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ABSTRACT: The ongoing surge of electric vehicle (EV) adoption forecasts an unprecedented 
amount of lithium-ion battery wastes in the near future. Since cathode materials have the 
highest economic and engineering values, it is essential to recycle and reuse the end-of-life 
(EOL) cathode materials. Here, we show that redox mediators can deliver lithium ions and 
electrons from a lithium source to the cathode, efficiently relithiate the EOL cathode materials, 
and make them ready for new battery production after a postheat treatment. We have found 
that some quinone-based redox mediators, especially 3,5-di-tert-butyl-o-benzoquinone 
(DTBQ), can shuttle the charges very fast between Li metal and EOL cathode. Reduction 
of DTBQ on lithium is evidenced by chemical changes of Li metal and DTBQ, and successful 
relithiation of the EOL cathode by the subsequent oxidation of DTBQ is verified by 
electrochemical and structural evaluations. 
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■ INTRODUCTION

The recent upsurge in the EV market has boosted the Li-ion 
battery production worldwide. While EVs help reduce 
greenhouse gas (GHG) emissions, this upsurge also raises 
several critical concerns. Since battery cathode materials are 
made of some critical and key elements such as cobalt, nickel, 
manganese, and lithium, shortages of those elements and 
disruption of the supply chain will be a major concern for mass 
production.1−4 Furthermore, the EV battery packs will
generate a significantly high waste stream after their end-of-
life.1 Direct cathode recycling tries to address these challenges 
by reusing EOL cathode materials. 
The direct cathode recycling approach is distinguished from 

the traditional transition-metal recovery efforts via energy-
intensive pyrometallurgy and hydrometallurgy where the 
engineering value of the cathode cannot be preserved.1,3−5

Key characteristics of the aged cathode materials are loss of the 
lithium inventory, presence of the cathode-electrolyte inter-
phase (CEI) film, and mechanical degradation of the 
secondary particles.6−8 It is necessary to develop a direct
cathode recycling method to resolve all of these critical 
technical issues. After shredding EOL batteries, all of the cell 
components undergo physical separation processes. The 
isolated EOL cathode powder needs to be reconditioned by 
restoring Li content and mechanical integrity to be used again. 
So far, solid state,9 electrochemical,10 hydrothermal,11 eutectic 
molten salt,12 and ionothermal methods13 have been proposed 
to relithiate and recycle EOL cathode materials. However, it is 
still necessary to identify a high-throughput room-temperature 
powder process to meet the future direct cathode recycling 
demand. 

We have focused on designing a facile powder relithiation 
process and found out that several promising redox mediators 
can  relithiate EOL  cathode powder  efficiently at room 
temperature. Yu et al. have demonstrated that a redox 
mediator, [Fe(CN)6]

3− , can extract Li from spent LiFePO4
by chemical oxidation and successfully harvested LiOH and 
FePO4. 

14 However, the direct cathode recycling aims to refill 
lithium into EOL cathode materials, which requires chemical 
reduction of the cathode. In this work, we have selected redox 
mediators that have lower redox potentials than transition-
metal redox couples for the cathode reduction. Restoring Li 
concentration should be a major step for the direct cathode 
recycling, but as was discussed, the presence of the CEI films 
and mechanical degradation problems must also be solved. We 
have used a high-temperature postannealing step to meet the 
requirement. The proposed direct cathode recycling process in 
this work not only adds lithium to EOL cathode materials but 
also heals the physicochemical damages of the material. 

■ EXPERIMENTAL SECTION
Model EOL NMC111 Cathode Material. Chemically delithiated

NMC111 (Li0.9Ni1/3Mn1/3Co1/3O2) with about 10% Li loss was used 
as a model EOL cathode material in this work. It was produced under 
the ReCell Center for Advanced Battery Recycling by the Materials 
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Engineering Research Facility (MERF) at Argonne National 
Laboratory. Ammonium persulfate aqueous solution was used as a 
chemical oxidizer to partially delithiate the pristine NMC111 powder. 
EOL of a battery typically indicates an ∼20% capacity degradation 
that could be a combined result of loss of Li inventories, increase of 
cell impedance due to solid-electrolyte interphase (SEI) formation, 
electrical contact loss, mechanical degradation, and so on. Therefore, 
the model cathode powder with an ∼10% Li-ion loss may represent 
real Li loss values of electrochemically aged cathode materials. 
Electrochemical Screening of Redox Mediators. Open-circuit 

