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SUMMARY

The electrification revolution in the automobile and other industries
demands annual production capacity of batteries of at least 102
GWh, which presents a twofold challenge: supply of key materials
such as cobalt and nickel and recycling when batteries are retired
from use. Pyrometallurgical and hydrometallurgical recycling are
currently used in industry but suffer from complexity, high costs, and
secondary pollution. Here we report a molten-salt-based method for
direct recycling (MSDR) that is environmentally benign and creates
value on the basis of a techno-economic analysis using real-world
data and price information. We also experimentally demonstrate
the feasibility of MSDR by upcycling a low-nickel polycrystalline
LiNig.5sMng 3C00.205 (NMC) cathode material into Ni-rich (Ni > 65%)
single-crystal NMCs with increased energy density (>10% increase)
and outstanding electrochemical performance (>94% capacity reten-
tion after 500 cycles). This work may open opportunities for closed-
loop recycling of electric vehicle batteries and manufacturing of
next-generation NMC cathode materials.

INTRODUCTION

Lithium-ion batteries (LIBs) play an important role in the electrification revolution in
the automobile and other industries and will continue to drive technological innova-
tions.! More than 6 million electric vehicles (EVs) have been sold since 2010, and
sales are projected to increase rapidly in the coming years, which demands annual
production capacity of LIBs at least on the order of 40 GWh yr™', or approximately
200,000 metric tons of cathode materials annually.?? Lithium nickel manganese co-
balt (NMC; LiNi,Mn,Co,0,, x + y + z= 1) and lithium nickel cobalt aluminum oxide
(NCA) are two widely used cathode materials for EV batteries. The Ni content in
NMCs has been gradually increasing (from 33% to ~90%) over the years because
of the pursuit of higher energy density and lower cost (replacing Co) for EV applica-
tions.” The growing demand for batteries has raised concerns over sustainability
given limited cobalt and nickel resources in the earth.> On the other hand, EV bat-
teries commonly have a lifespan ranging from 5 to 8 years. Therefore, a large quan-
tity of used batteries are expected to be retired from use soon, especially
those containing low-Ni (<50%) NMCs deployed in early EVs.” Given the significant
economic and environmental impacts, there is a sense of urgency and growing mo-
mentum among governments, businesses, and consumers to establish closed-loop
recycling so that high-cost (accounting for ~40% of the total battery cost) and en-
ergy-intensive cathode materials can be re-integrated into the battery and EV

manufacturing supply chain.”~'°
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Scheme 1. Comparison of different battery recycling technologies

Hydrometallurgy and pyrometallurgy are currently performed in industry but suffer from
complexity, high costs, and secondary pollution. Direct recycling of molten salts (MSDR) is an
environmentally benign process with fewer steps and for the first time provides flexibility in tuning
microstructure (polycrystalline to single crystalline) and composition (low Ni to Ni rich) of the
recycling product to increase its value.

Currently, EV batteries (using NMC or NCA) are recycled mainly through pyrometallur-
gical and hydrometallurgical approaches in industry.”"'" Pyrometallurgy uses high-
temperature smelting (usually >1,000°C) to burn away organic materials such
as polymer binder and separator and produces alloys containing Ni, Co, and Cu through
carbon reduction (Scheme 1, bottom). These high-value metals are further refined (often
through hydrometallurgical processes) and recovered with high efficiency (>95%).
Despite its simplicity and high productivity, pyrometallurgy is energy intensive and leads
to high CO, emissions. Furthermore, it is clearly not economically viable to synthesize
new NMC materials starting from recovered Ni and Co metals. By contrast, hydromet-
allurgical recycling operates at a low temperature and involves multi-step chemical pro-
cesses, including leaching, extraction, and chemical precipitation, to recover Ni, Co, Al,
Cu, and Li from used batteries (Scheme 1, top). Notably, high-purity Ni, Co, and Mn sul-
fates can be produced, which are the industry-standard precursors for production of
NMC cathode materials through co-precipitation and sintering with lithium hydroxide
or lithium carbonate. Even though hydrometallurgy enables closed-loop recycling, it
usually involves >10 major steps and generates a large amount of acid and base waste,
adding to the cost and complexity.”

