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SUMMARY

Recycling of spent lithium-ion batteries (LIBs) is an urgent need to
address their environmental and global sustainability issues. Here,
we report an efficient and environmentally benign LIB regeneration
method based on defect-targeted healing, which represents a para-
digm-shift LIB recycling strategy. Specifically, by combining low-
temperature aqueous solution relithiation and rapid post-anneal-
ing, we demonstrate successful direct regeneration of spent
LiFePO,4 (LFP) cathodes, one of the most important materials for
EVs and grid storage applications. We show revitalization of compo-
sition, structure, and electrochemical performance of LFP with
various degradation conditions to the same levels as the pristine
LFP. Life-cycle analysis of different LIB recycling processes shows
that this defect-targeted direct reycling approach can significantly
reduce energy usage and greenhouse gas (GHG) emissions, leading
to more economic and environmental benefits compared with to-
day’s hydrometallurgical and pyrometallurgical methods.

INTRODUCTION

Olivine lithium iron phosphate (LiFePO,4 or LFP) is one of the most widely used cath-
ode materials for lithium-ion batteries (LIBs), owing to its high thermal stability, long
cycle life, and low-cost. These features make the LFP battery share more than one
third of the entire LIB market, currently dominating applications in power tools,
electric bus, and grid energy storage.’ The global demand of LIBs is projected to
reach 440 GWh in 5 years.” As a result, millions of tons of spent LIBs will soon be
generated after their service lives (3 to 10 years). Effective recycling and re-
manufacturing of spent LIBs can help to reclaim valuable materials, reduce energy
use for mining of natural resources, and mitigate environmental pollution from the
end-of-life management of waste batteries, making LIBs more affordable and
sustainable.

Current efforts on LIB recycling have focused mainly on the recovery of valuable
metals. For example, pyrometallurgical and hydrometallurgical processes have
been commercially used to recycle LIBs containing cobalt (Co) and nickel (Ni). These
processes generally involve battery dismantling, smelting, and/or acid leaching fol-
lowed by multi-step chemical precipitation and separation, finally breaking LIB cells
down into simple compounds (e.g., CoSQy, NiSOy, Li,CO3) that can be used to re-
synthesize new cathode materials. Due to the high value of transition metals (e.g.,
~$30/kg for Co),” a reasonable economic return can be achieved from such recycling
processes, despite their high operating costs. However, their intensive usage of

Context & Scale

The consumption of lithium-ion
batteries is experiencing booming
growth in the modern industry
due to their widespread
applications. With billions of
batteries reaching their lifetime
soon, significant concerns on the
economic and environmental
issues have been raised about
how to treat these spent batteries
so that our society will not face
similar crisis incurred in the case of
plastic wastes. However,
traditional technologies used in
today’s recycling industry are
limited to recovering expensive
metals through energy-intensive
processes, which cause significant
greenhouse gas emissions and
secondary wastes, posing
additional environmental
concerns. To tackle this challenge,
we developed a safe, low-cost,
and efficient direct recycling
approach that is based on
targeted healing. This paradigm-
shift method leverages our
understanding on phase and
structure evaluations of the LIB
cathode and produces ready-to-
use recycled cathode materials
that match the electrochemical
performance of pristine materials.
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energy and chemicals (acids, oxidation reagents) causes significant greenhouse gas
(GHG) emissions and secondary wastes, posing additional environmental concerns.
Moreover, a large portion of the cathode’s value, represented by their tailored
composition and structure, is completely lost from these destructive recycling pro-
cesses. Therefore, more efficient approaches with significantly reduced energy
cost and waste generation are needed, especially for LIBs made without expensive
metals, such as LFP, as the economic value of their recycled elemental products is
insufficient to compensate for the high cost of pyrometallurgical and hydrometallur-
gical processes.” This is particularly true when considering the fact that the world
battery makers have been producing about 100,000 tons year~' of LFP cathodes
in total, since 2015.° The large quantity of these batteries that will soon be retired
urgently calls for better recycling solutions.

Decades of studies have uncovered that the performance degradation of LFP cath-
ode is mainly attributed to Li vacancy defects (Li,) and Fe occupation of Li site
(Fer).>” The Li, defects not only result in the oxidation of Fe?* to Fe3* but also
induce partial migration of Fe?* to lithium site, forming the so-called "anti-site” de-
fects, which block the Li* diffusion pathway (Figure 1A). While there may be a sig-
nificant loss in the charge storage capacity, the morphology and bulk crystal struc-
ture of spent LFP particles often remain unchanged. This failure mechanism
provides a potential opportunity to directly revitalize degraded LFP to form new
LFP particles that can be readily used in making new battery cells. It can be ex-
pected that such a simple process requires much less energy and chemical input
to recycle spent cells. In addition, the value of embodied energy in the electrode
active materials will be retained, since chemically breaking down the LFP crystal
structure is avoided.®”’

Here, we report a green and efficient LIB direct recycling strategy based on defect-
targeted healing to precisely resolve the Li, and anti-site defects without altering any
other properties of LFP particles. We successfully demonstrate direct regeneration
of spent LFP cathodes with various degradation conditions to recover their compo-
sition, structure, and electrochemical performance to the same level as that of the
pristine LFP cathode. Unlike pyrometallurgical and hydrometallurgical recycling,
such defect-targeted direct recycling process only needs a low concentration of
lithium salt, green and low-cost reducing agent, nitrogen, and water. With proper
modification, this method can also be extended to recycle other “low-cost” LIB cath-
odes, such as LiMn,0O, (LMO) batteries. Life-cycle analysis (LCA) of direct recycling of
LFP shows that our approach can significantly reduce the energy usage (by ~80%-
90%) and GHG emissions (by ~75%), leading to more economic and environmental
benefits than the current state-of-the-art approaches.