voltage (OCV) changes of the half-cells with the model EOL 
NMC111 cathode and the Li metal counter electrode were monitored 
at 30 C without any applied current. The cathode composition is 90 
wt % active material, 5 wt % carbon black (Timcal Super C45), and 5 
wt % poly(vinylidene fluoride) (PVDF, Solvay 5130). Various 0.5 M 
redox mediators in dimethoxyethane (DME) were used as the 
electrolytes. The redox mediators tested are p-benzoquinone, 
thymoquinone, methyl-p-benzoquinone, duroquinone, 1,4-naphtho-
quinone, 2,5-di-tert-butyl-1,4-benzoquinone, and 3,5-di-tert-butyl-o
benzoquinone (DTBQ). After the OCV monitoring test, the cells 
were disassembled, and the cathodes were collected and rinsed with 
fresh DME solvent. The cathodes were evaluated in coin half-cells 
with 1.2 M LiPF6 in ethylene carbonate and ethyl methyl carbonate 
(EC/EMC 30:70 wt %) electrolyte at 3.0−4.3 V vs Li/Li+ and C/10 
current density. 

Powder Relithiation Process. DTBQ in DME electrolytes with 
various quinone concentrations (0.1−0.5 M) were prepared and 
stirred overnight, and then Li metal strips were added to the 
electrolyte to make lithiated DTBQ solutions. The Li metal was 
added to reduce DTBQ before the relithiation reaction and to fix one 
variable for the reaction time control. It was removed from the 
electrolyte before the relithiation reaction. Small batch relithiation 
reactions typically used 7.5 mL of the lithiated DTBQ electrolyte and 
5 g of the EOL NMC111. The Li source for the reaction is a Li chip 
(0.5 inch in diameter) enclosed in a porous polypropylene bag that is 
an edge-sealed Celgard separator. The pore size of the membrane is 
small enough to prevent crossover of the cathode particles but large 
enough to allow penetration of the liquid electrolyte. The mixture was 
agitated with a magnetic stirrer for a target reaction time (10−60 
min). After the relithiation reaction, the relithiated EOL NMC111 
powder was collected and rinsed with fresh DME several times and 
finally annealed in the air at 850 C (ramping rate, 5 C/min) for 4 h. 

To verify if Li metal and redox-mediator electrolyte can be used for 
multiple batch reactions, the Li metal and 0.5 M DTBQ electrolyte 
from the 10 min reaction were reused for the second and third batch 
reactions with the same process conditions. The volume of the 
collected electrolyte from the first batch reaction was around 6.0 mL, 
and 1.5 mL of the fresh lithiated DTBQ electrolyte was added to 
make the same electrolyte volume for the next batch. 

Figure 1. (a) Proposed reaction scheme for relithiation of the EOL cathode materials via redox mediation: Li-deficient EOL transition-metal oxide 
(Li1−xTMO) is relithiated via shuttling of quinone molecules. DTBQ was used for illustration. (b) OCV changes of the half-cells with the model 
EOL cathode, Li0.9Ni1/3Mn1/3Co1/3O2 and the Li metal counter electrode. Various 0.5 M redox mediators in DME electrolytes were tested. (c) 
Initial charge/discharge voltage curves of the EOL cathode before and after the OCV monitoring with the 0.5 DTBQ in DME electrolyte. After the 
voltage monitoring test, the EOL cathode was collected and tested in a new coin half-cell with 1.2 M LiPF6 in EC/EMC (30:70 wt %) electrolyte. 
The half-cells were tested at 3.0−4.3 V vs Li/Li+ and C/10 current density. 
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Electrochemical Tests. Cathode slurry was prepared with 90 wt 
% relithiated EOL NMC111 powder, 5 wt % carbon black (Timcal 
Super C65), and 5 wt % PVDF (Alfa Aesar) blended in n-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich). Anode slurry for the full cell test 
consisted of 90 wt % Li4Ti5O12 (NEI, BE-10), 5 wt % carbon black 
(Timcal Super C65), and 5 wt % PVDF binder in NMP. The slurry 
was coated on Al foil and dried at 120 C for 5 h under vacuum. Half-
cells were tested with Li metal foil as the counter and reference 
electrodes and 1.2 M LiPF6 in EC/EMC (30:70 wt %) electrolyte. For 
the full cell assembly, the Li4Ti5O12 electrode was used as the anode. 
All cells were fabricated using 2032-type coin cells in the Ar-filled 
glovebox. All electrochemical experiments were tested on a Maccor 
Series 4000 battery test system, and temperature was controlled at 30 
C. Half-cell galvanostatic charge/discharge tests were performed at 
C/10 for the initial 4 cycles in the voltage range of 3.0−4.3 V vs Li/ 
Li+ , followed by 1C cycling in the voltage window of 3.0−4.2 V vs Li/ 
Li+ . 1C current density was set as 161 mA/g. For the full cell tests, the 
four formation cycles were tested at C/10 in between 1.0 and 2.8 V, 
and then the cells were cycled at 1C from 1.0 to 2.7 V. 
Characterizations. The phase purity and the changes in the 