Directrecycling, which focuses on generating products that go directly back into new
batteries without costly reprocessing and secondary pollution, has received
increasing attention recently.!'~'* One major barrier to existing direct-recycling tech-
nology is its inflexibility: what goes in comes out (i.e., the same chemical composition
and microstructure).” In practice, there will be little incentive for recycling if it does
not create products with higher value to offset the processing cost. Furthermore,
this inflexibility leads to significant difficulty in addressing the mismatch between
what needs to be recycled first (low energy-density, low-Ni NMCs [Ni < 50%] that



were widely used in the early years and therefore will be retired first, such as LiNiy,
3Mny,3C04,30; and LiNig sMng 3C0q 20, [NMC532]) and what is preferred now and
in the future (high energy-density, Ni-rich [Ni > 60%] NMCs, such as LiNip sMng .
Co0.20; and LiNig g3Mng 09C00.0802). To address these challenges, here we report
a direct-recycling technology through molten-salt chemistry that for the first time
provides flexibility in tuning the microstructure and composition of the recycling
product to increase its value (direct recycling of molten salts [MSDR]; Scheme 1, mid-
dle). As a proof of concept, we use MSDR to upcycle degraded low-Ni polycrystalline
NMC532 (Ni=50%) retrieved from retired EV batteries (50 Ah capacity) into high-per-
formance, Ni-rich, single-crystal NMCs, which are receiving significant interest from
both academia'® and industry.'® This work opens up new opportunities for closed-
loop recycling of EV batteries and manufacturing of next-generation NMC cathode
materials.

RESULTS AND DISCUSSION

Techno-economic analysis of the MSDR process

We first analyze the costs of upcycling degraded NMC532 from used EV batteries
into NMCs with different Ni contents (mole fraction of Ni = 50% to 90% in Ni +
Co + Mn) through the MSDR process (see Scheme 1 and Experimental procedures
for more details on the MSDR process) using the best available information and
compare the results with those obtained using hydrometallurgy. We note that
NMC532-graphite is the most widely used battery chemistry for EV batteries so
far. We did not carry out a calculation for pyrometallurgy because it is not a
closed-loop recycling approach. We chose to use prices from China (in Chinese
yuan; $1 = 6.48 ¥), which holds the leading position in battery manufacturing capac-
ity and has a large amount of information available. The numerical results of this
techno-economic analysis are tabulated in Table S1, including details of the calcula-
tions (including input parameters, key assumptions, and literature sources). Accord-
ing to our cost analysis, the MSDR process costs ~6,000-10,000 ¥ ton™" less than
the hydrometallurgical method in upcycling degraded NMC532 to NMCs with
different Ni contents (Figure 1A). The cost breakdowns and main factors contributing
to the determination of each recycling product’s production costs are shown in Fig-
ure 1B. Depending on the Ni content of the targeted final product, the cost fractions
of the degraded NMC532 (red) and of the added materials (blue) are negatively
correlated. The added materials (blue) consist of two major components, Ni com-
pounds and Li compounds, both of which are indispensable in the synthesis of Ni-
rich cathode materials. The added amount of Ni compounds is clearly determined
by the desired increment of Ni content in the final product. On the other hand,
different Li compounds must be incorporated in the synthesis protocol for different
NMC products (Li,CO3 for Ni50-NMC and Ni60-NMC, LiOH for Ni70-NMC to Ni90-
NMC), leading to a positive correlation between material cost and Ni content.
Although the other cost components (e.g., labor cost, electricity, water) are lower
compared with material costs, they contribute quite significantly to the cost reduc-
tion using our MSDR method and to the overall energy efficiency of the battery up-
cycling process. To further quantify this, we create a pie chart to highlight the cost
differences in the main factors between MSDR and hydrometallurgy, using Ni66-
NMC (Ni = 66%) as an example (Figure 1C). The largest difference is in electricity
and water (53.1%), which is followed by the cost of the added materials (18.1%)
and of the degraded NMC532 from the retired batteries (16.4%). These cost reduc-
tions originate from the simplified MSDR synthesis procedure, which eliminates the
use of a number of chemicals and improves the effectiveness of degraded NMC532
recycling. Single-variable sensitivity analyses for the production cost of Ni66-NMC
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Figure 1. Techno-economic assessments of the MSDR and hydrometallurgical processes

(A) The costs of upcycling degraded NMC532 production into NMCs with different Ni contents (mole fraction of Ni = 50% to 90 % [Ni50 to Ni90]) through
MSDR and hydrometallurgy, respectively.

(B) Cost breakdowns for each of the targeted products.

(C) Pie chart showing the cost differences in main factors between MSDR and hydrometallurgical recycling. Upcycling of the degraded NMC532 into
Ni66-NMC was used as an example.

