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SUMMARY

The proper handling of end-of-life (EOL) lithium-ion batteries (LIBs) has become
an urgent and challenging issue with the surging use of LIBs, in which recovering
high-value cathodes not only relieves the pressure on the raw material supply
chain but also minimizes environmental pollution. Beyond direct recycling of
spent cathodes to their pristine states, the direct upcycling of spent cathodes
to the next-generation cathodes is of great significance to maximize the value
of spent materials and to sustain the fast development of LIBs. Herein, a ‘‘recip-
rocal ternary molten salts’’ (RTMS) system was developed to directly upcycle
spent NMC 111 to Ni-rich NMCs by simultaneously realizing the addition of Ni
and the relithiation of Li in spent NMC 111. After RTMS flux upcycling, the ob-
tained Ni-rich NMCs exhibited an a-NaFeO2-type layered structure, restored Li
content, and excellent performance, which is very similar to that of the pristine
NMC 622.

INTRODUCTION

Lithium-ionbatteries (LIBs) arewidelyused inportabledevicesandelectrical vehiclesbecauseof their highenergy

density, which has changed people’s lifestyle in last decades (Manthiram, 2017, 2020; Yoshino, 2012). The cumu-

lative lithium-ion battery demand has soared from 0.5 GW-hours (GWh) in 2010 to 526 GWh in 2020, and been

predicted to 9300 GWh in 2030 (Statista, 2020). To meet this high demand, minerals containing lithium, cobalt,

manganese, and nickel aremassively needed and becoming a bottle neck in scale-up production of commercial

lithium nickelmanganese cobalt oxide (LiNixMnyCozO2, x + y + z = 1) cathodes, resulting in constantly increasing

costs fromrawmaterials (Robinson, 2020;Olivetti etal., 2017).Alongwith thescaledproductionofLIBs, end-of-life

(EOL) LIBs are causing serious environmental contaminations due to their hazardous components, such as toxic

lithium compounds, heavymetals, and electrolytes (Wang et al., 2020; DuarteCastro et al., 2021; Bai et al., 2020).

Recoveringmaterials especially high-value cathodes fromEOL LIBs not only relieves the pressure on the rawma-

terial supply chain but alsominimizes environmental pollution of EOL LIBs (Mossali et al., 2020; Chen et al., 2019;

Du et al., 2021).Most of current facilities and processes to recover EOL LIBs are to recover valuablemetals, espe-

cially cobalt by pyrometallurgical and hydrometallurgical recycling methods (Ciez and Whitacre, 2019; Mansur

et al., 2021; Atia et al., 2019; Velázquez-Martı́nez et al., 2019). Though the recoveredmetals can serve as rawma-

terials in supply chains, thedestructionof cathodematerials consumes significant energy and results in the loss of

compound structure added value (Zhanget al., 2018a; Li et al., 2018a;Gao et al., 2017).Moreover, the resynthesis

of cathodecompounds frommetals requires energy-intensiveprocesses,which incur extra costs andgreenhouse

gas emissions (Ciez andWhitacre, 2019). To overcome the drawbacks of pyrometallurgical and hydrometallurgi-

cal recycling process, direct recycling stands out as an emerging technology to retrain the added value of com-

pound structure by healing the compositional and structural defects in spent cathode materials, or using the

spent graphite anodes for other energy storage devices, such as Na/K-ion batteries (Yang et al., 2020; Xu

et al., 2020; Li et al., 2020; Larouche et al., 2020; Sloop et al., 2018; Fan et al., 2021; Liang et al., 2019; Divya

et al., 2020;Menget al., 2022). As themain forceof cathodematerials, NMCcathodes keepchanging their chem-

ical compositions to pursue lower cost, higher capacity, and cycling stability (Manthiram, 2020; 2018b). For

example, LiCoO2, proposed as the cathode materials by Prof. John B. Goodenough in 1980s, was widely used

in portable devices (Mizushima et al., 1980; Lyu et al., 2021). Nowadays, LiNi1/3Mn1/3Co1/3O2 (NMC 111) with a

lower content of Co takes the baton fromLiCoO2 to achieve balancedcost, capacity, and stability for commercial