interslab distance of the EOL NMC111 before and after relithiation 
were measured by X-ray diffraction (XRD, Rigaku D/MAX) at 40 kV 
and 250 mA in the 2θ range from 15 to 70 . Powder morphology and 
size of the relithiated EOL NMC111 were characterized by field-
emission scanning electron microscopy (FE-SEM, Hitachi). The Li 
metal chips before and after the relithiation reaction were rinsed with 
fresh DME and dried for X-ray photoelectron spectroscopy (XPS) 
analysis. They were transferred to the PHI 5600 XPS via an ultrahigh 
vacuum (UHV) sample transfer system, avoiding any air exposure. 
The base pressure for the system was 1.4 × 10−9 Torr. The instrument 
is calibrated using valance band and core level spectra from sputter-
cleaned Au, Ag, and Cu foils (EF 0.00 eV, Au 4f7/2 83.96 eV, Ag 
3d5/2 368.26 eV, and Cu 2p3/2 932.62 eV). The samples were 
investigated with Al Kα X-ray excitation (hν 1486.7 eV). Curve 
fitting analysis was performed using CasaXPS Software. Attenuated 
total reflectance-Fourier transform infrared (ATR-FTIR) spectra to 
probe the reduction of the DTBQ electrolyte were acquired with a 
Bruker Alpha II FTIR spectrometer equipped with a germanium 
prism inside of an argon-filled glovebox with <0.5 ppm H2O and <0.5 
ppm O2. Scans were collected in the range of 4000−700 cm−1 with a 
resolution of 4 cm−1 . Each spectrum was an average of 25 scans 
against a background of the Ar-filled glovebox. 
TEA and LCA. A redox-mediator-assisted direct recycling process 

was developed in EverBatt by combining steps that can separate and 
recover delithiated cathode powder from spent Li-ion batteries with 
the redox relithiation steps. A DTBQ concentration of 0.5 M and a 
relithiation time of 1 h were chosen as the baseline conditions, which 
were then used to size the equipment and derive the materials and 
energy requirements for the relithiation steps. Sensitivity analyses of 
the DTBQ concentration and the relithiation reaction time were also 
conducted, and the results are reported in the Supporting 
Information. The industrial-scale redox cell was assumed to be 
composed of a continuously stirred tank reactor and a settling tank 
separated by a membrane, and the furnace currently used for the 
industrial production of cathode powder was assumed for the 
annealing step. Detailed information about the direct recycling 
process and other model input and output can be found in the 
customized EverBatt model, which we submitted as part of the 
Supporting Information. The cost and environmental impacts of the 
redox-mediator-assisted direct recycling process were evaluated in 
EverBatt for a plant that processes 10 000 metric tons of NMC111 
spent batteries per year. The results were then compared with those of 
conventional pyro and hydro plants of the same processing capacity, 
on a per kg NMC111 basis. For the environmental impact results, we 
reported GHG emissions (in kg CO2e, which stands for CO2 

equivalent) in this work, while other results are available in the 
customized EverBatt model. 