(D) Single-variable sensitivity analysis for the production cost of Ni66-NMC through MSDR and hydrometallurgical recycling. The baseline parameters
are calculated on the basis of our techno-economic model, shown in Table S1. The values shown in this panel indicate the impacts of different factors
under their respective market prices in the optimistic (denoted as “Hydro positive” and “MSDR positive,” shaded bars, low price) and pessimistic
(denoted as “Hydro negative” and “MSDR negative,” solid bars, high price) scenarios. Detailed cost breakdowns and sensitivity analysis are provided in
Table S2.

are carried out to understand how different factors affect total recycling costs for
MSDR and hydrometallurgy, respectively (Figure 1D). The values shown in Figure 1D
indicate the impacts of different factors under their respective market prices in the
optimistic (denoted as “Hydro positive” and “MSDR positive,” shaded bars, low
price) and pessimistic (denoted as “Hydro negative” and “MSDR negative,” solid
bars, high price) scenarios. Overall, the MSDR method is cost competitive compared
with the hydrometallurgical method, as indicated by the offset of the red-colored
bars to the lower value in Figure 1D. Three factors are identified in this analysis.
The first is the price of LIOH-H,0, which is quite significant and could potentially
overwhelm the MSDR method's advantage in cost efficiency. The second includes
the price of NiSO4 and that of degraded NMC532, where the MSDR method's
cost advantage becomes more viable and is less sensitive to market fluctuations.
The third factor includes electricity and labor costs, where the MSDR method’s ad-
vantages clearly prevail regardless of market price variations. Despite the uncer-
tainties caused by market fluctuations, from a statistical perspective, the MSDR
method emerges as an economically attractive approach to recycling EV battery
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Figure 2. Diagnostics of the degraded NMC532 cathodes from retired EV batteries

(A) A 50 Ah pouch cell retrieved from battery packs of retired electric vehicles and its disassembly processes.

(B) Electrochemical capacity quantification of the 50 Ah pouch cell (left panel) and the lithium loss in the degraded LiNig sMng 3C00.20, (NMC532)
cathode material measured using ICP-OES (right panel).

(C and D) Cross-sectional SEM images of the double-sided coated cathode showing severe intergranular fracturing in the degraded polycrystalline
NMC532 particles, which leads to a significant increase in surface area and is known to impede battery performance.

(E) XRD patterns of the pristine NMC532 material powder and the degraded one from the retired pouch cell.

(F) HAADF-STEM image of the degraded NMC532 particle showing the rock-salt-like regions near the surface. The layered structure can still be
observed in the bulk region.

(G and H) Fast Fourier transform (FFT) diffractograms from the rock-salt-like and the layered regions, respectively.

cathodes. However, we do caution that the real-world economics are more complex,
and our techno-economic analysis should be considered as a starting point in esti-
mating the recycling costs.

Diagnostics of degraded NMC532 cathodes from retired EV batteries
To demonstrate of the feasibility of the MSDR method, we chose to recycle large-ca-
pacity (50 Ah) commercial batteries (Figure 2A, with NMC532 cathode and graphite



anode) from EVs that actually reached end of life through real-world operation. The
pouch cells used for this study were taken out of the battery packs, and we conduct-
ed one cycle of charge and discharge at a current of 5 A to determine the remaining
capacity. The cell retained 73% of its initial nominal capacity (Figure 2B). After disas-
sembling the cell and isolating the cathode powder (see Experimental procedures),
we diagnosed the chemical and structural degradations of the NMC532 cathode.
Induced coupled plasma-optical emission spectroscopy (ICP-OES) analysis reveals
a molar ratio of 0.77:1 between Li and Ni + Mn + Co in the degraded NMC532 (Fig-
ure 2B). Little Al was detected by ICP-OES in the degraded cathode powder (<500
ppm) because we did not grind the Al current collector. Cross-sectional scanning
electron microscopy (SEM; Figures 2C and 2D) and X-ray micro-computed tomogra-
phy (CT; Figure S1) clearly reveal severe intergranular fractures in the polycrystalline
NMC532 particles. Additional SEM images of the degraded cathode powders can
be seen in Figure S2. These microcracks are closely related to capacity decay and
power loss of the NMC cathodes, which have been discussed extensively in the liter-
ature."’~"” We would like to point out that the effect of cracks on the electrochemical
reaction kinetics is very complex and sometimes not a bad thing because the
increased electrochemically active interface area leads to lower impedance. Howev-
er, itis a double-edged sword. The increased surface area also aggravates a variety
of surface-related degradations, including transition metal dissolution, lattice oxy-
gen release, electrolyte decomposition, and surface phase transition (layered to a
spinel-like or rock salt structure), which negatively affect battery performance. The
X-ray diffraction (XRD) pattern suggests the loss of the layered structure and the
phase transitions in degraded NMC532, as indicated by the emergence of (006)
and (012) diffraction peaks and the collective peak shifts (Figure 2E).?%?? These ob-
servations are further confirmed by high-angle annular dark-field imaging using a
scanning transmission electron microscope (HAADF-STEM; Figure 2F), which clearly
shows the rock-salt-like regions near the particle surface (see the fast Fourier trans-
form diffractogram in Figure 2G). Layered structure can still be observed in the bulk
(Figures 2F and 2H). At the sub-surface region, we also detected transition metal
(TM) occupation in the Li layer (Figure 2F, white arrows), which is known to impede
Li* transport.”® From the above results, we conclude that the NMC532 cathodes
from the retired EV batteries are lithium deficient, structurally degraded, and
morphologically damaged.

