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Supplementary Fig. 1 | Green scores of representative solvents. 5 criteria (Environmental Impact,
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Health, Flammability & Explosion, Reactivity & Stability, and Life Cycle Assessment) were analyzed
based on the GlaxoSmithKline (GSK) solvent selection guide!. Each of the evaluation factors has a

score ranging from 0 to 10, with higher scores meaning better.
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Supplementary Fig. 2 | Hildebrand solubility parameter (J) values of the electrolytes. The values

are calculated using the molecular dynamics (MD) trajectory.

Supplementary Note 1 | Computational analysis method.

To investigate the effects of anions in aqueous processing solutions, we conducted MD and DFT
simulations. MD simulations predict the movement of molecules to describe the behavior of particles,
while DFT calculates the electron density of molecules based on quantum mechanics. Therefore, MD
simulations can be used to understand the properties of the system composed of electrolytes and
NCMS811, while DFT can be used to calculate the ESP of molecules or ions.

All MD simulations were performed using the GROMACS? molecular dynamics simulation package
using optimized potentials for liquid simulation-all-atom (OPLS-AA) force field parameters. Force
field parameters for OTf and OAc™ anions were generated by the LigPargen force field generator’.
Parameters for other ions and water were taken from previous studies*®. For a more accurate
simulation of high polarizable aqueous electrolytes, the charges of all ions were scaled® to a factor of
0.85. In all runs, the integration timestep was 2 fs. Bond lengths for hydrogen bonds were constrained
by the LINCS algorithm for most of the systems. For systems containing SO4>~ anions, the SHAKE
algorithm was used. The cutoff distance was fixed at 12 A for both short-range van der Waals and

coulombic interactions. Long-range electrostatic interactions further than the cutoff distance were
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evaluated by the particle mesh Ewald (PME) method. Nosé-Hoover thermostat and Parinello-Rahman
pressure coupling were used in MD simulations.

Hydrogen bonds were identified based on the geometric criterion that the distance between donor
and acceptor atom was less than 3.5 A and the angle between donor, hydrogen, and receptor was more

than 150°. The Hildebrand solubility parameter (§) was calculated from the following equation (1).

(D) 8 = [(4H, — RT) /Vi,]Y/? = V/CED

6 denotes hildebrand solubility parameter, AH, denotes heat of vaporization, T denotes absolute
temperature, V;, denotes molar volume and CED is cohesive energy density of the system.

The kosmotropic electrolyte with SO4>~ showed higher J values (82.2 MPa!’?) than those of other
anions (TFSI": 73.6 MPa'”?, OTf: 75.2 MPa"?, and OAc™: 80.5 MPa'!?), despite half the concentration
of SO4*". This result suggests that strong komostropic anions can induce a high cohesive energy and

effectively construct the more ordered hydration clusters.
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Supplementary Fig. 3 | Simulated structure of NCM811 cathode materials. a,b, The snapshots
(left: top view, right: side view) of Ni-rich LiNip8Co00.1Mno.102(NCM811) cathode materials: Unit cell

(a), NCM811 film (b).

Supplementary Note 2 | Detailed information on simulation of NCM811 cathode materials.

To represent the NCMS811 cathode, the atomic structure was manufactured based on the rhombohedral
layered oxide structure (R-3m) of LiNiO; (Inorganic Crystal Structure Database (ICSD) ID: 10499).
The exact formula for the NCM811 used in this study is Li12Ni1oCo1Mn10O24, which was developed in
the previous study’. Co and Mn, respectively, have replaced Ni atoms in a different slab of 2 X 2 X 3
supercell of LiNiO; unit cell. For the convenience of molecular dynamics simulation, it was
manufactured in a cubic cell, which is shown in Supplementary Fig. 3a, Supplementary Data 1 and
2. Based on the Li layer perpendicular to the z-axis inside the NCM811 unit cell, the remaining layers
of the unit cell were symmetrically stacked in the z-axis to make the z-symmetric unit cell. The z-
symmetric tNCMS811 unit cell has no net dipole moment. For MD simulations, the 11 x 9 x
1 supercell of the z-symmetric NCM811 unit cell was set as NCM811 cathode, which is shown in
Supplementary Fig. 3b. The Buckingham potential parameters representing short-range interactions
of NCMS811 were taken from the previous study®. To calculate the interactions between NCM811