RESULTS

Low-Temperature Aqueous Relithiation

To demonstrate our defect-targeted direct recycling method, commercial LFP cells
were cycled for up to 6,500 cycles in the 2.5-3.8 V voltage range to reach a capacity
decay of up to 50% (Figure S1). The cells were disassembled and LFP powders were
harvested from the cathodes following the procedures described in our earlier work
(details can be seen in Experimental Procedures).” The collected cycled LFP particles
(denoted as "C-LFP") were subject to relithiation treatment in a Li-containing
aqueous solution with controlled temperature and time. The relithiated LFP powders
(R-LFP) were washed thoroughly using deionized (DI) water, dried, and then sub-
jected to post-annealing to complete the entire regeneration process (Figure S2).
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Figure 1. Relithiation Kinetics of C-LFP

(A) Schematic illustration of the solution relithiation process. The positions of Li and Fe in a perfect olivine structure are defined as M1 and M2 sites,
respectively. Left side shows C-LFP with Li vacancies (Li,) and Fe occupation in Li site (Fe;); right side shows R-LFP with all the Fe3* being reduced to
Fe?" with the presence of CA in a LiOH solution.

(B) The evolution of LFP composition during relithiation at different temperatures.

(C) The saturation vapor pressure of water under various temperatures associated with an equipment (schematic) of choice for high pressure (>1 bar)
and low-pressure (<1 bar). Effective relithiation at sub-boiling temperature allows pressurized reactors to be replaced by low-cost vessels without extra
safety precautions.

(D) XRD patterns of C-LFP and R-LFP with different relithiation time. The gradual diminishment of FePO, peaks (marked in green) shows the conversion
of the FePO, phase to LFP phase.
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As mentioned earlier, the key to regenerate C-LPF is to precisely resolve the Li, and
anti-site defects. A high activation energy (1.4 eV) is required for Fe ions to migrate
back to the original position (M2) because of the strong electrostatic repulsion of
high valence state of Fe** during migration (Figure 1A).'° Kang et al. demonstrated
a successful anti-site re-ordering via deep discharging to 1.5 V (versus Li/Li*) at an
extremely low rate of C/100 (1 C responds to charge or discharge in 1 h).'® The theo-
retical study also reveals that a reductive environment can lower the activation bar-
rier, which, in turn, can facilitate Fe migration. Therefore, for effective direct regen-
eration of C-LFP, the most critical step is to reduce Fe3* and re-dose lithium ions (Li*)
into C-LFP.

The half electrode potential of LFP electrode is 0.24 V (versus standard hydrogen
electrode or SHE) (Equation 1.6

FePO, + Li* + e~ — LiFePO,  E(FePO,/LiFePO,)=0.24 V (Equation 1)

'I/2C6H307 —e —>1/2C5H605 + 1/2COZ +H* E(CsHéOs/C(,HgO7) =-034V
(Equation 2)

FePO4 + Li* +1/2C¢HgO; — LiFePO4 +1/2CsH,Os +1/2CO, + H*

Equation 3
E(FePO, /C4HsO;) = 0.58 V (Equation 3)

A variety of reducing agents may be used to proceed reduction of Fe®*. Nature-
derived organic reductants are particularly interesting, as they are safe and environ-
mentally benign. For example, citric acid (CA), concentrated in citrus fruits, has a redox
potential of ~ —0.34 V (versus SHE) (Equation 2), which can be an ideal candidate to
assist the reduction of C-LFP."#"* The Gibbs free energy for Equation 3, the complete
reaction by combining (1) and (2), is calculated to be —56.35 kJ/mol according to
Equation 6, indicating that the relithiation reaction of degraded LFP is thermodynam-
ically favorable. In our experiment design, CA in the Li-containing aqueous solution
donates electrons to reduce Fe**, reducing electrostatic repulsion and subsequently
lowering the migration barrier to move Fe?* from the M1 site back to the M2 site,
which facilitates the solution Li* diffusion into the Li-deficient C-LFP particles.

The evolution of LFP composition during the solution relithiation was monitored by
inductively coupled plasma mass spectrometry (ICP-MS). We first tested relithiation
at 180°C, which is the minimum temperature required for relithiation of degraded
layered oxides, such as LiCoO, and LiNij_,,Co,Mn,O, cathodes.®”'* As shown in
Figure 1B, the Li composition of the C-LFP particles increased from 0.5 to 1.0 as
the relithiation time prolonged to 5 h. Note that an autoclave reactor that can
hold pressure greater than 11 bar (saturation pressure of water) is typically needed
for this operation (Figure 1C)."> Composition analysis of the relithiation solution
before and after reaction showed that 1.9 mol % of Fe was leached from the initial
LFP. It might be attributed to the trace amount of Fe,O3 generated in the degraded
LFP after long-term cycling (Figure 1D)."®"” From the quality control point of view,
leaching the residual Fe,O3; phase might be desired as it provides a high-purity
LFP phase in the regenerated product.