Ni-rich single-crystal NMCs prepared using MSDR

Although re-lithiation methods in low-temperature eutectic molten salts'® or under
hydrothermal conditions®* for direct recycling have been previously reported to
restore the stoichiometric composition and crystal structure of the degraded
NMC532 materials, they cannot heal the microcracks. Neither do they provide flex-
ibility in readjusting the elemental composition or microstructure of the recycling
products to increase the economic feasibility of the recycling process. We note
that many transition metal oxides (such as NiO) are soluble in molten salts®>?¢ and
take advantage of this phenomenon to develop the MSDR method presented
here for upcycling low-Ni polycrystalline NMC into Ni-rich single-crystal NMC. In
the MSDR process, the cathode powder from the used battery, which contains
degraded NMC532 particles, carbon black, and polymer binder (NMC cathode ma-
terial typically >94 wt %), is used as “materials feedstock.” It is first mixed with Ni-
rich materials such as Nig.g3Mng.09C00.08(OH), or Ni(OH), (SEM images are shown in
Figure S3) and then heated at a high temperature in LiOH-Li;SO4 molten-salt mix-
tures (see details in Experimental procedures). The small amount of carbon black
and polymer binder in the NMC532 cathode (<6 wt %) are burned away during
the thermal treatment. A time-resolved in situ XRD experiment is carried out to track
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Figure 3. Single-crystal Ni66-NMC material prepared using MSDR

(A) Two-dimensional contour plot of the in situ XRD patterns recorded during the conversion of the degraded polycrystalline NMC532 into a single-
crystal Ni-rich NMC (Ni = 66.5%) using MSDR. The degraded NMC532 was mixed with a Ni-rich compound, Nig g3Mng 09C00.0s(OH), (denoted by
NMC(OH); in the graph) and heated at 900°C in the LiOH-Li,SO4 molten salts in air.

(B) Schematic illustration showing that the layered structure is restored after the MSDR process on the basis of the in situ XRD results.

(C) High-resolution powder XRD of the Ni66-NMC material and the Rietveld refinement results. The Ni66-NMC is phase pure and has a highly ordered
hexagonal a-NaFeO; structure with R3m symmetry. The Nij; cation mixing is estimated at ~1.0%. Inset shows the SEM image of the single-crystal Ni66-
NMC particles.

(D) HAADF-STEM image collected from the surface of a Ni66-NMC particle along its [100] zone axis, showing a highly ordered layered structure in the
bulk and a surface cation-mixing layer of several nanometers in thickness.
(E) STEM-EDS elemental mapping of a Ni66-NMC particle showing a fairly uniform distribution of Ni, Mn, and Co in the thin-slice sample.

the reaction between equal moles of the degraded NMC532 (Ni = 50%) and
Nio.83Mnp.09C00.08(OH)2 (Ni = 83%) in molten LiOH-Li,SO, (Figure 3A). The targeted
composition is Liy gNig 665Mng.195C00.12002 (denoted by Ni66-NMC). At the begin-
ning, peaks associated with the degraded NMC532, Nig g3Mng g9C0g 0s(OH),, LIOH,
and Li;SO4 can all be observed. As the temperature increases, NiggzMng go-
Coo.08(OH), peaks disappear at 200°C, likely because of the loss of H,O and long-
range structural ordering. The LiOH and Li,SO,4 peaks exist until ~300°C. As the
temperature and holding time further increase, the (003) and (104) peaks associated
with the layered structure gradually increase in intensity. The initially merged (006)
and (012) peaks in the degraded NMC532 become separated, which also indicates
the recovery of the layered structure. The overall chemical composition of the NMC
product after the MSDR process is determined to be Liy 02Nig 66Mng.19C00.1302 by
ICP-OES, which is quite close to the targeted composition (Li1 oNigessMng. 195.
C00.14002, Ni66-NMC). Compared with the degraded NMC532, the recycling prod-
ucts become fully lithiated and Ni rich. The structural and chemical transformations



of the NMC during the MSDR process are schematically summarized in Figure 3B.
Ni66-NMC powders are obtained after cooling and water washing to remove the wa-
ter-soluble Li salts, which can be reused after water evaporation (Figure S4).