automotive LIBs (Ding et al., 2019). The next-generation cathodes of automotive LIBs were predicted as Ni-rich

and Co-lean cathodes (e.g. NMC 622, NMC 811) for replacing present NMC 111 in the near future (Noh et al.,
iScience 25, 103801, February 18, 2022 ª 2022 The Author(s).
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Scheme 1. Illustration of the upcycling of D-NMC 111 to Up-NMC 622 in RTMS
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2013; Yoon et al., 2015; Kim et al., 2020). The direct recycling of spent cathodes to their pristine states easily falls

behind the fast development of cathode materials, because recycling of EOL LIBs generally happens years later

afterproduction (Beaudetetal., 2020; 2018b).Thus,beyonddirect recycling,direct upcyclingof spentcathodes to

the next-generation cathodes is critical to maximize the value of spent materials.

Here, targeting the direct upcycling of spent NMC 111 to Ni-rich NMC cathodes, we developed a ‘‘recip-

rocal ternary molten salts’’ (RTMS) system to simultaneously realize the addition of Ni and relithiation in

spent NMC 111, where RTMS are those molten salts containing two cation species and two anion species.

Because the irreversible structure change in spent NMC is mainly caused by irreversible Li loss, the relithia-

tion process is critical and has been achieved in some direct recycling works by flux methods (Wang et al.,

2020; Shi et al., 2019). Li containing flux media (eutectic molten salts or ionic liquids) can serve as both Li

sources and solvents to restore Li in spent NMC under relatively low temperatures (below 300�C), because
the highly charged flux media favor for transporting ionic reactants (Li et al., 2016; Yuan et al., 2018; Parn-

ham and Morris, 2007). However, the upcycling of spent NCM 111 to Ni-rich NMC is still challenging by

those reported flux methods. Unlike the slight weight change during the direct relithiation process, a sig-

nificant weight change of NMC will happen during the upcycling process. For example, the upcycling of

NMC 111 to NMC 622 will almost double the weight of NMC 111 from the insertion of Li, Ni, and O, which

requires a high temperature above 600�C to construct the a-NaFeO2-type layered structure. Besides, an

oxygen-rich environment is essential to the sufficient oxidation of inserted Ni2+ to Ni3+, to minimize lattice

oxygen vacancies and Li/Ni antisite defects in Ni-rich NMC (Mesnier and Manthiram, 2020). The reversible

reaction: NaNO3 + LiCl # LiNO3 + NaCl in the Li+, Na+||Cl�, NO3
� RTMS system enables a low eutectic

melting point for the effective flux process under 300�C. Though nitrates will decompose above 600�C, the
residual LiCl/NaCl can still provide a flux media for the formation of layered NMC structure under even

higher temperature. Thus, a Li+, Na+||Cl�, NO3
� RTMS system that can work in a wide temperature range

and provide an oxygen-rich environment was developed here for the upcycling of spent NMC 111 to Ni-rich

NMC (Scheme 1). In this upcycling strategy, cost-effective lithium chloride and nickel nitrate were chosen as

Li and Ni sources, respectively. Sodium hydroxide was used to react with nickel nitrate to obtain nickel hy-

droxide precursor and sodium nitrate for RTMS. After flux upcycling, the obtained Ni-rich NMC products

(named as Up-NMC 622 based on its chemical composition) exhibited pure a-NaFeO2-type layered struc-

ture, restored Li content, and excellent electrochemical performance, which is very similar to that of the

pristine NMC 622. The successful upcycling of spent NMC 111 provides a novel flux method to achieve

the direct upcycling of spent LIB cathodes to the next-generation cathodes.