surface and electrolytes, the Buckingham potential parameters’ were changed into 12-6 Lennard-Jones
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potential parameters. Atomic charge of the NCM811 cathode was calculated by bader charge analysis'®
after DFT calculation. The DFT calculation was performed using Vienna Ab-initio Simulation
Package!' (VASP) 6.2.0 program. The surface of the z-symmetric NCM811 unit cell perpendicular to
the z-axis with 10 A of vacuum layer along the z axis was used. The Perdew—Burke—Ernzerh'? (PBE)
functional was used and the plane-wave basis was cut off by 520 eV. The self-consistent field (SCF)

was converged to 1.0 X 107® eV and Monkhorst-Pack (M-P) k-point meshes of 3 x 3 x 1 was used.
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Supplementary Fig. 4 | Simulated structure of electrolytes. a-c, The snapshots of all components
of each electrolyte (a), the aqueous electrolyte system (b), and NCM811 with the aqueous electrolyte
systems (c¢). In the NCM811 with aqueous electrolyte system, the periodic boundary condition (PBC)

line above the electrolyte was not displayed because of a thick vacuum layer. The initial and final
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structure of electrolytes are provided in Supplementary Data 3-16.
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Supplementary Fig. S | Number density distribution function (n(r)) of water in the aqueous

solutions at the NCM811 surface. The surface region was defined as a distance (r) < 5.75 A, where

the water forms an electric double layer.
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Supplementary Fig. 6 | Number density distribution function (n#(r)) of Li* in the aqueous
solutions at the NCMS811 surface. The surface region was defined as a distance (r) < 5.75 A, where

the water forms an electric double layer.

Supplementary Note 3 | Calculation of local hydration structure of the aqueous solutions at

NCMS811 cathode material surface.

The distribution of Li" did not change significantly according to the anion species, but the Li"
concentration at the electrode surface increased in the kosmotropic electrolyte as a consequence of the
strong Li*-SO4* association'. This local high concentration of Li" at the surface may contribute to

mitigate the Li* leaching'®.

The residence time correlation function (C(?)) was calculated using neighbor function H(ry, t) and each

function was obtained using equations (2) and (3).
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) C(t) =

r; denotes the pair distance between i and j, and r; denotes the cutoff distance. The cutoff distances
between atoms, as well as between the NCMS811 cathode surface and water, were determined based
on the first coordination shell radius obtained from the radial distribution function and the water
density distribution, respectively. The residence time (Tyater) Was calculated by integrating the

residence time correlation function using equation (4).

(4) Twater = fooo Ci(t) dt

Since the reactivity of water interacting with ions decreases'’, free water on the surface region of the
NCMSI11 cathode was determined to have no hydrogen bonds between the water and ions. The

stabilization energy of water molecules (AE;) was determined using the following equations (5) and

(6).

Eioti— E i— E
(5) Ei — tot,i bulk,i cathode
NH,0,i
(6) AE; = E; — En,o

Notation i denotes the kinds of electrolyte, E; denotes the interaction energy between water and
11



NCMS8I11 cathode, Eiy; denotes the energy of the total system, Eyy,x; denotes the energy of the
surface electrolyte system and ny,o; denotes the number of water molecules. Since atoms of

NCMS11 cathode are fixed, predetermined energy (Ecathode) Value was used.
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Supplementary Fig. 8 | Schematic depicting the study model used to investigate the chemical

reactivity of the aqueous solutions with cathode materials for aqueous electrode processing.
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Supplementary Fig. 9 | Surface image of Al current collectors after aqueous processing. a-f,
Scanning electron microscopy (SEM) images (a-¢) and the corresponding binary thresholding images
(d-f) of the Al current collectors after the collection of the water-processed (a,d), chaotropic-processed
(b,e), and kosmotropic-processed (¢,f) NCMS811 cathodes. Casted electrodes were removed using
ethanol. The binary images were generated by applying 34% of the threshold program to the SEM

images, where the areas of corrosion are depicted in white and uncorroded regions are displayed in

black.
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Supplementary Fig. 10 | Morphology of NCM811 particles after aqueous processing. SEM images
of the pristine NCM811 powders after immersion in water, chaotropic solution and kosmotropic

solution for 6 h.
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Supplementary Fig. 11 | Particle size of NCM811 after aqueous processing. a-d, Particle size