The high-resolution XRD pattern collected from the Ni66-NMC material reveals a
single phase that exhibits a highly ordered hexagonal a-NaFeO, structure with
R3m symmetry (Figure 3C). Rietveld refinement is performed on the full XRD data,
suggesting an estimated Nili cation mixing of ~1.0%, which is relatively low
compared with the typical values for NMC cathode materials (2%-4%).”” The
morphology of the Ni66-NMC is examined using SEM (Figure 3C, inset), featuring
well-faceted particles at about 2-4 pm. Some particles are single grained, while
others consist of several agglomerated grains. Such morphology is consistent with
that of the single-crystal NMCs reported in literature.”® The difference in the
morphology between the degraded polycrystalline NMC532 particles (Figures 3C
and 3D) and the synthesized single-crystal Ni66-NMC particles (Figure 3C, inset)
suggests that the MSDR process likely follows a dissolution-reaction-crystallization
mechanism. Figure 3D shows a representative scanning transmission electron micro-
scopy (STEM) image collected along the [100] zone-axis of a Ni66-NMC particle,
which has a highly ordered layered structure in the bulk and a surface cation-mixing
layer (several nanometers in thickness). Energy-dispersive X-ray spectroscopy (EDS)
elemental mapping using STEM reveals fairly homogeneous distributions of Ni, Mn,
and Co with an as-designed stoichiometric ratio in the thin-slice (~50 nm in thick-
ness) sample used in the STEM characterization.

It is critical for the NMC particles to have homogeneous elemental compositions so
that they can show a high degree of consistency in electrochemical tests.?” There-
fore, nano-resolution X-ray fluorescence (XRF) tomography is further performed us-
ing a synchrotron hard X-ray nanoprobe instrument to quantitatively analyze
the particle-level compositional variation of the Nié6-NMC material synthesized
through our recycling protocol. XRF can achieve higher precision and sensitivity
than STEM-EDS (~10-100 ppm for XRF versus ~1 atomic % for STEM-EDS).%” Fig-
ure 4A shows the reconstructed three-dimensional (3D) tomogram of a randomly
selected Ni66-NMC particle. This particle exhibits a well-formed shape and is rather
uniformly crystallized, as indicated by the uniform particle density, which is demon-
strated with the virtually sliced views shown in Figure 4A. Some localized regions,
however, show mild density variation, which motivates an in-depth investigation
of the compositional distribution over the corresponding regions. Figure 4B shows
Ni, Co, and Mn elements’ relative concentration distribution. Although the Ni distri-
bution is fairly homogeneous, the Co and Mn elements demonstrate a “core-shell”
separation. Co is enriched in the shell (Figure 4B, arrows), and its concentration be-
comes lower as it approaches the core region. The spatial distribution of Mn seems
to be inversely correlated with Co. We do not know the exact reason for the Co-rich
shell at this moment. We speculate that it might be related to the solubility or diffu-
sivity of the Ni, Co, and Mn ions in the molten salts, which could affect the crystal
growth kinetics. This is still under investigation. The averaged composition over
this entire particle is quantified in Figure 4C, in good agreement with the bulk-aver-
aged value. This core-shell compositional variation is further supported by our
depth-dependent cation concentration plot, shown in Figure 4D, which is also
echoed by the Co shoulder peak annotated in Figure 4C. It has been reported
that the presence of Co could suppress cation mixing, and, on the contrary, Mn
could promote this undesired phenomenon.?” The Co-rich surface could therefore
suppress the moisture-induced detrimental surface phase transition. In addition,
during the recycling process, some single-crystal particles inevitably agglomerate
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Figure 4. Elemental analysis of the MSDR-synthesized single-crystal Ni66-NMC particle

(A) The 3D morphology of a randomly selected Ni66-NMC particle with its internal structure
visualized through virtual slicing.

(B) Relative concentrations of Ni, Mn, and Co over a virtual two-dimensional (2D) slice along the xy
plane revealed by X-ray fluorescence (XRF) tomography.

(C) The histograms of the elemental concentrations over the entire Nié6-NMC particle.