RESULTS

The upcycling of spent NMC 111 to Ni-rich NMCs requires not only the addition of Li, Ni, andO but also the

formation of the a-NaFeO2-type layered structure. Compared to the direct relithiation, the addition of Ni in

NMCs is more challenging, because the general Ni(OH)2 precursor is insoluble in common solvents and the

Ni2+ in Ni source needs to be oxidized to Ni3+ to form a Ni-rich layered structure. The Li+, Na+||Cl�, NO3
�

RTMS system can provide Li source for relithiation and an oxygen-rich environment for the oxidation of Ni2+

to Ni3+, which is critical for the realization of upcycling. To obtain a uniform dispersion of Ni(OH)2 in RTMS

system, Ni(OH)2 precursor and NaNO3 in RTMS are in situ synthesized by the reaction of Ni(NO3)2$6H2O
2 iScience 25, 103801, February 18, 2022



Figure 1. Structures and chemical compositions of NMCs

(A–D) XRD patterns showing survey spectrum (A) and zoom-in peaks (B-D) of D-NMC 111, P-NMC 111, P-NMC 622, and

Up-NMC 622.

(E) Metal molar ratios of D-NMC 111, P-NMC 622, and Up-NMC 622 based on ICP results.

(F) TGA curves of D-NMC 111, P-NMC 622, and Up-NMC 622
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with NaOH. A chemical delithiated NMC 111 (named as D-NMC 111) instead of the spent materials from

EOL LIBs is used as the model materials for the optimization of upcycling conditions, where some other

factors such as cathode electrolyte interaction are eliminated. For the upcycling of D-NMC 111 to NMC

622, a slurry is formed when milling D-NMC 111:Ni(NO3)2$6H2O:LiCl:NaOH under a mass ratio of

1:2.4:0.86:1.2. The slurry was dried under 110�C in a vacuum oven, and heated to 300�C for 5 h, then to

800�C for 5 h in a muffle furnace. Then, the obtained NMC-RTMS was washed with water to remove

RTMS and reheated to 600�C for 2 h in air to yield the final product (named as Up-NMC 622). The pristine

commercial NMC 111 and NMC 622 were used as references, and named as P-NMC 111 and P-NMC 622,

respectively. As we reported previously (Wang et al., 2020), D-NMC 111 had a chemical composition of

Li0.93Ni0.33Co0.33Mn0.33O2 calculated from inductively coupled-plasma optical emission spectroscopy

(ICP-OES) results. After upcycling, the chemical composition of Up-NMC 622 is Li1.08Ni0.63Co0.19Mn0.18O2

(Figure 1E), almost coincides with that of P-NMC 622 (Li1.05Ni0.62Co0.19Mn0.20O2), suggesting the successful

upcycling in chemical composition. The crystal structure and thermal stability of NMCs can be investigated

by X-ray diffraction (XRD) and thermogravimetric analysis (TGA), respectively. Both pristine NMC 111 and

NMC 622 have the O3-type structure similar to the layered structure of a-NaFeO2. Their XRD peaks are in-

dexed according to a-NaFeO2 (Figure 1A). Though D-NMC 111 maintains the similar O3-type structure to

pristine NMC 111 (P-NMC 111), peak shifts can be identified in their XRD patterns. The (108) and (110)

diffraction peaks of D-NMC 111 shift away from each other (Figure 1D), and the (003) peak slightly shifts

to lower angles compared to those of P-NMC 111 (Figure 1B), because the positively charged MO6 slabs

in D-NMC 111 lead to the expansion of the c parameter. Compared to D-NMC 111 and P-NMC 111, P-NMC

622 has a narrower peak splitting between (108) and (110) of 0.45�due to its higher Ni content (Figure 1D).

The XRD patterns of Up-NMC 622 and P-NMC 622 reveal same features that their (003) peaks slightly shift

to higher angles compared to D-NMC 111 (Figure 1B), and (104) peak to lower angles (Figure 1C). The split

between (108) and (110) in XRD pattern of Up-NMC 622 is similar to that of P-NMC 622 (0.56� vs 0.55�), sug-
gesting its well layered structure. Those XRD results validate the structure upcycling of D-NMC 111 to Up-

NMC 622. Besides, D-NMC 111 exhibits a weight loss of 2.3% at 800�C in TGA curve (Figure 1F), mainly from

the oxygen evolution during surface reconstruction. The TGA curves of Up-NMC 622 and P-NCM 622 are

almost identical, indicating their similar thermal stability. The changes in morphology and elemental dis-

tribution of NMCs during the upcycling process were characterized by a scanning electron microscope

(SEM) with energy-dispersive spectroscopy (EDS). As shown in Figures 2A, 2C, and S1, Up-NMC 622 reveals
iScience 25, 103801, February 18, 2022 3



Figure 2. Morphologies and element distributions of D-NMC 111 and Up-NMC 622

(A–D) SEM images of D-NMC 111 (A and B) and Up-NMC 622 (C and D).