distribution of the pristine NCMS811 particles (a), and NCMS811 particles after immersion in various

processing solutions (b-d): water (b), chaotropic solution (c¢), and kosmotropic solution (d). The

percentages indicate the proportion of primary and secondary particles present in each processing

solution.
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Supplementary Fig. 12 | Crystal structure of NCM811 after aqueous processing. a, X-ray
diffraction (XRD) patterns of NCM811 powders after immersion in water, chaotropic solution, and
kosmotropic solution for 6 h. b, Magnified XRD patterns, which is normalized by the intensity of (003)

peak, highlighting the Zoo3//104 ratio for the NCM811 powders.
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Supplementary Fig. 13 | Dispersion stability of aqueous solution-processed cathode slurries.
Photographs of the NCM811 electrode slurries prepared using NMP, water, chaotropic solution, and

kosmotropic solution, respectively.
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Supplementary Fig. 14 | Morphology of aqueous solution-processed cathodes. a-c, Cross-sectional
scanning electron microscopy (SEM) and electron probe microanalysis (EPMA) elemental mapping
(element: O, F, and S) images of the aqueous solution-processed cathodes: water (a), chaotropic
solution (b), kosmotropic solution (¢). The F and S elements indicate the presence and distribution of
the salt additives (LiTFSI was used in the chaotropic solution and Li2SO4 was used in the kosmotropic

solution).
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Supplementary Fig. 15 | Electrochemical performance of cathodes with different processing

solutions. a,b, Galvanostatic charge/discharge profiles of the cathodes at a mass loading of 18.2 mg

cm 2 at a charge/discharge current rate of 0.2 C/0.5 C (1C = 3.74 mA cm ?): 1% cycle (a) and 200"

cycle (b). The electrochemical tests were conducted within a voltage range of 3.00—4.25 V and at a

temperature of 25°C.
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Supplementary Fig. 16 | Electrochemical impedance of cathodes with different processing
solutions. a, Nyquist plots of the cycled cathodes at a mass loading of 18 mg cm 2 after the 400™ cycle.
b, The symbols and solid lines represent experimental data and fitted curves, respectively. b,

Equivalent circuit used to fit the curves.
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Supplementary Fig. 17 | Electrochemical cycle performance of cathodes by varying the molality
of kosmotropic aqueous processing solution. Cycle retention of the kosmotropic solution-processed
cathodes at a cathode material mass loading of 18.2 mg cm™ as a function of the Li>SO4 concentration
of the kosmotropic aqueous processing solution at a current rate of 0.2 C/0.5 C (1C = 3.74 mA cm).
The slightly poor cycle retention at 1.0 and 2.0 m Li,SO4 may be attributed to the pore blockage of the
precipitated salt due to the excessive incorporation. The electrochemical tests were conducted within

a voltage range of 3.00—4.25 V and at a temperature of 25°C.
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Supplementary Fig. 18 | Electrochemical cycle performance of cathodes based on cathode mass.
Cycling retention (expressed as discharge specific capacities of cathodes based on their total mass
including that of the salt additives) of the cathodes at a current rate of 0.2 C/0.5 C (1C = 3.74 mA
cm 2). The electrochemical tests were conducted within a voltage range of 3.00—4.25 V and at a

temperature of 25°C.
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Supplementary Fig. 19 | Electrochemical rate performance of cathodes with different processing
solutions. Discharge rate capability (discharge current rate = 0.6 mA cm 2 (for 3 cycles), 1.2 mA cm 2
(for 3 cycles), and 3.0 mA cm 2 (for 3 cycles) of the cathodes at an areal capacity of 6 mAh cm 2 under

a fixed charge current density of 1.2 mA cm 2. The electrochemical tests were conducted within a

voltage range of 3.00-4.25 V and at a temperature of 25°C.
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Supplementary Fig. 20 | Elemental distribution of aqueous solution-processed cathodes. a-c,
Cross-sectional SEM and corresponding EDS images (elements: O, S, F) of the water-processed (a),