(D) The depth-dependent profiles of the transition metal distribution over the imaged Ni66-NMC
particle.

together to form clusters. To understand the effect of particle agglomeration, we
further analyze the compositional distribution over a three-particle cluster (Fig-
ure S5). It is interesting that the “Mn-rich core/Co-rich shell” feature clearly persists
in the imaged cluster (Figure S5), although some minor particle-to-particle variations
can be observed.

The demonstration of the targeted Ni content (~66.5% in this case) from the elec-
trode level (ICP-OES data) to the individual particle level (EDS data and XRF tomog-
raphy data) provides strong evidences for the dissolution-reaction-crystallization
mechanism proposed for the MSDR process. The overall reaction equation can be
written as follows:

Li1_xN10.5 Mno'3COo.202 + Nio,g3Mho.o9C00.03 (OH)2 + (1 +X) LiIOH + (1 — X)/40z —2
Li1.0Nig.66sMN0.195C00.1402 + (3 +x) /2H,O.

(Equation 1)

The molten LiOH-Li,SO4 functions as the reaction medium for ion transport and crys-
tal growth. All the Ni, Co, and Mn and the remaining Li from the degraded NMC532
are used as "building-blocks” in the MSDR process, which indicates a high atom
economy (~100%). The actual yield is calculated to be ~95% (from >10 separate
batches). The loss is due primarily to the small amount of Ni66-NMC powders stuck
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Figure 5. Electrochemical performance of the MSDR-recycled single-crystal Ni-rich NMCs

(A) Voltage profiles of a pristine NMC532 cathode and a cathode retrieved from the retired EV batteries tested at 0.1 C and 30°C.

(B) Voltage curves of the Ni66-NMC cathode in the first cycle tested at 0.1 C and 30°C.

(C) Voltage curves of the Ni80-NMC cathode in the first cycle tested at 0.1 C and 30°C.

(D and E) Cycling performance of the Ni66-NMC under normal (4.3-2.8 V, 30°C) and aggressive testing conditions (4.5-2.8 V, 60°C) at 1 C.
(F) Cycling performance of the Ni80-NMC cathode at 1 C and 30°C.

(G) Voltage profiles of a pouch-type Nib6-NMC-graphite full battery in the first cycle at 0.1 C.

(

H) Long-term cycling performance of three pouch-type full cells cycled at 0.5 C at a voltage of 4.2-2.7 V, showing >94% capacity retention after 500
cycles.

to the bottom of the reaction crucible. To further demonstrate compositional
tunability through MSDR, the degraded NMC532 (Ni = 50%) was mixed with
Ni(OH), (Ni = 100%) at a molar ratio of 2:3 to synthesize a Ni-rich NMC with a tar-
geted Ni content of 80% (LiNig.sMng 12C00.0802, denoted by Ni80-NMC). Single-
crystal Ni80-NMC particles are indeed produced (Figure S6). The actual composition
is determined to be Li1 010Nio.796Mng.123C00.08102 by ICP-OES, which is close to the
targeted composition (LiNig gMng 12C0g.08O0>). The overall reaction equation for this
process can be written as follows:

2Li1,xNio>5Mno_3COO>202 + 3NI(OH)2 + (3 +X)|_IOH + (3 — X)/40z s .
5|_i1‘oNio_goMHO.QCOo‘ogOz + (9 + X)/ZHzo (Equatlon 2)

Electrochemical performance of the recycled single-crystal NMCs
The electrochemical performance of the single-crystal NMCs prepared using MSDR
was first investigated in half cells using Li foil as the counter-electrode. Figure 5A



shows the voltage profile of the degraded NMC532 cathode material from the
retired EV batteries in comparison with that of a pristine one. The first-cycle voltage
profiles of the Ni66-NMC and Ni80-NMC cathodes prepared by upcycling of the
degraded NMC532 are shown in Figures 5B and 5C, respectively. With increasing
Ni content, the first-cycle discharge capacity of the NMC cathodes increases on
the order of the pristine NMC532 (161 mAh g™"), Ni66-NMC (179 mAh g™), and
Ni80-NMC (200 mAh g™"), as does the energy density. Consistent with previous re-