(E–F) SEM-EDS line scans of D-NMC 111 (E) and Up-NMC 622 (F).

(G) SEM-EDS elemental mappings of Up-NMC 622
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similar secondary particles to D-NMC 111, which are aggregations of primary microparticles with random

sizes and grain orientations. In zoom-in SEM images (Figures 2B, 2D, and S2), the primary particles of Up-

NMC 622 becomes larger than those of D-NMC 111, suggesting a growth of primary particles during the

upcycling process. SEM-EDS line scan was performed to investigate the element distribution across the

secondary particles (Figures 2E and 2F). In D-NMC 111, Mn has slightly stronger signal intensity than Ni

and Co.While in Up-NMC 622, Ni reveals much stronger signal intensity thanMn and Co through the whole

particle, indicating the insertion of Ni in particles during the upcycling process. Moreover, the distribution

of Ni is uniform with the same shape as those of Co andMn in SEM-EDSmapping (Figure 2G). Based on the

ICP, XRD, TGA, and SEM results, the upcycling of D-NMC 111 to Up-NMC 622 is successful in both chemical

composition and crystal structure.

To evaluate the electrochemical performance of NMCs, they were used as active materials in cathodes, and

paired with Li foil or graphite anodes for half-cell or full-cell tests, respectively. The half-cells were tested at

the same current density of 20 mA/g in a voltage range of 3–4.3 V. As shown in Figure 3A and Table S1, the

first charge capacity of D-NMC 111 is only 140.5 mAh/g, much lower than that of P-NMC 111 (161.9 mAh/g),

due to the delithiated nature of D-NMC 111. The recovered discharge capacity of D-NMC 111 reveals the

electrochemical relithiation from the excessive lithium in Li foil (Figures 3A and 3B), which always happens

in a half-cell test (Ganter et al., 2014). That is why the first charge capacity rather than the discharge capacity

is used as a critical parameter in half-cell tests to investigate the amount of active Li species in cathodes.

After upcycling, the first charge capacity of Up-NMC 622 is close to that of commercial P-NMC 622 (195.4 vs

197.3 mAh/g). In general, the successful direct relithiation of D-NMC 111 can achieve a comparable charge

capacity to P-NMC 111 (Wang et al., 2020). Here, beyond the direct relithiation, Up-NMC 622 exhibits a

much higher first charge capacity than P-NMC 111 (195.4 vs 161.9 mAh/g), indicating an upcycling in elec-

trochemical performance. In addition, the charge-discharge capacities of Up-NMC 622 are close to those

of P-NMC 622 (Figure 3C), and much larger than those of P-NMC 111 and D-NMC 111 during 100 cycles,

validate the sustainable superior performance of Up-NMC 622 in half-cell tests. To eliminate the interfer-

ence of electrochemical relithiation on discharge capacities, commercial graphite was employed as anodes

for full-cell tests, because graphite will not supply extra Li during the discharge processes. A high loading of
4 iScience 25, 103801, February 18, 2022



Figure 3. Half-cell performance of NMCs

(A) The first cycle charge/discharge curves of NMCs for half-cell tests.

(B) The second cycle charge/discharge curves of NMCs for half-cell tests.

(C) Cycle performance of NMCs for half-cell tests (Error bars are standard deviations).
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the cathode active material about 7 mg/cm2 was used to simulate the situation as practical as possible. The

full cells were activated at 20 mA/g for four cycles before cycling at 200 mA/g in a voltage range of 3–4.2 V.

The initial open-circuit voltage of full-cell is around 0 V, thus the first charge process was from 0 to 4.2 V. As

shown in Figure 4A and Table S2, D-NMC 111 does not exhibit the electrochemical relithiation during the

first discharge process, whose first discharge capacity is only 119.5 mAh/g, much lower than that of P-NMC

111 (139.5 mAh/g), while the first charge/discharge capacities of Up-NMC 622 are larger than those of P-

NMC 111 (charge capacity: 188.6 vs 170.1 mAh/g; discharge capacity: 153.6 vs 139.5 mAh/g at 20 mA/g).