chaotropic solution-processed (b), and kosmotropic solution-processed (¢) NCM811 cathodes.
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Supplementary Fig. 21 | Ion transport resistance of aqueous solution-processed cathodes. a-c,
Nyquist plots of the water-processed (a), chaotropic solution-processed (b), and kosmotropic solution-
processed (¢) cathodes obtained using a symmetric cell configuration (electrodellelectrode) as a
function of the aging time under a limited amount of liquid electrolytes (electrolyte mass/electrode
capacity (E/C) ratio of 2 g Ah™! for each electrode). The state of charge (SOC) of each electrode was
set to 0% (fully-lithiated state). The symbol and solid lines represent experimental data and fitted
curves based on a transmission line equivalent circuit model (TLM), respectively'¢. The projection of
a slope to real axis (observed in the low-frequency region of Nyquist plot) reflects the ionic resistance
inside the electrodes (Rion) divided by 3. d, Change in the Rion as a function of the aging time. e,
Equivalent circuit model based on the generalized finite length Warburg element open circuit terminus

(Zw). W, was used to estimate Rion'’.
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Supplementary Fig. 22 | Electrochemical performance of kosmotropic aqueous solution-
processed cathodes with different mass loadings. Galvanostatic charge/discharge profiles as a
function of mass loading of kosmotropic solution-processed cathodes at a formation cycle. The
electrochemical tests were conducted at current rate of 0.1C/0.1C, within a voltage range of 3.00—4.25

V and at a temperature of 25°C.
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Supplementary Fig. 23 | Electrochemical performance of kosmotropic aqueous solution-
processed cathodes with different active materials. Galvanostatic charge/discharge profiles of the
kosmotropic solution--processed NCM622, NCM811, and NCM9'4%: cathodes at a current rate of 0.1
C/0.2 C. The current rate of 1 C =x mA g active materiat (x = 195, 205, and 215 for NCM622, NCM811,
and NCM 9% active material, respectively). The cathode material mass loadings were 18.2 mg cm 2.
The electrochemical tests were conducted within a voltage range of 3.00—4.25 V and at a temperature

of 25°C.
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Supplementary Fig. 25 | Process flow diagram of the electrode manufacturing based on

kosmotropic aqueous processing solution.

Supplementary Note 4 | Simulation model of cathode manufacturing process.

The overall unit operation of cathode drying process, including solvent evaporation and recovery, is
simulated using corresponding unit modules in the commercial process simulator Aspen Plus V1218,
To calculate physical properties of solvents, the Non-Random-Two-Liquid (NRTL) method was
selected and implemented in the simulator'® to calculate vapor-liquid and liquid-liquid equilibrium of
non-ideal solution. In order to achieve the target solvent evaporation and recovery efficiencies, the
specific design and operational parameters for each unit, which are referred from Ahmed, Shabbir, et

al? are defined and presented in Supplementary Table 8.
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Supplementary Fig. 26 | Analysis of the energy consumption of the electrode manufacturing

processes (NMP vs. kosmotropic solution).

Supplementary Note 5 | Techno-economic analysis of cathode manufacturing process.
Using the process model with the specified design and operating parameters, the levelized cost of

cathode drying (LCOD) is calculated for both the NMP and aqueous solution-based manufacturing

system based on equation (7).

r(1+r)™?

) LCOD = CAPEXX{L Si— +OPEX
B Mcathode
n
where CAPEX is the capital expenditure of the cost functions, % is the capital recovery factor

with plant life year n and interest rate v, OPEX 1is the annual operating expenditure.



Estimation of CAPEX

The CAPEX is determined using the bare module cost approach?!, which considers the construction
cost of the plant, encompassing equipment purchase costs and both direct and indirect costs associated
with the installation of each unit. Bare module cost calculation was conducted using equipment type,
capacity, and operating condition specified in process model. The detailed calculation procedure is
presented as follows.

Firstly, the purchase cost of unit equipment is calculated using equations (8).

(8) loglocg = Kl + KzlogloA + K3l0g10A2

where 7 and A represent the purchase cost and capacity of the equipment, respectively.

The coefficients of the equations with equipment types, capacity units, and applicable ranges of the

purchase costs are listed in Supplementary Table 9.

The specified operating conditions of the unit result in a difference in costs from the reference purchase
cost. The bare module approach accounts for this cost variation by considering factors such as
operating pressure and material properties. In addition, the installation of purchased equipment incurs
additional direct and indirect costs, including labor, freight, overheads, and engineering factors. In
summary, the capital cost, which includes both the purchase and installation costs, can be calculated

based on equation (9).

©) Cgm = C5(By + ByFuFy,)
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where B; and B, are the bare module factors, of which detail values and calculation method are

described in Turton, Richard, et al?'.