With the aim to minimize the energy consumption, lower temperatures were
explored. Surprisingly, reducing the solution temperature to as low as 80°C resulted
in a negligible change in the relithiation kinetics (Figure 1B). Further extending the
treatment time allowed a continuous decrease in the solution temperature for reli-
thiation. For example, a 100% composition recovery could be achieved at

4 Joule 4, 1-18, December 16, 2020

Joule



Please cite this article in press as: Xu et al., Efficient Direct Recycling of Lithium-lon Battery Cathodes by Targeted Healing, Joule (2020), https://
doi.org/10.1016/j.joule.2020.10.008

Joule ¢ CellP’ress

temperatures of 70°C and 60°C after 10 and 17 h of relithiation, respectively. The
electrochemical impedance spectroscopy (EIS) measurement showed a Li* apparent
diffusion coefficient (Dfﬁp) 0f1.05 x 107 "5 cm? s~ " for Lig sFePO,, which is consistent
with previous reports.'® Assuming an average LFP particle size of 100 nm and using
the above Dy, the calculated Li* diffusion time matches well with the relithiation
time in our experiment (Figure S4), demonstrating that solution relithiation kinetics
generally follow the semi-infinite solid-state diffusion mechanism.'” The effective re-
lithiation at temperatures below the boiling point of water allows the process to be
conducted at ambient pressure. Therefore, pressurized reactors can be replaced by
low-cost vessels that do not require extra safety precautions, bringing the process
one step closer for large-scale operation (Figure 1C).

To further validate the critical role of CA, the same C-LFP was treated with a LiOH
solution without CA. As expected, continuous oxidation of (LiFePO,) to Fe,O3 and
Fe3O, was observed (Figure S5). This result also confirms the effectiveness of
defect-targeted healing enabled by CA. In addition, CA is a widely used low-cost
(~0.55 $/kg) additive in food industry,”® and it only generates CO,, H,O, and aceto-
nedicarboxylic acid (CsHsOs, ~10 $/kg)?" during the relithiation process. It should
be also noted that CsH¢Os, an important intermediate for drug synthesis, is tradi-
tionally prepared by decarbonylation of CA in fuming sulfuric acid.?” This suggests
that our direct LFP recycling process may be coupled with suitable precursors to
offer an alternative route for green synthesis of valuable organic molecules. Other
reducing agents, such as ascorbic acid (E = -0.55 V),”* have also demonstrated a
similar functionality in regenerating C-LFP (Figure Sé), offering a diverse choice of
low-cost reducing agents.

X-ray diffraction (XRD) patterns of the C-LFP and samples after solution relithiation
for different durations (denoted as "R-LFP”) further illustrate the phase transition
of degraded LFP during the solution relithiation process (Figure 1D). For example,
the C-LFP showed intense peaks at 18° and 32°, which are attributed to the existence
of the FePO, phase due to lithium loss. As the relithiation time increased from 1 to
5hatatemperature of 80°C, the intensities of these peaks gradually diminished and
then disappeared, suggesting the conversion of the FePO, phase to the LFP phase.

Microstructure Characterization

High-angle annular dark-field (HAADF) scanning transmission electron microscopic
(STEM) images were obtained to further understand the relithiation mechanism at
the atomic level. For LFP cathode, after over 6,500 cycles, the particles still showed
well-defined crystallinity with the carbon coating (2-3 nm) retained on the surface
(Figure 2A). The electron energy loss spectroscopy (EELS) experiment was carried
out to probe the valence states of O and Fe from the surface to the inner side of
the particles (Figure 2B). From one representative particle, the O K-edge and Fe
L-edge spectra from the surface (point 1) to the inner side (point 6) of the C-LFP par-
ticle were compared. For the C-LFP, the O pre-peak gradually emerged from the sur-
face to the bulk (Figure S7A), suggesting the presence of the Fe®* inside the C-LFP
particle.” The Fe L-edge gradually shifted from 707.93 to 709.65 eV (Figure 2C; Ta-
ble S1), suggesting the dominant presence of Fe3* in the bulk.?” EELS spectra taken
from another representative particle are shown in Figure S8. A clear O K-edge pre-
peak showed up in the spectrum obtained from the particle surface, indicating the
presence of Fe** on the surface. The above EELS results demonstrate the coexis-
tence of FePO,4 and LiFePO,4 phases and their random distribution in different par-
ticles. Although several two-phase models have been proposed to understand the
local structure of delithiated LFP, including the shrinking-core model,”® mosaic
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Figure 2. Microstructure Characterization of Different LFP Particles

(A) STEM image of C-LFP. Well-defined orthorhombic crystals with a conformal carbon shell was maintained. The scale baris 10 nm.

(B) STEM image of a C-LFP particle. The scale baris 10 nm. Point 1 indicates the surface of the particle and point 6 indicates the inner side of the particle.
(C) Fe L-edge EELS spectra of a C-LFP particle from the surface (point 1) to the bulk (point 6).

(D) Rietveld refinement pattern of the neutron diffraction data of C-LFP.

(E) STEM image of a representative R-LFP particle. The scale bar is 5 nm. Continuous Li* diffusion channels along the [010] direction was shown. The
carbon shell was maintained after solution relithiation.

(F) STEM image of a representative R-LFP particle. Point 1 and point 6 indicate the surface and the inner side of the particle respectively. The scale bar is
10 nm.

(G) Fe L-edge EELS spectra of arepresentative R-LFP particle from the surface to the bulk. The unchanged Fe L-edge at 707 eV verifies that the oxidation
state of Fe is 2+ from the surface to the bulk.

(H) Rietveld refinement of the neutron diffraction pattern of R-LFP. A pure LFP phase was obtained after the relithiation treatment.

model,”® and domino-cascade model,”’ they are mainly established upon the first
charge and discharge cycles. Our results suggest a high inhomogeneity of phase dis-
tributions for the LFP particles after long-term charge/discharge cycles.