Moreover, Up-NMC 622 exhibited higher capacities than P-NMC 111 and D-NMC 111 over 100 cycles at

a higher specific current of 200 mA/g (Figure 4C). Thus, Up-NMC 622 upcycled from D-NMC 111 has a bet-

ter electrochemical performance as a LIB cathode than P-NCM 111; therefore, the RTMS flux method is

effective for the upcycling of D-NMC 111 to NMC 622.

The upcycling of D-NMC 111 to NMC 811 was also tried by RTMS flux method using D-NMC 111:Ni(-

NO3)2$6H2O:LiCl:NaOH under a mass ratio of 1:6.4:2.12:1.8. After upcycling, the chemical composition

of Up-NMC 811 is Li1.08Ni0.79Co0.11Mn0.10O2 (Figure S5E), almost coincides with that of P-NMC 811 (Li1.07-
Ni0.76Co0.12Mn0.12O2), suggesting the successful upcycling of chemical composition. According to XRD

patterns (Figure S5A), both pristine NMC 811 and Up-NMC 811 have the O3-type structure similar to the

layered structure of a-NaFeO2. P-NMC 811 has a narrow peak splitting between (108) and (110) of

0.45�due to its high Ni content. The XRD patterns of Up-NMC 811 and P-NMC 811 reveal same features

that their (003) peaks slightly shift to higher angles compared to D-NMC 111, and (104) peak to lower an-

gles. The split between (108) and (110) in XRD pattern of Up-NMC 811 is 0.42� similar to that of P-NMC 811,

suggesting its well layered structure. The TGA curves of Up-NMC 811 and P-NCM 811 almost coincide (Fig-

ure S5F), indicating their similar thermal stability. The electrochemical performance of Up-NMC 811 was

investigated by half-cell tests, using a specific current density of 20 mA/g in a voltage range of 3–4.3 V.

As shown in Figure S6 and Table S1, the first charge capacity of Up-NMC 811 is almost the same as that

of P-NMC 811 (215.2 vs 216.2 mAh/g). However, the coulombic efficiency of Up-NMC 811 is lower than

that of P-NMC 811, resulting in a low discharge capacity (153.7 mAh/g). Though Up-NMC 811 is not as

good as P-NMC 811 in battery performance, Up-NMC 811 still has upgraded charge-discharge capacities
iScience 25, 103801, February 18, 2022 5



Figure 4. Full-cell performance of NMCs

(A) The first cycle charge/discharge curves of NMCs for full-cell tests.

(B) The second cycle charge/discharge curves of NMCs for full-cell tests.

(C) Cycle performance of NMCs for full-cell tests (Error bars are standard deviations).
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compared to P-NMC 111 and D-NMC 111. The low coulombic efficiency of Up-NMC 811 may be due to its

large grain size (Figures S7D–S7F). Up-NMC 811 does not reveal the typical secondary particles like P-NMC

811 in SEM images (Figure S7), suggesting the dissolution of D-NMC 111 in RTMS during the upcycling pro-

cess. The SEM-EDS line scan (Figure S7H) and element mapping (Figure S7G) validate the uniform distri-

bution of Ni, Co, and Mn in Up-NMC 811. Based on the above results, the upcycling of D-NMC 111 to

Up-NMC 811 are also successful in both chemical composition and crystal structure.