■ RESULTS AND DISCUSSION 
Relithiation with Redox Mediators. The proposed 

cathode relithiation mechanism is illustrated in Figure 1a and 
summarized in eqs 1 and 2. The redox mediators are reversible 
charge shuttles in an electrochemical cell and deliver Li ions 
and electrons from the anode to the cathode materials with Li 
deficiencies. The anode as a Li source is not limited to the Li 
metal but can be any lithiated anode materials. For example, 
commercial graphite (LixC6) and high-energy-density Si anode 
(LixSiy) in the EOL batteries can be used as the Li source and 
recycled. The reduced redox mediators by the anode are then 
oxidized at the cathode surface, transferring Li+/e− to form a 
fully lithiated cathode. The electrochemical potential of a given 
redox mediator will determine the lithiation voltage, so the 
degree of Li deficiency of the starting EOL cathode is not 
needed to design the reaction. The selection of redox 
mediators will also govern shuttling kinetics and material 
stability at the interface. Here, we have tested nontransition-
metal-based organic redox mediators, especially quinone-based 
small molecules. Quinone families typically have redox 
potentials at 2−3 V vs Li/Li+ that are ideal for full discharge 
of cathode materials and do not leave any transition-metal and 
halide contaminants on the cathode materials15−19 

+ → anode reaction: RM Li Li RM (1) 

+ 

→ + 
− x 

x 

cathode reaction: Li RM Li TMO 

LiTMO RM 

x 1 

(2) 

(where RM is the redox mediator, and Li1−xTMO is the Li-
deficient EOL transition-metal oxide cathode) 
Proof-of-concept tests were conducted using electrochemical 

cells with a model EOL cathode and Li metal anode. The 
electrolytes were various quinone-based redox mediators in 
DME solvent. DME, one of ether-based electrolyte solvents, 
has been widely used for the batteries with the Li metal anode 
such as Li−S and Li−air batteries due to its cathodic 
stability.20−22 Moreover, the redox potentials of quinone 
molecules are within the voltage window of the Li−S and 
Li−air batteries, which will ensure the anodic stability as well. 
The OCV was monitored at 30 °C without any external 
current, as shown in Figure 1b. All of the redox mediators 
except 2,5-di-tert-butyl-1,4-benzoquinone have lowered the cell 
OCVs to their equilibrium voltages, and the voltage transition 
time directly depends on the type of redox mediators. DTBQ 
lowers the cell OCV quickly to the equilibrium value, whereas 
duroquinone takes longer than a day. The kinetic difference is 
because of not only diffusion of the redox mediators in the 
electrolyte but also formation of the SEI film at the electrode 
surface (Figure S2). To verify relithiation of EOL cathode, the 
cathode was collected and tested in a half-cell. Figure 1c shows 
initial charge/discharge voltage curves of EOL cathode and the 
relithiated cathode with the 0.5 M DTBQ in DME electrolyte. 
The model EOL cathode exhibits 146.5 mAh/g capacity 
during charge (Li extraction) because of the Li deficiency, but 
after the relithiation, the cathode shows 170.6 mAh/g. There is 
a minimal difference in the discharge capacities of the half-cells 
because the Li metal counter electrode as a Li reservoir 
supplies Li to the cathode during discharge. Therefore, only 
the initial charge capacities were compared to evaluate 
available Li inventories  in  the cathodes.  The result  
unambiguously demonstrates that redox-mediator molecules 
shuttle between Li source and EOL cathode and enable the 

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article 

https://doi.org/10.1021/acssuschemeng.1c02133 
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX 

C 

° 

° 

° 

··· 

··· 

= = 
= = 

= 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02133/suppl_file/sc1c02133_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02133/suppl_file/sc1c02133_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02133/suppl_file/sc1c02133_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02133/suppl_file/sc1c02133_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02133?rel=cite-as&ref=PDF&jav=VoR


cathode relithiation at room temperature (Table S1 and Figure 
S1). 
Powder Relithiation Process. The next step is to develop 

a scalable relithiation process with the EOL cathode powder 
since the EOL cathode is available as a black mass form.23 