When constructing desired manufacturing system, additional costs can be categorized into two groups:
contingency and fee costs, and auxiliary facilities costs. In the absence of specific information, it was
assumed that contingency costs would amount to 15% of the equipment cost, while fee costs would be
3% of the equipment cost?'. On the other hand, auxiliary facility costs are primarily influenced by site
development, auxiliary buildings, and utilities, rather than the operating pressure or construction
materials for the equipment. Due to the absence of corresponding data, for the base case condition,

these costs were conservatively estimated to be 50% of the equipment cost?!.

(10) CAPEX = 1.18 X%, Cgy; + 0.50 X7, Cdu;

where Cgy; is the equipment cost, and Cgy; is the equipment cost for the base case’s condition.
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Estimation of OPEX

OPEX 1is a summation of the annual operating costs computed as following equation (11).

(1 1) OPEX = Cmain + Cele + Ccool + Cheat + Cwater + Clabor X NOL

where Cp,in 1S the maintenance cost, Cqje 1s the grid electricity cost, Cgq01 1S the cooling cost, Cpeat
is the heat utility cost, Cyter 1S the process water cost, Cj,por 1S the annual salary per operator, and
Noy, is the operating labor for the overall system which is suggested in Supplementary Table 10.

The operating labor Ny, for the chemical plant was estimated as follows?!

(12) Nop, = 4.5(6.29 + 317N, + o.zaan)O'5

where Ny, is the processing steps of handling particles, and Ny, is the nonparticulate steps, including

gas compression, fluid reactor, and heat exchangers.
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Supplementary Tables

Supplementary Table 1 | Nonbonded parameters for NCM811. Atomic partial charges were

calculated in this work.

Atom 9(¢) [nt:n] [kJ 118101‘1]
Li +0.86 5539 x 10" 1.479 x 107
Ni +1.00 5.606 x 107! 6.057 x 107
Co +1.26 6.003 x 107! 6.545 x 1073
Mn +1.50 6.321 x 107! 7.230 x 1073
0 —0.89 1.910 x 10! 1.918
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Supplementary Table 2 | a, Composition of the electrode slurries containing 100 g of electrode

components (cathode materials, binder, and conductive additive). b, Composition ratio of the aqueous-

processed electrodes including that of the salt additives.

a

. . Cathode material  Binder Conductive additive  Salt additive
Processing solution
[g] 2] [g] [g]
NMP 95.5 2.5 2.0 -
H>O 95.5 2.5 2.0 -
Chaotropic solution
(1.0 m LiTFSI in H20) 93.5 2.5 2.0 115
Kosmotropic solution
(0.5 m Li2SO4 in H20) 93.5 2.5 2.0 2.6
b
Composition
(1)
Processing solution [wt.%]
Cathode material  Binder & conductive additive Salt additive
NMP 95.5 4.5 -
H>O 95.5 4.5 -
Chaotropic solution
(1.0 m LiTFSI in H10) 85.9 4.0 10.1
Kosmotropic solution 93 1 44 )5

(0.5 m Li,SO4 in H,0)
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Supplementary Table 3 | a,b, Cost information of materials (a) and processing solvents (or solutions)

(b). Cost of the aqueous processing solutions was determined at an equimolal Li* concentration of 1.0

m in H>O. The material cost information was obtained from their suppliers.

a

. Weight Cost Specific cost
Component Material
P lg] [USD] [USD ']
H>O 10,000 499.1 0.01
Solvent
NMP 515 255.0 0.50
LiTFSI 100 552.0 5.52
LiOTf 100 401.2 4.01
Salt
LiOAc 500 389.5 0.78
Li2SO4 500 163.0 0.33
b
Processing solution Cost Cost normalized
g [USD g by NMP
NMP 0.5 100%
H>O 0.005 1%
Chaotropic solution o
(1.0 m LiTFSI in H>0) 1.24 249%
1.0 m LiOTf in H,O 0.55 110%
1.0 m LiOAc in H2O 0.05 11%
Kosmotropic solution 0.02 4%

(0.5 m Li,SO41n H>0)
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Supplementary Table 4 | a, Cost information of the cathode components. Material specifications are

described in Methods. b, Calculation details of the specific capacity based on the material cost of

cathodes and processing solutions, which are normalized by electrode area of 1 cm?. The solid content

of the electrode slurries was 53 wt.%. The material cost information was obtained from their suppliers.