To shed light on the upcycling process, TGA and DTA curves of the upcycling mixture for Up-NMC 622 were

collected after vacuum dry process. As shown in Figure 5, TGA curves of the upcycling mixture and NaNO3/

LiCl salts both have a major weight loss above 520�C, corresponding to the decomposition of nitrates. Besides,

the upcycling mixture exhibited a weight loss of 2.5% in TGA curve and an endothermic peak in DTA curve at

around 166�C, corresponding to the decomposition of Ni(OH)2. The other endothermic peak in DTA curve of

the upcycling mixture locates at around 264�C, where no weight loss is observed in TGA curve, corresponding

to themelting point of RTMS. The lowmelting point of RTMS enables an effective flux process when heating the

upcyclingmixture to 300�C. Though nitrates decompose at around 520�C, the residual binarymolten salts NaCl/

LiCl can still work as a flux media at 800�C. That is why the upcycling mixture is heated to 300�C and then to

800�C to achieve a successful upcycling. To highlight the importance of RTMS,wedesigned control experiments

using NaNO3/LiNO3, NaCl/LiCl, or LiCl/LiNO3 binary molten salts. As shown in Figure 6B, the product using

NaCl/LiCl exhibited mixed phases in XRD pattern, where the impurity was assigned to Li2Ni8O10. The formation

of Li2Ni8O10 with a low oxidation state of Ni is due to the absence of oxygen-rich environment from nitrate salts.

The use of LiCl/LiNO3molten salts resulted in the impurity of LiNiO2 in product (Figure 6B), suggesting the sepa-

rate nucleation and growth of LiNiO2 particles. The product obtained in LiNO3/NaNO3 binary molten salts ex-

hibited a pure a-NaFeO2-type layered structure in XRD pattern (Figure 6A), but the two pair of fused (006)/(102)

and (008)/(110) peaks indicated adefective layered structure (Figures 6B and 6C). Because LiNO3 andNaNO3will

completely decompose above 600�C, LiNO3/NaNO3 binary molten salts cannot provide effective flux process

under high temperature. The Li molar ratios of products synthesized in LiCl/NaCl, LiCl/LiNO3, LiNO3/NaNO3,

and RTMS are calculated as 0.63, 0.88, 1.04, and 1.09, respectively, according to their ICP results (Figure 4D

and Table S3). In another control experiment, Ni(OH)2 was directly mixed with Na(NO3)2 and LiCl, and grinded
6 iScience 25, 103801, February 18, 2022



Figure 5. TGA and DTA curves of upcycling mixture
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to form a uniformmixture. The corresponding product was denoted as Up-NMC 622-Ni(OH)2. As shown in Fig-

ure S4, Up-NMC 622-Ni(OH)2 exhibited the a-NaFeO2-type layered structure, similar to Up-NMC 622. However,

the split between (108) and (110) in XRD pattern of Up-NMC 622-Ni(OH)2 is 0.79
�, much larger than those of Up-

NMC 622 (0.56�) and P-NMC 622 (0.55�), indicating a lower Ni content in lattice. The SEM images (Figure S3) of

Up-NMC 622-Ni(OH)2 reveal some attached nanoparticles on primary particles, which is not found in Up-NMC

622. Those nanoparticles may from the individually nucleation of Ni-related species. Moreover, in half-cell tests,

the first charge capacity of Up-NMC 622-Ni(OH)2 is smaller than that of Up-NMC 622 (183.3 vs 195.4 mAh/g,

Table S1), indicating that the in situ synthesis of Ni(OH)2 during the upcycling process is conducive to the diffu-

sion of Ni in NMC lattice to form a uniform product with a better battery performance. Based on the above re-

sults, nitrate salts are critical to achieve full lithiation during flux process by oxidizing Ni2+ to Ni3+. Chloride salts

can provide a flux media under high temperature to promote the diffusion of Ni into NMC structure, because

molten chlorides have a good capacity to solubilize metallic cations of oxides (Onofre, 2019). In addition, the

use of mixed alkaline metal cations Li+ and Na+ is conducive to achieve a lower melting point and an effective

flux process. The use of RTMS is critical for the successful upcycling of D-NMC 111 to NMC 622 and NMC811 in

both structure and chemical composition.

DISCUSSION

In conclusion, the successful upcycling of D-NMC 111 to Ni-rich NMC cathodes was achieved under

ambient pressure and air atmosphere via an RTMS flux upcycling strategy. The Li+, Na+||Cl�, NO3
�

RTMS featuring a low melting point can simultaneously provide the Li source, an oxygen-rich environment

for the oxidation of Ni2+ to Ni3+, and effective flux media under high temperature, which are essential for

the successful upcycling. Up-NMC 622 has nearly identical chemical composition and structure to P-NMC

622, whose electrochemical performance as a LIB cathode is better than those of D-NMC 111 and P-NMC

111. The RTMS upcycling strategy is promising for the upcycling of spent NMC cathodes to the next-gen-

eration Ni-rich NMC cathodes.