Here, we assume that the upstream processes have separated 
the EOL cathode for relithiation. The EOL cathode powder 
was agitated in a redox-mediator electrolyte with Li metal that 
was covered with a porous polypropylene membrane to 
prevent short-circuit (Figure S4). This porous membrane 
allows facile diffusion of the redox-mediator molecules through 
it but blocks the crossover of the cathode material and Li 
source. Based on the proof-of-concept test data, DTBQ was 
solely examined in the powder process because it effectively 
relithiates the EOL cathode during a short period of time and 
has good chemical stability against lithium. 
Control experiments were performed by changing DTBQ 

concentrations and reaction time. DTBQ was dissolved in 
DME, and the resulting concentrations were 0.1, 0.2, 0.3, and 
0.5 M. With each electrolyte, the EOL cathode powder was 
relithiated for 10, 30, and 60 min at room temperature. The 0.1 
M electrolyte did not deliver consistent results with the short 
reaction time conditions (10 and 30 min) because it is very 
dilute, so it was not added in this discussion. After the reaction, 
the cathode powder was collected and washed with fresh DME 
solvent, and the rinsed DTBQ electrolyte was also collected for 
reuse in next batches. Then, the powder was annealed at 850 
°C for 4 h. The postheat treatment is necessary to restore the 

microstructure of secondary particles because mechanical 
cracking is a serious material issue in the aged cathode 
powder.8,24−26 The redox mediator, quinone molecules only 
have light elements (C, H, and O) that would be evaporated 
during the postannealing and would not leave any metal-based 
contaminants on the recycled cathode powder. 
Figure 2a shows the first-cycle charge/discharge voltage 

curves of the cathode samples after the 1 h reaction with 0.1, 
0.2, 0.3, and 0.5 M DTBQ electrolytes. The model EOL 
cathode shows the highest overvoltage during charge and the 
lowest charging capacity of 146.5 mAh/g. As the redox-
mediator concentration increases, (1) the overvoltage 
decreases and (2) the charging capacity increases. The cathode 
powder relithiated with the 0.5 M DTBQ electrolyte shows the 
lowest overvoltage and the highest charging capacity of 182.5 
mAh/g, which is comparable to the charging capacity of the 
pristine cathode material (184.0 mAh/g). The higher over-
voltage values from the lower concentration batches are 
probably due to a minor structural disorder induced by Li 
vacancies during the postannealing. 
The next experiment is designed to see the effect of the 

relithiation reaction time on the electrochemical properties. 
The DTBQ concentration was set to 0.5 M, and the time was 
changed to 10, 30, and 60 min. The 1 h reaction delivers the 
highest capacity, but a shorter reaction time of 10 min also 
looks promising for full relithiation as its initial charging 
capacity is 179.1 mAh/g (Figure 2b). The degree of 
relithiation is also evidenced by the (003) X-ray diffraction 

Figure 2. (a) Initial charge/discharge voltage curves of the relithiated cathode with X M DTBQ (X 0.1, 0.2, 0.3, and 0.5) in DME for 1 h. 1.2 M 
LiPF6 in EC/EMC (30:70 wt %) was used as the electrolyte for all of the cell tests. The half-cells were tested at 3.0−4.3 V vs Li/Li+ and C/10 
current density. (b) Initial charge/discharge voltage curves of the relithiated cathode with 0.5 M DTBQ in DME for 10, 30, and 60 min. (c) (003) 
XRD peaks of the relithiated cathode with the 0.5 M DTBQ in DME for 10, 30, and 60 min. (d) First-charge-capacity contour plot with the 
electrolyte concentration and reaction time variations. (e) Initial four charge/discharge voltage curves of the full cell with the relithiated cathode 
(10 min in the 0.5 M DTBQ in DME) and Li4Ti5O12 anode at C/10 current density. (f) Initial charge/discharge voltage curves of the relithiated 
cathode with the 0.5 M DTBQ in DME for 10 min in the second and third batch reactions. The Li metal and electrolyte were reused for these 
multibatch reactions. 
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peak shift that represents the changes in the interslab distance 
of a layered structure. Compared to the pristine cathode, the 
(003) peak of the EOL cathode shifts to a lower angle, as 
shown in Figure 2c, which means a higher interslab distance 
between transition-metal oxide slabs according to the Bragg 
law. The electrostatic repulsion between oxide ions across the 
slabs in the presence of Li vacancies is responsible for this 
change. However, after relithiation, the (003) peaks clearly 
shift back to the original position, which is strong evidence of 
the elimination of Li vacancies. All of the recycled cathode 
powders exhibit a single-phase-layered structure (Figures S5 
and S6). 
We have tested the whole concentration and reaction time 

matrix, and Figure 2d shows the first-charge-capacity contour 
plot of the relithiated cathode materials. It indicates that the 
degree of relithiation (i.e., increase in the first-charge capacity) 
is proportional to the examined reaction parameters (the 
redox-mediator concentration and the reaction time). With a 
more concentrated electrolyte, (1) the reaction time can be 
lowered to achieve a target relithiation and (2) a high-
throughput process can be achieved. Although a dilute 
electrolyte may increase the reaction time, it lowers the 
material cost at the same time. Therefore, the reaction 
parameters have substantial implications on the materials and 
processing costs. 