Figure 2D depicts the Rietveld refinement pattern of the neutron diffraction data of
the C-LFP with the detailed structural information listed in Table S2. Overall, the
C-LFP exhibits 47.1% of Li deficiencies (loss) and 4.81% Fe/Li anti-site defects.
The computational study by Malik et al. showed that 0.1% anti-site can cause
~5% of Li* to be trapped in the defects in a 100 nm LiFePO, particle.”® Generally,
the Li inventory loss is considered as the main reason for the capacity degradation
of LFP batteries,””*° while the impact of anti-site defects are often overlooked.
Olivine LFP has a Pnma space group with Li* confined in channels propped up
by the interconnecting FeO, octahedra and PO, tetrahedra. Since the [010] direc-
tion is the exclusive pathway for Li* diffusion,’ such a significant occupation of
Fe?* in Li sites can block Li* diffusion, which leads to loss of capacity and rate
performance.
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Forthe R-LFP sample, all the Fe?* around the Li* showed ordered structure along the
[010] direction, as revealed by the HAADF-STEM image (Figure 2E). The carbon shell
was also retained after solution relithiation. The disappearance of the O pre-peak
(Figure S7B) and the unchanged Fe L-edge at 707 eV (Figure 2F) verified that the
oxidation state of Fe from the surface to the bulk remained as 2+.?* The neutron
diffraction data (Figure 2G) further confirm that a pure orthorhombic LFP phase
was obtained after the relithiation treatment, with the ratio of anti-site defects
reduced to as low as 2.2% (Table S3), which is even lower than the pristine LFP (de-
noted as “P-LFP") (2.5%).

High crystallinity LFP (denoted as “RA-LFP") with further reduced anti-site defects
were obtained after a short annealing treatment of the R-LFP. The XRD patterns
for each sample were examined to identify possible structural changes (Figure S9).
While the average grain size grew from 72 to 96 nm (Figure S10) as the annealing
temperature increased from 400 to 800°C, no phase changes were observed. A uni-
form carbon coating also remained on the particle surface, as shown by the homo-
geneous distribution of C, P, and Fe elements in element mapping (Figure S11),
further suggesting the targeted healing of the composition and microstructure de-
fects in C-LFP.

Operando neutron diffraction was performed to quantify the evolution of Fe; anti-
site defects during annealing. The time-dependent contour plot of peak intensity
(Figure 3A) further confirmed that pure LFP phase was maintained during heating
and cooling, demonstrating good stability of the R-LFP particles. After cooling
down, the ratio of anti-site defects was reduced to 1.5% (Figures 3B and S12A; Table
S4), which was further reduced compared with that of the P-LFP (2.5%) (Figure S12B;
Table S5). In contrast, significant phase impurities (e.g., LisPOy, Fe,P) always existed
after the solid-state reaction-based regeneration process (SS), where Li-containing
precursor (e.g., Li;COj3, LIOH) was mixed with degraded LFP particles for annealing
(Figure S13). It is a clear advantage that the solution-based relithiation ensures ho-
mogeneous Li distribution inside LFP particles, which eliminates phase impurities af-
ter annealing.

Electrochemical Performance Evaluation

The electrochemical performance of LFP samples was first evaluated using half cells.
The cycling test started with 0.1 C (1 C = 170 mA g~ ") activation for 2 cycles
followed by 0.5 C for another 100 cycles (Figure 3C). The P-LFP showed a capacity
of 161 mAh g™" at 0.5 C with a negligible capacity decay after 100 cycles. The capac-
ity of the C-LFP recovered from spent cells was only 103 mAh g~" at 0.5 C, which
further decreased to 98 mAh g~ " after 100 cycles. The initial capacity of the R-LFP
was dramatically improved to 159 mAh g~', indicating the restored electrochemical
activity after solution relithiation. However, only 93.7% of the initial capacity was
maintained after 100 cycles. Such a degradation is probably associated with the
Li*/proton exchange during the aqueous relithiation, which has a negligible effect
on the crystal structure,®’ but induced side reactions due to the existence of protons.
The following short annealing step helped to create more stable particles that could
deliver the same capacity and stability as that of the P-LFP. It was found that too low
temperatures might aggravate structure defects, as shown in the previous study of
LFP synthesis,””?* and too high temperatures lead to a larger grain size. Both cases
led to an inferior capacity of RA-LFP to P-LFP (Figure S14). Thermal annealing at
600°C for 2 h enabled RA-LFP to deliver a capacity of 159 mAh g~" at 0.5 C with
less than 1% of capacity loss after 100 cycles. With an extended cycling at 0.5 C
for 1,000 cycles, the RA-LFP could still deliver a capacity of 150 mAh/g (Figure S15).
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Figure 3. Electrochemical Performance of LFP Electrodes

(A) Time-dependent contour plot of diffraction peak intensity in the heating, holding and cooling stages. The blue and red color represent the minimum
and maximum intensity of peaks.

(B) Anti-site defects revolution upon heating (blue line), holding (orange line) and cooling (red line). The dots with error bars correspond to the ratio of
the anti-site defects.

(C) Cycling stability of C-LFP, R-LFP, RA-LFP and P-LFP. Electrodes were cycled at 0.1 C for activation and 0.5 C for the following cycles.

(D) Rate performance of C-LFP, R-LFP, RA-LFP, and P-LFP.

(E) Long-term cycling stability of RA-LFP cycled at 2 C, 5 C, and 10 C for 300 cycles.