LIMITATION OF THE STUDY

In this work, we provided an RTMS flux upcycling strategy to realize the successful upcycling of D-NMC 111

to NMC 622 in air. However, the upcycling of D-NMC 111 to NMC 811 is still challenging. Though the RTMS

flux upcycling strategy is good enough to achieve Up-NMC 811 with the very similar chemical composition

and crystal structure to P-NMC 811, the initial coulombic efficiency of Up-NMC 811 is not as high as that of

P-NMC 811 in half-cell tests. The low coulombic efficiency of Up-NMC 811 is mainly due to its large grain

size with the significant increase in mass during upcycling processes. Thus, the morphology control is also

important for a successful upcycling. Besides, instead of the actual waste materials from EOL LIBs, chem-

ically delithiated NMC 111 (D-NMC 111) materials were used as the model materials for the optimization of

upcycling conditions, where some other factors such as cathode electrolyte interaction are eliminated,

because the spent materials from EOL LIBs vary in structure and chemical composition degradations, which

can hardly keep consistent for control experiments. As loss in lithium inventory is a major mechanism in
iScience 25, 103801, February 18, 2022 7



Figure 6. Comparison of binary molten salts for upcycling

(A–C) XRD patterns showing survey spectrum (A) and zoom-in peaks (B–D) of P-NMC 111 and products obtained from different binary molten salts. The

peaks from impurities are marked as ‘‘X’’ in (B) and (C).

(D) Metal molar ratios of D-NMC 111 and P-NMC 622 products obtained from different binary molten salts, and Up-NMC 622 based on ICP results
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capacity fade, the principle of upcycling the delithiated NMC should be similar. In addition, this work is a

part of Re-Cell projects (https://recellcenter.org/), a $15 million center launched by DOE in 2019. For the

comparison purpose, all projects within the center use the same chemically delithiated materials. As it is

challenging to generate large quantity and consistent actual waste materials, Re-Cell chose to create

the delithiated material via chemical delithiation method, which is much faster, easier to scale up and to

have each group use the same control samples so that different upcycling protocols can be compared

scientifically in the current stage. After the optimization of all the upcycling conditions, the actual waste

materials will be used in the next stage.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Sodium Hydroxide Thermo Scientific CAS 1310-73-2

Lithium Hydroxide Fisher Chemical CAS 1310-65-2

Nickel(II) nitrate hexahydrate Thermo Scientific CAS 13478-00-7

Lithium choloride Fisher Chemical CAS 7447-41-8

Sodium nitrate Sigma-Aldrich CAS 7631-99-4

Lithium nitrate Sigma-Aldrich CAS 7790-69-4

Nickel(II) choloride hexahydrate Thermo Scientific CAS 13478-00-7

NMC 111 BASF TODA Battery Materials LLC provided by CAMP at Argonne National

Laboratory

NMC 622 BASF TODA Battery Materials LLC provided by CAMP at Argonne National

Laboratory

NMC 811 BASF TODA Battery Materials LLC provided by CAMP at Argonne National

Laboratory

Delithiated NMC 111 (D-NMC 111) supplied by Dr. Pupek,Dr. Dahl Dr. Polzin at the

MERF facility

N-methylpyrrolidone (NMP) Sigma-Aldrich CAS 872-50-4

Graphite Superior Graphite Superior SLC1520T

Poly(vinylidene fluoride) (PVDF) MSE Supplies CAS 24937-79-9

1.2 M LiPF6 in 3:7 wt% ethylene carbonate/

ethyl methylcarbonate

Soulbrain MI

Lithium ribbon Sigma-Aldrich CAS 7439-93-2

Software and algorithms

Neware BTS Data Analysis Neware Technology Limited 7.6.0.255

Origin 2018 64bit SR1 OriginLab Corporation b9.5.1.195
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-

tact, Sheng Dai (dais@ornl.gov).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
METHOD DETAILS