Figure 2e shows charge/discharge voltage curves at C/10 
and 1C cycling results (inset) of a full cell with the relithiated 
cathode (10 min in the 0.5 M DTBQ in DME) and Li4Ti5O12 
anode. The potential issue of the half-cell evaluation is that the 
Li counter electrode may supply additional Li+ to the cathode 
during cell assembly by minor short-circuit. Note that 
Li4Ti5O12 cannot supply Li

+ to the cathode during a short-
circuit event as Ti is in the 4+ oxidation state. The initial 
charge capacity is 186.3 mAh/g, and the discharge capacity is 
162.9 mAh/g. The values are consistent with the half-cell data, 
and it eliminates any ambiguities in the verification of the 
relithiation concept arising from the Li metal anode in the half-
cell format. Slightly higher capacity values are owing to minor 
upper cutoff voltage differences between the half- and full cells. 
One critical consideration in the battery recycling is that we 

should minimize the generation of the secondary organic 
wastes, which would cause severe environmental pollution. 
Excess use of organic materials will increase the processing cost 
as well. In this regard, we have tested multibatch reactions with 
the same Li metal and 0.5 M DTBQ electrolyte. The reaction 
time was fixed to 10 min. Figure 2f shows the first-cycle voltage 
curves of the relithiated cathode in the second and third batch 
reactions, and the initial charge capacities are 178.9 and 179.6 
mAh/g, respectively. There is a minimal electrolyte loss in each 
batch: ∼1.5 mL electrolyte loss in the 5 g EOL cathode batch. 
The main cause of the electrolyte loss is the electrolyte residue 

Figure 3. (a) Photos of the 0.5 M DTBQ in the DME electrolyte with lithium inside and the Li metal after the relithiation reaction and rinsed in 
DME. (b) FTIR spectra of a pure DME solvent and the 0.5 M DTBQ in the DME electrolyte before and after exposure to lithium. (c) C 1s and Li 
1s XPS spectra of the Li metal in the 0.5 M DTBQ in the DME electrolyte before and after the relithiation reaction. The Li metal samples were 
rinsed several times with pure DME solvent before characterization. 
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on the cathode particles that will decompose and evaporate 
during the postannealing step. The results demonstrate that 
the DTBQ electrolyte can be reused for multiple reactions, and 
therefore, the production of secondary organic wastes can be 
minimized. 
Relithiation Mechanism. To understand the chemical 

process behind this redox-mediator-assisted relithiation, we 
have conducted Fourier transform infrared spectroscopy 
(FTIR) test on the DTBQ electrolyte and X-ray photoelectron 
spectroscopy (XPS) test on the Li metal. First, FTIR analysis 
demonstrates the reduction of DTBQ by lithium. The color of 
the DTBQ electrolyte is dark yellow after full dissolution 
(Figure S3) but it changes to dark blue after contact with 
lithium, as shown in Figure 3a. FTIR spectra of pure DME and 
the corresponding DTBQ electrolytes before and after contact 
with lithium are shown in Figure 3b. The signatures of CO 
and CC bonds of DTBQ are observed at 1660 and 1623 
cm−1 , respectively. However, after the color changes to blue, 
those peaks disappear, and C−O* and C−C* radical peaks as 
well as the aromatic CC peak show up. 27,28 The radical 
peaks appear due to the coordination of oxygen atoms on 
DTBQ by Li ions, and the aromatic CC peak originates 
from the electrical reduction of quinones. The results indicate 
the reduction of DTBQ by Li+/e− at the Li surface. 
Second, XPS analysis demonstrates the dissolution of 

lithium by DTBQ. Figure 3c shows C 1s and Li 1s XPS 
spectra of the lithium foil before and after a relithiation 
reaction. The C 1s peaks were deconvoluted into three 
subpeaks of C−C (284.8 eV), C−O (∼286 eV), and O−C 
O (∼289 eV). Two notable changes after the relithiation are 
(1) the O−CO peak shifts to a lower binding energy and 
(2) the intensity and full width at half-maximum (FWHM) 
values of the C−O and O−CO peaks decrease. The O−C 
O peaks shift from 289.27 to 288.73 eV. The FWHM of the 
C−O peak decreased from 2.42 to 1.45 eV. The relative 