The rate capability of the C-LFP could also be recovered after the complete regen-
eration (Figure 3D). Specifically, the P-LFP could deliver a capacity of 163, 141, and
99 mAh g~" at 0.2, 2, and 10 C, respectively. The capacity of RA-LFP increased to
162, 144, and 102 mAh 971, superior to that of P-LFP, especially at high rates. In
contrast, the C-LFP could only provide a capacity of 115, 82, and 66 mAh 9_1,

due to the Li loss and structure defects. Moreover, the regenerated LFP also
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exhibited excellent long-term cycling stability. No obvious capacity loss was
observed after 300 cycles at 2 C, 5 C, and 10 C rates (Figure 3E). The significantly
improved rate performance and high stability of the RA-LFP suggest that both the
composition and structure of C-LFP have been completely recovered after the reli-
thiation and short annealing treatment.

In general, a 20% capacity loss is considered to be the end of life for EVs batteries.*
By considering secondary use, one can assume that 50% capacity decay might be
the lower limit of the service life of an LIB for any applications.? In reality, an LIB
waste stream might consist of cells with various degradation conditions. Therefore,
we tested our method on a mixture of cycled cathode materials with states of health
(SOH) of 40%, 50%, and 85% (Figure S16) to fully examine the effectiveness of our
process. Subjected to the same regeneration process as described earlier, the
cycled LFP mixture showed a complete recovery of composition, structure, and elec-
trochemical performance to the same level as that of the P-LFP (Figures S16A-S16C).
This result suggests significant advantages of using the low-temperature solution re-
lithiation method to treat spent batteries with a diverse range of health conditions,
as all the cathodes reach a stoichiometric composition due to self-saturation
(Figure S16D).

In order to further examine the practical application of the fully regenerated LFP (RA-
LFP), commercially relevant thick electrodes with a mass loading of ~19 mg/cm?
were prepared, which were used to assemble both half cells (with Li metal as the
counter electrode) and pouch cells (with graphite as the anode). The corresponding
electrochemical performance is shown in Figure S17. The high-loading half cells
showed an initial capacity of 156 mAh/g and maintained at 155 mAh/g after 100 cy-
clesat 0.5 C. The pouch cell (3 cm x 3 cm) could deliver a capacity of 28.6 mAh (3.17
mAh/cm2 and 167 mAh/g) at the rate of 0.1 C and showed no capacity degradation
after 100 cycles. These results further suggest the great potential of using directly
regenerated LFP to manufacture new cells without sacrificing cell-level performance.

Economic and Environment Analysis

Figure 4A illustrates a brief flowchart of cathode regeneration from direct recycling
of cathodes from spent LIB materials, as well as pyrometallurgical recycling, hydro-
metallurgical recycling, and virgin cathode material production. It should be noted
that currently pyrometallurgical and hydrometallurgical recycling routes are not
used commercially to recover cathode material from spent LFP batteries due to
the economic loss they incur. We include them here as potential end-of-life manage-
ment options for LFP batteries, assuming that battery recycling is mandated while
new recycling technologies are not yet available. Compared with other processes,
clear advantages of developing the direct recycling process for LFP lie in: (1) simpli-
fied operation facilities and processes, (2) reduced operation temperature and time,
and (3) eliminating the usage of strong acid and base. These features are associated
with the potential economic and environmental benefits that can be analyzed by the
EverBatt model developed by Argonne National Laboratory.*®

The three different recycling methods are modeled assuming an annual plant pro-
cessing capacity of 10,000 tons of spent batteries (Figure 4B). The life-cycle total
energy use for pyrometallurgical and hydrometallurgical processes are 18.4 and
30.6 MJ kg™ LFP cell, respectively. In the pyrometallurgical process, 55% of the
energy use is attributed to high temperature smelting. In the hydrometallurgical
process, 87.8% of the energy use comes from upstream production of the chemi-
cals consumed in the process. The total energy use for direct recycling is only
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Figure 4. Economic and Environment Analysis

(A) Simplified schematic of pyrometallurgical (“Pyro”) and hydrometallurgical (“Hydro”) and direct recycling (“Direct”) methods, as well as cathode
production from virgin materials mining.

(B) Total energy consumption of recycling 1 kg spent cell with pyrometallurgical, hydrometallurgical, and direct technology.

C) GHG emissions of recycling 1 kg spent cell with pyrometallurgical, hydrometallurgical, and direct technology.

D) Total energy consumption of manufacturing 1 kg cathode from virgin and recycled materials.

E) GHG emissions of manufacturing 1 kg cathode from virgin and recycled materials.

F) Cost and revenue per kg of spent LFP batteries recycled by pyrometallurgical, hydrometallurgical, and direct recycling. Cost: $ -3.4 (Pyro); $ -2.4
Hydro); $ -2.1 (Direct). Revenue: $ 0.8 (Pyro); $ 1.0 (Hydro); $ 3.2 (Direct).