16,27,30

ports on single-crystal NMCs, our single-crystal Ni66-NMC cathodes also
demonstrate outstanding cycling stability in half-cell tests at 1 C charge and
discharge. They retain ~95% of their initial capacity after 200 cycles at 30°C (Fig-
ure 5D) in the voltage range of 4.3-2.8 V, a typical voltage window for testing
NMC cathodes. When a more aggressive cycling condition is used (a higher cut-
off voltage of 4.5 V and a higher temperature of 60°C), the Ni66-NMC cathode
can still retain ~80% of its initial capacity after 200 cycles (Figure 5E). The Ni80-
NMC cathode also shows a decent cycling performance by retaining 85% of its initial
capacity after 200 cycles (Figure 5F). In order to further evaluate the long-term
cycling stability of single-crystal Ni66-NMC, pouch-type full cells are assembled us-
ing artificial graphite as the anode and cycled in the voltage range 0f 4.2-2.7 Vat 0.5
C after three formation cycles at 0.1 C (Figure 5G). The Ni66-NMC-graphite full bat-
teries retain >94% of their initial capacity after 500 cycles (results for three pouch
cells are shown in Figure 5H). If we assume the same capacity decay rate, the cycle
life is projected to approach ~2,000 cycles (until 80% capacity retention), which is
comparable with state-of-the-art performance for Ni-rich NMC cathodes.'® We
also note that the typical cycle lives of commercial polycrystalline NMC532 and sin-
gle-crystal NMC622 cathode materials are ~1,500-2,000 cycles and 2,500-3,000 cy-
cles, respectively. Therefore, our recycled Ni-66 NMC cathode material showed
comparable performance. The Ni66-NMC cathode also shows excellent rate capa-
bility and retains a discharge capacity of 136 mAh g~' at 20 C (Figure S7).
These electrochemical results strongly support that the MSDR process can produce
high-performance and thus high-value single-crystal Ni-rich NMC cathode materials
from the degraded low-Ni NMC532.

The rapid growth of the global battery market requires closed-loop recycling tech-
nologies, which are critical to building a sustainable and clean energy future. An
economically viable recycling process needs to create value. To this end, we have
developed an upcycling technology that converts low-Ni polycrystalline NMC cath-
odes from retired EV batteries into Ni-rich single-crystal cathodes through molten-
salt chemistry. This method is more efficient and environmentally benign compared
with traditional hydrometallurgical and pyrometallurgical approaches and is cost
competitive according to our techno-economic analysis on the basis of real-world
data and price information. Our MSDR recycling protocol has demonstrated precise
tunability for the final products’ elemental compositions from the electrode level
down to the single-grain level. The synthesized single-crystal Ni-rich cathodes
exhibit outstanding electrochemical performance in practically relevant full battery
tests. Our experimental results and techno-economic analysis demonstrate the
great potential of MSDR in closed-loop recycling of EV batteries and in reshaping
the manufacturing of next-generation NMC cathode materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Linsen Li (linsenli@sjtu.edu.cn).


mailto:linsenli@sjtu.edu.cn

Materials availability
The materials in this study will be made available upon reasonable request.

Data and code availability
The data in this study will be made available from the lead contact on reasonable
request.

EV battery test and disassembly

Pouch-type EV batteries (50 Ah) were taken out from the battery packs of retired EVs.
The pouch cell used in this work was first charged and discharged at a current of 5 A
for one cycle. The used batteries were obtained typically had a capacity retention of
~65%—-85% (relative to the nominal capacity, 50 Ah). The tabs were then insulated
with tape to avoid unintentional short circuits. The pouch cell was transferred into
an argon-filled glove box (O,/H,0 < 0.1 ppm). The pouch, made of aluminum lami-
nated film, was cut open and the Z-folded stack of cathode/separator/anode was
taken out. The double-sided coated cathode sheets (made of NMC532, carbon
black, and polymer binder) were separated from the stack and rinsed with fresh
dimethyl carbonate to remove the electrolyte. The cathode sheets were thermally
treated at 400°C for 1 h to make the polymer binder less adhesive so that the cathode
powder could be separated from the aluminum foil using vibrational sieving. The
cathode powder was collected and stored in the glovebox before any further tests.