(0.5 m Li>SO4 in H>0)

. Weight Cost Specific cost
Component Material
P lg] [USD] [USD g']
Cathode material NCMSI11 500 345 0.69
PAA 250 407 1.63
Binder CMC 1,000 168 0.17
PVdF 100 120 1.20
Conductive additive Carbon black 400 214 0.54
. Area Cost Areal cost
Component Material [m?] [USD] [USD m?|
Current collector Al 98 295 3.01
b
Capacity
(pre E;:zgzg;: the cfl:gi Cathode cost Solution cost normalized by
E)ll(?win solutgion) [mAlil cm):Z] [USD] [USD] material cost
g [mAh USD]
NMP 3.74 0.01367 0.00847 169
H>O 3.61 0.01352 0.00008 265
Chaotropic solution
(1.0 m LiTFSI in H,0) 3.59 0.01352 0.02101 104
Kosmotropic solution 3.74 0.01352 0.00034 270
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Supplementary Table 5 | a, Molar mass of the LiTFSI and Li,SOj4 salts. b, Calculation details of the
specific capacity based on the total mass including that of the salt additives. The masses of the cathode

material, binder, conductive additive, and Al current collector were 18.2, 0.5, 0.4, and 4.0 mg cm™2,

respectively.
a
Li salt Density Molar mass Mass Molar volume Volume
additive [g mL] [g mol'] [g molLi] [mL mol'] [mL molyi ]
LiTFSI 1.3 287.1 287.1 215.8 215.8
Li2SO4 2.2 109.9 55.0 49.5 24.8
b
. . Areal capacity  Residual salt Areal mass  Specific capacity
Processing solution [mAh cm2] [mg cm™2] [mg em™2] [mAh gcathoae™ |
NMP 3.74 0 23.1 162
H>O 3.61 0 23.1 156
Chaotropic solution
(1.0 m LiTFSI in H>0) 3:59 22 253 142
Kosmotropic solution 374 0.5 236 159

(0.5 m Li2SO4 in H>0)
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Supplementary Table 6 | Calculation details on the pore volume of the electrode (a), and separator

(b) used in this study.
a
Composition Mass True density Volume Volume
Electrode = Material
[%]  [mg, 12 pi] g cc™] [ce, 12 pi]  [uL, 12 pi]
Active
) NCMSI11 95.5 20.63 4.3 0.0048 4.8
material
Conductive
Super P 2 0.43 1.6 0.00027 0.27
additive
CMC 1.25 0.27 1.6 0.00017 0.17
Binder
PAA 1.25 0.27 1.15 0.00023 0.23
Pore 0.0017 1.7
Sum 21.58 0.0071
Electrode
) 3.00
density
b
Porosity thickness Volume Volume
Separator
[Yo] [mm] [ce, 18pi] [nL, 18 pi]
Polyethylene 47 16 0.0041
Pore 0.0019 1.91
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Supplementary Table 7 | Comparison of the kosmotropic solution-processed cathodes and previously reported aqueous solution-processed

cathodes.
No.  ten. materia Binder — PUEN T manem e R
NCM9YsYs CMC/PAA 215 3.9
\};E;IS( 0.5 m L1204 in H2O NCMSI11 CMC/PAA 205 3.7,7.8,10.2 93.1 V];E;IS(
NCM622 CMC/PAA 195 3.6
1 10 NCMS811 CMC7Acrylic 205 23 90 2
emulsion
2 H>O NCMS8I11 Carrageenan 200 2.2 90 23
3 H>O NCMSI11 PD’?OIr)l\I/)[SI;]))EP 200 2.1 90 24
4 H>O NCMS811 SBR/CMC 196 2.6 94 25
5 Li2SO4 in H2O NCMSI11 CMC 190 2.4 92 26
6 H>O NCMS811 CMC/PAA 185 2.6 93 27
7 H>O NCMSI11 CMC/ICN 182 2.6 93 28
NCMSI11 189 2.6 90
8 H>O NCM622 CMC 169 2.4 90 29
NCMI111 153 2.1 90
9 LiOH in H,O NCMS523 CMC/PAA/PEO 158 2 91 30
10 H>O NCM424 CMC 160 0.4 80 31
11 H>O NCM111 CMC 150 1.1 88 32