G) Profit of recycling 1 kg of spent LFP batteries with pyrometallurgical, hydrometallurgical, and direct technology, respectively. Profit: $ -2.6 (Pyro); $
-1.4 (Hydro); $ -1.1 (Direct).
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3.5 MJ kg~" LFP cell, significantly lower than the other processes. GHG emissions
are also an important factor to consider when evaluating a recycling approach. As
shown in Figure 4C, the total GHG emissions released from the direct recycling
process are only 26.6% and 27.7% of those from pyrometallurgical and hydromet-
allurgical processes, respectively. Moreover, the total energy use per kg of cathode
made from direct recycling of the spent batteries is only 22.3% compared with that
of the cathode produced from virgin materials (Figure 4D). The GHG emissions
from cathode production via direct regeneration of spent batteries is 46.2% lower
than that from virgin materials (Figure 4E).
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The cost and profit are also modeled, and the results are shown in Figure 4F. The to-
tal cost of pyrometallurgical, hydrometallurgical, and direct recycling is $3.4, $2.4,
and $2.1 per kg of spent battery cells processed, respectively. It should be noted
that any recycled Al, Cu, graphite is assumed to be sold to compensate some
cost, but the net revenue cannot cover the high cost of the pyrometallurgical and hy-
drometallurgical recycling processes, due to the use of expensive equipment and
significant quantities of materials, and high energy consumption. This is the main
reason why today's industry is not cycling LFP cells.>” Nevertheless, using direct re-
cycling, the regenerated cathode materials can be readily used by cell manufac-
turers without further re-synthesis, which results in a potential profit of 1.04 $ per
kg of recycled spent batteries (Figure 4G). It should be admitted that the EverBatt
model-based LCA offers a guide to the likelihood of commercial viability and is
notintended to provide a precise economic judgment forimmediate industry imple-
mentation without careful examination in a real operation, as the above LFP recy-
cling processes have not been used in a large industry scale.

Because of significant reductions in total energy use and GHG emissions and a lower
cost, the low-temperature aqueous relithiation-based direct regeneration method
may be a preferable option for spent LIB recycling. Methods for LFP recycling
explored so far remain to be based on hydrometallurgical processes or other
destructive processes.’®*** Ideally, solid-state annealing by adding a desired
amount of lithium back into spent LFP cathode powders may also restore their orig-
inal composition. However, it is practically challenging to determine an accurate
quantity of lithium dosage for a large number of spent cells having significantly
different SOHs. More importantly, defect-targeted healing cannot be achieved as
manifested by the relatively low capacity of recycled LFP from solid-state anneal-
ing.">™*” While chemical lithiation in an aprotic solvent (e.g., acetonitrile) using
strong reducing agent may also be used to re-functionalize spent LFP,*® the highly
caustic nature of such a system can prohibit its practical application.

Another advantage of using our ambient-condition solution process is that the reli-
thiation solution can be also recycled. For example, the used solution with LiOH and
CA was tested to relithiate a second batch of spent LFP under the same condition.
The XRD patterns and cycling stability of RA-LFP regenerated with a fresh and re-
cycled solution are compared in Figure S18. A pure LFP phase can be obtained
even with the recycled solution of LiOH and CA. The capacity and stability of RA-LFP
produced from the recycled relithiation solution reached the same level as the LFP
regenerated with a fresh solution of LIOH and CA. The successful demonstration
of recycling and reuse of relithation solution of LIOH and CA can provide the possi-
bility to further reduce the overall operation cost of our direct recycling method.

DISCUSSION

Here, we have demonstrated a defect-targeted healing method to recycle spent LIB
materials more efficiently, which could be a paradigm-shift route toward potentially
profitable and green recycling of LIBs that are not viable for today’s recycling pro-
cesses. A complete recovery of the electrochemical performance of spent LFP cath-
odes to the level of their pristine counterparts can improve the market acceptance of
recycled battery materials. Moreover, LCA by assuming 10,000 tons of annual plant
processing capacity of spent batteries suggests that our direct regeneration route
has low energy consumption of 3.5 MJ kg™" LFP cell (accounting for only 19% and
11% of pyro- and hydrometallurgical processes, respectively) and low GHG emis-
sions of 0.7 kg/kg LFP cell (26.6% and 27.7% of pyro- and hydrometallurgical
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processes, respectively). More importantly, the cost of direct regeneration can be
reduced to $2.1 per kg spent LFP cell, which is $3.4 and $2.4 for pyro- and hydromet-
allurgical processes, respectively. It should be noted that even though there are un-
certainties of the costs from battery collection and transportation, they are consid-
ered to be the same, regardless of recycling processes if they are collected from
the same source. Thus, the reduced cost from direct recycling is mainly due to the
significantly improved operation design and less chemical usage in the processing.
Further study to improve the logistics in transportation, battery handling, and mate-
rials separation will help to close the loop for this direct recycling method, which will
pave the way for its industrial adoption.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Zheng Chen (zhengchen@eng.ucsd.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The datasets generated in this study are available from the Lead Contact on request.

LiFePO, Cell Cycling and Cathode Materials Harvesting

Commercial LFP cells (Tenergy, 2,500 mAh) were cycled in the voltage range of 2.5-
3.8V using an Arbin battery tester for over 6,500 cycles and then discharged to 2V at
C/10 (1 C=170 mA g~ ") before disassembly. The cathode strips were thoroughly
rinsed with dimethyl carbonate (DMC) to remove residual electrolyte. After drying,
the cathode strips were soaked in N-Methyl-2-pyrrolidone (NMP) for 30 min followed
by sonication for 20 min, which removed the LFP powders, binder, and carbon black
from the aluminum substrates. The obtained suspension was centrifuged at
3,500 rpm for 5 min and the cycled LFP (C-LFP) powders were precipitated, sepa-
rated, and dried for regeneration. Fresh cells were directly discharged to 2 V at
C/10 without any cycling before disassembly, and the harvested LFP material served
as the reference material for comparison. The schematic illustration of the materials
harvesting process is shown in Figure S2.

LiFePO, Regeneration

The C-LFP was regenerated through a solution relithiation followed by a short an-
nealing process. For the solution relithiation treatment, LFP powders harvested
from the cycled cells were loaded into a 100 mL reactor filled with 80 mL of 0.2 M
LiOH and 0.08 M CA solutions. The reactor was kept at a wide range of temperatures
for various operation times for relithiation. The relithiated LFP (R-LFP) powders were
washed thoroughly with deionized water, and dried. The R-LFP was then mixed with
excess 4% Li,CO3 and subject to thermal annealing at different temperatures for 2 h
in nitrogen with a temperature ramping rate of 5°C min~". The final recycled LFP is
denoted as RA-LFP.