MSDR of the degraded NMC532

To upcycle the degraded NMC532 (Liy_xNig sMng 3C00 205) into Ni66-NMC, 0.2 mol
of the degraded NMC532 cathode powder (~20 g, a mixture of NMC532, carbon
black, and polymer binder) was mixed with 0.2 mol Nig g3Mng 09C0g 0s(OH)2,
0.5 mol LiOH, and 0.1 mol Li,SO,4 and transferred into a crucible. LiOH was in excess
(excess % = (1.5 — x)/(1 + x)) to facilitate complete re-lithiation, which is a self-satu-
rated process according to the literature.”® The crucible used for the reaction was
loosely covered by a lid to allow air intake during the synthesis but avoid excess evap-
oration of Li salts. The material mixture was heated to 900°C at a ramping rate of
~10°C min~" and held at 900°C for 5 h and then at 860°C for 15 h in air before
slow cooling at a rate of 2°C min~" to 300°C. The carbon black and the polymer
binder were burned away during the high-temperature MSDR process. After that,
the mixture was allowed to cool down naturally. The obtained powders were recov-
ered from the crucible, ground in an agate mortar, and washed using deionized water
to separate the material from the water-soluble Li salts, which could be recycled after
water evaporation and reused. The Ni66-NMC powder was collected by centrifuga-
tion and dried at 70°C in air before being thermally treated at 700°C for 4 h in air. The
powder was ground again to pass through a 400-mesh sieve and then stored in a hu-
midity-controlled storage chamber before further tests. To upcycle the degraded
NMC532 into Ni80-NMC via MSDR, 0.2 mol of the degraded NMC532 cathode pow-
der (~20 g) was mixed with 0.3 mol Ni(OH),, 0.625 mol LiOH, and 0.125 mol Li,SO4
and transferred into a crucible. The experimental procedures were the same as those
for the Ni66-NMC, except the sintering temperature was lowered to 780°C.

Structural characterization

XRD was performed using an X-ray diffractometer (Bruker D8; Cu Ko radiation). SEM was
carried out on a Phenom Pro microscope. SEM-EDS was carried out on a Zeiss Crossbeam
540 microscope. X-ray micro-CT was performed on a Zeiss Xradia 520 Versa. ICP-OES
was carried out on an iCAP 7600 ICP-OES Analyzer (Thermo Fisher Scientific). lon milling
was performed using an ion beam slope cutter (Leica EM TIC 3X). STEM specimen prep-
aration was conducted using FIB-SEM on a Zeiss Crossbeam 540. The FIB-prepared



samples were investigated using a Cs-corrected JEOL JEM-ARM200F operated at 200
kV. Nano-resolution fluorescence mapping was performed using the hard X-ray nanop-
robe (HXN) at beamline 3-ID of the National Synchrotron Light Source Il at Brookhaven
National Laboratory. For nano-fluorescence mapping, a coherent X-ray at 12 keV was
focused to a spot size of 12 nm, and >50 projections were collected. The sample’s XRF
signals (Ni, Mn, and Co) were converted to numbers of atoms using the measurements
from XRF calibration standards (Micromatter 41149, 41157, and 41159). In situ XRD
was performed using an X-ray diffractometer (Bruker D8; Cu K radiation) equipped
with a ceramic heating stage. The materials were mixed and pressed into a pellet, which
was loaded onto the ceramic stage and heated from 30°C to 900°C at a ramping rate of
~2.5°C min~". The XRD patterns were collected continuously, and each scan took
~10.5 min.

Electrochemical measurements

The NMC powders (NMC532, Ni66, and Ni80-NMC) were mixed with polyvinylidene
fluoride (PVDF) and super-P carbon black with a weight ratio of 90:5:5 in NMP using a
Thinky Mixer (ARE-310). The slurries were coated onto aluminum foils using a film appli-
cator. The electrodes were first dried in a convection oven at 80°C for 2 h and then dried
at 120°C under vacuum overnight. A typical loading of the electrodes for half-cell tests is
about ~2-3 mg cm™2. Half cells were assembled using Li foil (0.45 mm in thickness) as
the anode, a polyethylene separator, and 1.2 M LiPF, dissolved in EC-EMC (3/7 w/w) + 2
wt % VC as the electrolyte in an argon-filled glove-box (O,/H,O < 0.1 ppm). Electro-
chemical measurements were performed on coin cells inside constant-temperature
chambers set at 30°C using battery cyclers. The half cells were cycled at 0.1 C for three
cycles before cyclingat 1 C (1 C =160 mA g~ for NMC532, 180 mA g~ for Ni66-NMC,
and 190 mA g~ for Ni80-NMC). In the rate capability test, the half cell was cycled at 0.1
C for one cycle and then at 0.2, 0.5, 1, 2, 3, 5, 10, and 20 C each for five cycles. For the
full-cell tests in the pouch cells, commercial artificial graphite was used as the anode ma-
terial. The cathode loading level was ~8 mg cm™2; the anode loading level was ~4 mg
cm™2. The N/P ratio was adjusted to ~1.1. The electrodes for making full cells were
calendared using a roller press. The full cells (~30 mAh capacity single-layer pouch cells)
were cycled at 0.1 C for three cycles before cycling at 0.5 C at ~25°C. The pouch cells
were sandwiched by a pair of metal plates during testing.
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