12

13
14
15
16
17
18
19
20

H3PO4 in H,O

H>O
H>O
H>O
H>O
H>O
H>O
LiTFSI in H,O
H>O

NCM111

NCA
LFP
LFP
LFP
LFP
LFP

LNMO

LMO

CMC

CMC
Xanthan gum
NBR/CMC
PAA
CMC
PEO
CMC/SBR
Alginate

150

182
167
155
150
140
136
125
122

1.3

0.4

0.2

0.2

0.4

0.6

88

92
87
90
83
85
73
71
75
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Supplementary Table 8 | Internal column specifications of the cathode manufacturing process.

Unit Design and operating specification
Blower Isentropic efficiency: 0.72
Operating pressure: 1 bar
Heater

Operating temperature: 143°C

Heat exchanger

Type: Shell and tube type

Minimum temperature value: 1°C

Distillation column

Number of stages: 14
Types of packed: Mellapak Packed 250Y
Column height and diameter: 6 m and 0.2 m
Condenser pressure: 1bar
Distillate rate: 2.14 mol/sec
Reflux ratio: 0.2

Number of stages: 3
Types of packed: Sieve

Scrubber ) ]
Column height and diameter: 0.61 m and 1.4 m
Top pressure: 1 bar
Type: Convective dryer
Length: 40 m
Dryer

Gas flow direction: Counter-current

Cathode residence time: 0.5 h
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Supplementary Table 9 | Parameters for the estimation of the purchase costs?'.

Equipment Description K1 K> K3 Cap%aty Applicable
[units] range
Distillation — Trayand 5 yo74 04485 1074  Yolme 0.3~520
column packed [m’]
. Area
Scrubber Sieve 29949  0.4465  0.3961 (] 0.07~12.30
) Gas flowrate
Blower Axial tube  3.0414 —03375  0.4722 e 1~100
Process vessel  Horizontal ~ 3.5565 0.3776  0.0905 VBL‘@TG 0.1~628
Heat transfer
Cooler Flat plate 4.6656 —0.1557  0.1547 surface 10~1,000
[m?]
Heat duty
Heater Hot water heat 2.0829  0.9074 -0.0243 kw] 650~10,750
Heat Fixed tube 43247 -0.3030  0.1634 Arca 10~1,000
exchanger [m]
Dryer Tray 3.6951  0.5442  -0.1248 ﬁ;e;jl 1.8~20
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Supplementary Table 10 | Input parameters for the levelized cost of recycling calculation.

Type Value or range
Plant life 25 years
Annual operating hours of reforming 8500 h year™!
Discount rate 7.0%
Maintenance cost 2.75% of CAPEX

Grid electricity tariff 0.0775 USD kWh!
Heating utility 1.8 x 10 USD cal!
Cooling utility 1.1 x 10 USD cal™!
Process water price 6.7 x 10> USD kg!

Annual salary per operator 52,900 $ year!
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Supplementary Table 11 | Comparison of the materials hazards of the kosmotropic aqueous solution
(0.5 m Li2SO4 in H,O) and NMP by National Fire Protection Association (NFPA 704). The sum of

‘Fire hazards’ and ‘Reactivity’ was used in Fig. 6e as a criterion of material safety.

Electro.de Material Fire hazards Reactivity Health hazards
processing
Non-aqueous NMP 2 1 2
H.0 0 0 0
Aqueous
Li2SOs 0 0 2
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Supplementary Table 12 | a, Green score of solvents of the kosmotropic aqueous processing solution
(0.5 m Li2SO4 in H2O) and NMP referred from GlaxoSmithKline (GSK) solvent selection guideline'*!.
Legislative controls are indicated in the form of'a ‘Flag’. b, Green score of binders for the kosmotropic

aqueous processing solution and NMP*2,

a
. . T
Electro.de Solvent Waste Eanronmental Health Life cycle Flag Green score
processing impact assessment (0~40)
Non-aqueous NMP 5 6 3 4 * 18
Aqueous H>O 10 10 10 10 - 40
b
Electrode . - . . ..  Easeof Green score'
processing Binder F-free Processability Synthesis Sustainability disposal  (~5~+5)
Non-aqueous  PVdF - - - - - -5
CMC + + + + + +5
Aqueous
PAA + + 0 - 0 +1
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