Characterization of Regenerated LiFePO,

The crystal structure of the powders was examined by XRD employing Cu Ko radia-
tion. The X-ray photoelectron spectroscopy (XPS) measurement was performed with
Kratos AXIS Ultra DLD with Al Ka radiation. The composition of pristine, degraded,
and regenerated LFP cathode was measured by an inductively coupled plasma mass
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spectrometry (ICP-MS). HRTEM was recorded on JEOL-2800 at 200 kV with Gatan
OneView Camera. STEM-EDS was performed on primary particles a at annular
dark-field (ADF) mode using the same instrument. STEM-EELS was performed on
JEOL JEM-ARM300CF at 300 kV, equipped with double correctors. Ex situ neutron
diffraction patterns were collected in the high-resolution mode (Ad/d ~0.25%) for a
duration of 2 h under the nominal 1.1 MW SNS operation, and then processed using
VDRIVE software."” Operando neutron diffraction data were collected in the high in-
tensity mode (Ad/d ~0.45%), while the powders were heated and cooled in a furnace

under nitrogen atmosphere.?’->°

Electrochemical Characterization

To evaluate electrochemical performance using electrodes with moderate mass
loading, different LFP powder samples were mixed with polyvinylidene fluoride
(PVDF) and Super P65 in NMP at a mass ratio of 8:1:1. The resulted slurries were
cast on aluminum foils, followed by vacuum drying at 120°C for 6 h. Circle-shaped
electrodes were cut and compressed, with controlled active mass loading of about
3-5mg cm 2. To make electrodes for high-mass loading half-cell and pouch full-cell
testing, the cathode casting was made with a commercial relevant ratio (RA-LFP: Su-
per P: PVDF = 95:2:3) and the mass loading of active material was controlled at
~19 mg/cm?. Galvanostatic charge-discharge was carried out in the potential range
of 2.5-3.8 V with the assembled cells. The electrolyte was LP40 (1 M LiPF4 in ethylene
carbonate/diethyl carbonate = 50:50 (v/v)). The cells were cycled with activation for
3 cyclesat0.1 C followed by extended cycling at higher rates. The EIS tests were per-
formed at discharged state in the frequency range of 10° Hz to 10~ Hz with signal
amplitude of 10 mV by a Metrohm Autolab potentiostat.

Calculation of Gibbs Free Energy
The E(FePO4/LiFePO,) =0+ 0.24V =0.24V (versus SHE) is obtained from the reduc-
tive peak of the CV curve, which is shown in Figure S3.

The CV was tested in 3-electrode configuration with C-LFP as the working electrode,
Pt as the counter electrode and saturated calomel electrode (SCE) as the reference
electrode. Notably, the electrolyte was exactly same as the relithiation solution,
which can be used to accurately identify the lithiation potential of LFP.

1/2C¢HgO7 —e™ = 1/2CsH,O5 +1/2CO, + HT (Equation 4)

E(CsH¢Os/ CcHgO7) =-0.34V (versus SHE) was calculated based on the Nernst equa-
tion, where E? is obtained from literature (—0.18 V),°" n is the number of moles of
electrons, Ris the gas constant, and T is temperature in Kelvin.

_ b _ ﬂ Cred .
E=E (ZF X In . (Equation 5)

g (E) % In Cichs0)
ZF C(css0r) X Peo, X Chye

where the pH value (5.38) was obtained from pH meter. Besides, only the effect of pH

value was considered here. The activities of other species were set as 1. The Gibbs
free energy for the complete reaction (Equation 3 in the main text) can be calculated
using the following equation:

AG = —nFE (Equation 6)

= — nF(E(FePO4 / LIFePO4) — E(C5H605 /C6H807))
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Calculation of Diffusion Time of Li* into the Crystal Structure
The Li* apparent diffusion coefficient and time at different temperatures were calcu-
lated. The details of the calculation are shown as follows:

app R?T? :
DLi" = m (Equatlon 7)
where Ris the gas constant, T the absolute temperature, A the interface between the
cathode and electrolyte (A =1.6 cm?), n the number of electrons involved in the re-
action, F the Faraday constant, C the concentration of Li* in the electrode (= p/M)
based on the molecular weight of LFP (M) and density (p), and ¢ the Warburg factor.

The Warburg factor can be obtained from the slope of Z versus "2

plots (w is the
angular frequency) in the Warburg region. The results of the Z versus w2 for the

C-LFP, along with the linear fitting curves, are shown in Figure S4B.

-1/2

Zieal = 0 W (Equation 8)

Based on the obtained slope, the Li* apparent diffusion coefficient for the LFP sam-
ple was calculated to be 1.05% 107" cm?/s.

The apparent diffusion coefficient in solids at different temperatures can be pre-
dicted by the Arrhenius equation.

DiFP = Doe E/KT (Equation 9)

where DJFF is the lithium apparent diffusion coefficient, E, the activation energy

(3.1eV),>? k the Boltzmann constant (8.617 x 107> eV/K), and Dy the pre-exponential
factor.

The relation between the mean diffusion time of Li* and the Dfﬁp diffusion coefficient
can be estimated with the following the equation:

RZ

t=-"—p
4D

(Equation 10)
where tis the Li* diffusion time, D5 the diffusion coefficient at different tempera-
ture, and Rthe diffusion length (~100 nm). The calculated diffusion time as a function
of temperature was plotted, as shown in Figure S4C.

