC
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Figure S4. Cycling performance of NMC811||L1 half-cells at 1C.

Table S6. Electrochemical performance of NMC811||Li half-cells: capacity, initial
Coulombic efficiency, and capacity retention

Sample Initial
discharge Capacity Capacity Capacity
specific Coulombic retention at retention at  retention at
capacities efficiency  0.33C after 1C after 50 1C after
at 0.05C 50 cycles cycles 100 cycles
(mAh g™)
NMC-R2 173.8 91.1% 94.1% 95.0% 91.5%
NMC-CS 175.6 87.8% 93.2% 94.1% 89.1%
NMC-BASF  189.7 87.6% 93.6% 95.9% 92.6%
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Figure S5. Relative rate performance as a function of cycle number, where the capacity
at each C-rate is normalised to the initial capacity at 0.2C.
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Figure S6. SEM images of NMC811



Table S7. Comparative CO: emissions for Ni-rich NMC cathode production (NMC622
to NMC9.5.5) under different supply chain scenarios.

Comparison Scenario

CO:z Emissions (kg CO: per
kg Ni-rich NMC cathodes

Reduction ratio (%) vs.
Altilium recycled supply

from NMC622 to chain
NMC(C9.5.5)
Primary Production — China 34.8-36.5 59-61
Hydrometallurgical Recycling — 16.7-18.7 15-24
UK
Pyrometallurgical Recycling — 35-43
U% & YEME™ 21,9248

Altilium Recycled Supply Chain 12.0-16.7 (mean 14.2)

Table S8. Comparative CO: emissions reduction ratios for NMX cathode under the EU

Battery Scenario.?

Comparison Scenario

Reduction ratio (%) vs.
primary production

Reduction ratio (%) vs.
primary production relying

heavily on  secondary
supply

Hydrometallurgical Recycling ~ 8-22 49-54

Pyrometallurgical Recycling 4-18 11-21

Direct recycling 36-41 55-63
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