Upcycling procedures

The delithiated NMC 111 (D-NMC 111) was provided by Argonne National Lab, which is obtained by a

chemical delithiation using the NO2BF4 oxidizer.7 For the upcycling of D-NMC 111 to NMC 622 in
iScience 25, 103801, February 18, 2022 11
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RTMS system, 1.0 g of D-NMC 111 was mixed with 2.4 g of Ni(NO3)2$6H2O and 0.86 g of LiCl by hand

grinding in an agatemortar. After grinding, themixture became a slurry, to which 1.2 g of NaOHwas added

and then grided until a uniform soil formed. Then the upcycling mixture was dried at 110 �C overnight in a

vacuum oven, grided into fine powder before heating in a muffle furnace. The mixture was heated to 300 �C
for 5 h and to 800 �C for 5 h with a heating rate of 5 �C/min in air. After cooling down to ambient temper-

ature, themixture was washed with water by vacuum filtration to remove salts, dried at 110 �C overnight in a

vacuum oven, and heated to 600 �C for 2 h with a heating rate of 5 �C/min in air to obtain the final product

Up-NMC 622.

For control experiments using NaNO3/LiNO3 binary molten salts, LiCl in upcycling mixture was replaced by

equimolar LiNO3. For NaCl/LiCl binary molten salts, Ni(NO3)2$6H2O was replaced by equimolar

NiCl2$6H2O . For LiCl/LiNO3 binary molten salts, NaOHwas replaced by equimolar LiOH. The dry and heat-

ing processes in control experiments were same to RTMS upcycling processes.
Electrochemical measurements

The NMC cathode slurry contains NMC, carbon black, and 5 wt% binder polyvinylidene difluoride (PVDF)

with a mass ratio of 90:5:5, and appropriate amount of N-methylpyrrolidone (NMP). Cathodes were casted

on Al foil at a total loading of around 8.6 mg/cm2. For full cell tests, the anode slurry containing graphite,

and carbon black with a mass ratio of 92:6:2, and NMP was coated on Cu foil. All electrodes were dried at

110 oC overnight in a vacuum oven prior to cell assembly. For half-cell tests, Li foil disks were used as an-

odes. All the coin cells were assembled in an argon-filled glove box using one layer of Celgard 2325 mem-

brane as the separator and 120 mL of 1.2 M LiPF6 in 3:7 wt% ethylene carbonate/ethyl methylcarbonate as

the electrolyte. 10 h of rest was performed for all coin cells before cycling. All cells were tested under

ambient temperature. The voltage windows were 3.0 � 4.3 V and 3.0 � 4.2 V vs. Li/Li+ for half-cell and

full cell tests, respectively. Four formation cycles were performed at a specific current of 20 mA/g

charge/discharge before cycling at 200 mA/g for 100 cycles. Full cells were charged using a CCCV protocol

(charged to 4.2 V using a constant specific current of 200 mA/g, then held at 4.2 V until the current dropped

to 66 mA/g before discharging).
Characterizations

Thermogravimetric analysis (TGA) for NMCs was performed on a TGA 2950, TA Instruments by heating

from room temperature to 800 �C at a rate of 10 �C/min in air. TGA/DTA data of the upcycling mixture

was collected by STA300, HITACHI, using a heating rate of 5 �C/min from room temperature to 800 �C
in air. Scanning electron microscope (SEM) images were captured on a ZEISS AURIGA CROSSBEAM FIB.

X-ray diffraction (XRD) patterns were collected by a PANalytical Empyrean diffractometer, operated at

45 kV and 40 mA using Cu Ka (l = 0.1542 nm). Inductively coupled-plasma optical emission spectroscopy

(ICP-OES) for the elemental analysis was performed on an Agilent 5110 ICP-OES spectrometer. X-ray

photoelectron spectroscopy (XPS) experiments were performed with a PHI 3056 spectrometer equipped

with an Al anode source operated at 15 KV with an applied power of 350 W and a pass energy of 93.5 eV.
QUANTIFICATION AND STATISTICAL ANALYSIS

Figures represent averaged or representative results of multiple independent experiments. Analyses and

plots were performed with Origin.
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