Economic and Environmental Analysis

The EverBatt model, a closed-loop battery recycling model developed at Argonne
National Laboratory,*® was used to conduct techno-economic and life-cycle analysis
of pyrometallurgical, hydrometallurgical, and direct cathode recycling processes.
The cathode production from virgin materials was also modeled for comparison.
Our analysis was focused on the total energy use and GHG emissions of the three
recycling methods and did not include the emissions or energy associated with their
use in electric vehicles. Moreover, the cost and revenue of the three recycling
methods were modeled as well.

Evaluation of the Life-Cycle Total Energy Use and Greenhouse Gas (GHG)
Emissions in Recycling

Pyrometallurgical (Figure S19) and hydrometallurgical (Figure S20) recycling pro-
cesses were included as battery end-of-life management options. Although one
could argue that the entire process may not be applicable to the recycling of LFP
batteries, especially the steps focusing on Ni and Co recovery (e.g., leaching, sol-
vent extraction, precipitation), in the current recycling industry, pyrometallurgical
and hydrometallurgical recyclers do not sort batteries before processing. As a result,
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spent batteries will end up going through the same recycling process regardless of
cathode chemistry, as assumed in this study.

The generic direct recycling process in EverBatt was modified in this study to reflect
the changes in the process design, as depicted in Figure S21. In the direct recycling
process, batteries are discharged, dissembled, and shredded. After that, the mate-
rials undergo a series of physical separation processes to separate out scrap metals,
plastics, anode powder and cathode powder. After separation, the harvested cath-
ode materials are sent to relithiation and thermal annealing to produce rejuvenated
cathode powder. The three recycling plants, featuring pyrometallurgical, hydromet-
allurgical, and direct recycling processes, respectively, are assumed to be based on
processing 10,000 metric tons of battery cells per yearin the US. The modeling of the
life-cycle total energy and GHG emissions was based on the materials and energy
flows through the recycling process, as discussed below.

Materials Input

The materials requirements for the three recycling technologies are summarized in
Table S6. The materials requirements for the generic pyrometallurgical and hydro-
metallurgical processes are obtained from EverBatt and are reproduced here for
the readers’ understanding. The materials requirements for the direct recycling pro-
cess are obtained based on our lab process. The life-cycle analysis accounts for the
environmental impacts of all the materials consumed in the process(es) by capturing
the environmental impacts associated with their upstream production.

Energy Input

To calculate the life-cycle environmental impacts attributable to all types of energy
consumed in the process(es), the life-cycle analysis considers the environmental im-
pacts associated with upstream fuel production and electricity generation, as well as
those associated with on-site fuel combustion (e.g., diesel/natural gas combustion).
The energy requirements to recycle 1 kg of spent batteries through different recy-
cling technologies are summarized in Table S7. Again, the purchased energy con-
sumptions for the generic pyrometallurgical and hydrometallurgical processes are
obtained from EverBatt, while that for the direct recycling process is estimated
from engineering calculations based on our lab process.

Process Emissions

In the life-cycle analysis, we also accounted for environmental impacts associated
with process emissions that are not due to fuel combustion. For the three recycling
processes, process emissions include those from material combustion and thermal
decomposition. The former arises from burning off materials during the recycling
processes, including graphite, carbon black, electrolyte, plastics, and the binder ma-
terial in the pyrometallurgical process, and electrolyte and the binder material in the
hydrometallurgical and direct recycling processes. The latter arises from the decom-
position of Li,CO3 during the relithiation step of the direct recycling process. As the
pyrometallurgical process involves burning off various battery constituents, it leads
to much higher emissions than those from the other two recycling methods. The
detailed modeling results are listed in Table S8. The total energy use and GHG emis-
sions are plotted as column chart shown in Figure 4B. Total energy use is the cumu-
lative energy use pertaining to the process, including fossil energy use and renew-
able energy use. Fossil energy use can be further broken down to that of coal,
natural gas, and petroleum. GHG emissions are calculated based on a 100-year
global warming potential data from the fifth assessment report of the intergovern-
mental panel on climate change.””
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Energy Consumption and Emissions Evaluation from Cathode Production

The scheme of cathode production from virgin materials and cathode regeneration
from spent batteries are shown in Figure 4A. When comparing the results of regen-
erated LFP with virgin LFP, it is important that all spent batteries handling steps
beyond recycling are also considered. In this study, we accounted for spent battery
collection and transportation as well, with assumed transportation distances of 50
and 1,000 miles, respectively. Since 0.294 kg of LFP can be regenerated from direct
recycling of 1 kg of spent LFP batteries, the environmental impacts for 1 kg of regen-
erated LFP are calculated and listed in Table S9, together with those for 1 kg of virgin
LFP, which are from EverBatt. The modeled energy consumption and emissions are
shown in Table S, which are plotted in Figures 4D and 4E.

Cost and Revenue Analysis of Different Recycling Processes

The specific cost parameters chosen for the recycling plant are summarized in Table
S10. The revenue calculation was based on the sales of recycled materials. The prices
are obtained from EverBatt and listed in Table S11. The recycled yield of compo-
nents is assumed to be 90%. “NA" means the material cannot be accessible in the
specific recycling. The weight percentage of Cu, Al, graphite and LFP in a cell is
13.9%, 7.5%, 16.8%, and 32.7%, respectively. Combining with the cost obtained
from Table S10, the achieved profit is calculated and shown in Figure 4G.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2020.10.008.
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