intensities of the C−O and O−CO peaks compared to that 
of the C−C peak are decreased from 72.3 and 28.0 to 50.1 and 
21.0%, respectively. The results suggest that the reaction 
cleaned the Li metal so that a smaller amount of the SEI film 
with less polarization is observed. Moreover, after the reaction, 
the Li 1s XPS spectrum shows a distinct plasmon-loss feature 
at ∼64 eV that is associated with pure metallic Li with a limited 
SEI coverage.29 The XPS results confirm that the reduction of 
DTBQ takes lithium from the Li surface and leaves the bare Li 
surface with minimal SEI, which further supports the proposed 
reaction mechanism in Figure 1a and eq 1. 

Technoeconomic Analysis (TEA) and Life Cycle 
Analysis (LCA). We evaluated the cost and environmental 
impacts of the proposed redox-mediator-assisted direct 
recycling process with EverBatt30 and compared it with 
conventional recycling technologies: pyrometallurgical (pyro) 
and hydrometallurgical (hydro) processes. Since direct 
recycling process produces the relithiated cathode material, 
while pyro and hydro processes produce compounds of 
individual elements of the cathode material (e.g., Ni and 
Co), the analyses for pyro and hydro also include the 
subsequent step, which converts the metal compounds into 
new cathode materials, so that the comparison can be made on 
a per kg cathode material basis. Figure 4a shows that compared 
with pyro and hydro, the proposed direct recycling process can 
offer a cost reduction of 55 and 45%, respectively, and a 
greenhouse gas (GHG) emission reduction of 76 and 73%, 
respectively, mostly because the direct recycling process 
bypasses the cathode production stage, which is associated 
with significant cost and GHG emissions. 
Figure 4b,c shows the breakdown of the cost and GHG 

emissions of 1 kg of the relithiated cathode material. Materials 
consumed in the direct recycling process and capital 
investment for the plant are two major cost contributors and 
collectively account for over half of the cost. The DTBQ 

Figure 4. (a) Cost ($) and GHG emissions (kg CO2e) for 1 kg of NMC111 relithiated via the redox-mediator-assisted direct cathode recycling 
process vs 1 kg of NMC111 produced from materials recovered via the pyro and hydro recycling processes. (b) Cost breakdown of the direct 
cathode recycling process. (c) GHG emission breakdown of the direct cathode recycling process. 
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contributes 76% of the material cost, while 41% of the capital 
investment for the direct recycling plant can be attributed to 
the redox cell and the annealing furnace. As for GHG 
emissions, electricity consumed mostly for the annealing step 
at the plant is the largest contributor, while reagents combined 
only account for 12% of the total emissions. Opportunities to 
further reduce the cost of the direct recycling process therefore 
lie in reducing the unit price of DTBQ and/or reducing its 
consumption through reuse or lowering its concentration. In 
fact, if DTBQ and DME can be fully recycled and reused, the 
cost to relithiate 1 kg of the cathode material would be reduced 
by $3.73. Reducing the redox reaction time, thereby downsiz-
ing the redox cell, can also help reduce the cost. In contrast, 
decarbonizing the electricity consumed at the plant represents 
the best strategy if we were to further reduce the GHG 
emissions from the direct recycling process. 

■ CONCLUSIONS 
In summary, we have demonstrated a scalable and high-
throughput direct cathode recycling method using redox 
mediators and have shown that it is more cost-effective and 
environmentally friendly compared to traditional cathode 
recycling processes. DTBQ is a promising redox mediator 
that is chemically stable at both cathode and anode interfaces 
and enables fast relithiation of the EOL cathode material by 
charge shuttling. The recovered NMC111 cathode via this 
direct cathode recycling technology exhibits a single phase and 
excellent electrochemical performance. We envision that a rich 
chemistry of the redox mediators will enable further recycling 
process enhancement regarding reaction kinetics, interfacial 
stabilities, and recycling/reuse yields and also reduce the 
materials and processing costs and the associated environ-
mental impacts. 
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