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Synergetic pyrolysis of LiNii;3C013Mn1302 and PET plastics
shed light on highly efficient and energy saving strategies for

battery recovery and regeneration

Abstract

With the increasing consumption of lithium-ion batteries (LIBs), it is highly desirable
to develop efficient and energy saving strategies for battery material recovery and
regeneration. In this study, a synergetic pyrolysis strategy was developed to recover
valuable metals by thermal treatment of LiNi13Co13Mn1302 (NCM) cathode materials
with the addition of polyethylene terephthalate (PET) plastics. It is the first time that
PET plastics served as reaction additives to accelerate the lattice decay and thermal
decomposition of NCM materials. With the assistance of PET synergetic pyrolysis,
NCM started to decompose at only 400°C, and was completely converted to Li>COs,
MnO and Ni-Co alloy after thermal reaction at 550°C for 30 min with the NCM:PET
mass ratio of 1.0:0.3. The thermal degradation of PET was retarded with various free
radicals and reductive gases released. Furthermore, a density functional theory (DFT)
calculation verified the combination preference of O-Li bonding between horizontal
PET and the Li terminated NCM (001) surface. The surface adsorption caused atom
capture and the free radical/gaseous reduction reactions explained the synergetic effect
of PET on promoting the lattice destruction of NCM cathode materials. Moreover, the

complete decomposition of NCM well benefited the post treatment, and the subsequent



separation of Li and transition metals (TM: Ni, Co and Mn) could be efficiently
achieved by water washing method. Regenerated NCM was also synthesized by using
the recovered Li- and TM- containing products as feedstocks. As a result, this study
provided a novel NCM recovery strategy with significant privileges of chemical free,
energy saving, highly efficient and scalable. Meanwhile, this strategy proposed an ideal
solution for the minimization and utilization of PET plastics. In addition, the
mechanism study provided a theoretical guidance on the industrialization and broaden
application of PET plastic for effective metal recovery from spent LIBs by this

synergetic pyrolysis strategy.

Introduction

To meet the global requirement of energy supply and reduction in greenhouse gas
emission, the market of electric vehicles has been developing and increasing rapidly
over the years and is anticipated to exceed 300 million in 2030'%. The lithium-ion
batteries (LIBs), especially with the LiNixCoyMn,O: (x+y+z = 1, NCM) cathode
materials, have been intensively investigated for electrochemical energy storage, owing
to high energy density, high cell voltage, and high reliability, etc., thus serving as the
leading battery packs for electric vehicle applications®*>. It is predicted that the global
market for NCM cathode materials could reach US 46.4$ billion by 2027°. However,
the exploding market of LIBs is translating into tremendous number of discarded ones,

due to the limited service life time?. In addition to the challenge of waste storage, spent
g £¢, Sp



LIBs contain hazardous materials like heavy metals (e.g. Ni and Co) and toxic
electrolytes which are extremely harmful to both environment and human health. In the
meantime, the metal elements in cathode materials, including Li, Ni, Co and Mn, are of
high value while facing severe problems of resource depletion’. Thus, it is of significant
implication for both environment and economy to search for an environmentally
friendly metal recycling strategy from NCM cathode materials in spent LIBs.

With the advantages of large treatment capacity and simple operation procedures,
pyrometallurgical treatments have already gained considerable attention with
continuous research efforts in the field of metal recovery from the spent LIBs. Aided
by chemical reactions under elevated temperatures, pyrometallurgy treatment can
destruct the lithiated metal oxides and separate them into metal fractions that can be
reclaimed via simple post treatments. Traditional pyrometallurgy, which has been
widely adopted in many countries, always transforms the waste battery strips into metal
alloys at high temperatures®>®%!°, However, the high energy consumption hinders
economic interests, and the inevitable loss of lithium during pyrolysis process remains
a technical hurdle as well. To reduce treatment cost and enhance metal recovery,
extensive studies have been conducted with participation of chemicals during thermal
treatments, including gas, salt and other reducing agents. Chlorination or sulfation salts
and mineral acids have been added to the roasting process and could convert Li into
soluble LiCl or Li>SO4 1121314 For example, NCM was successfully decomposed into
Li and transition metal (TM) salts after 750°C-calcination with 100 wt% Na>SOs4

addition'®. Although the reaction temperature can be reduced by studies above via



transferring reaction pathways, the consumption of salts or acids is high and even up to
twice of spent cathode materials in mass, causing subsequent problems of waste salts
and gaseous exhausts. Therefore, some other studies have paid attention on carbon-
containing reductants as the cleanest reducing agents, e.g., lignite, graphite, etc.!®!7.
LCO/NCM can be decomposed and reduced to a low valence stage (Li2COs3, transition
metal elements and oxides) without the use of inorganic acid during the thermal
treatment. For example'®, previous work reported the destruction and collapse of
oxygen octahedrons of NCM at around 750°C, and the reaction processes were
controllable by governing the amount of additives. However, the recovery rate of each
metal elements varied a lot from 81% to 100%, implying that a further decrease in
reaction temperatures was expected to enhance its economic feasibility'>!*?°. Thus, it

still remains an urgent need and key issue to develop a chemical-free recycling strategy

that is more energy-saving and efficient.

As one of the most consumed polymer resins, polyethylene terephthalate (PET) is
widely applied in various fields like packaging, drinking bottles, and construction
industries, thus contributing to a tremendous volume of PET production and waste
generation. The most current statistics reported that the global market volume of PET
reached nearly 23.7 million metric tons in 2020 and was expected to grow to 29.7
million metric tons by 2026. However, the majority of PET ended up as solid wastes?!,
causing serious environmental concerns to the ocean, soil, organisms and human beings.

The pyrolysis of plastic wastes, including PET, has been widely studied, as it can



effectively utilize the plastic wastes as fuel sources and reduce the waste volume at the
same time. During PET pyrolysis, the oxygenated functional groups break and escape
from the polymer chain. As a result, the PET was quickly decomposed at over 400°C,
generating large amounts of free radicals and gases for secondary reactions®>?*2,
Previous studies have reported that the PET co-pyrolyzation reduced the pyrolysis
temperature of HDPE and altered the product compositions®*?*. Based on the
aforementioned pyrolysis properties and performance of the PET, an novel battery
material recovery strategy can be expected by addition of PET plastics to the pyrolysis
reactions of the NCM cathode materials. It is hypothesized that PET and its
intermediate pyrolysis products could react with and deconstruct the crystal lattice of
NCM materials, therefore converting target metals into separated and easy-collected
phases. The proposed strategy might provide a technical solution for resource
utilization of spent NCM and waste PET plastics at the same time, and simultaneously
reduce energy consumption because of the synergy effects. Only C, H, O are introduced

into the reaction system, without the use and production of inorganic chemicals, which

can make the reaction process environmentally friendly.

Besides reaction feasibility, the reaction mechanisms should be intensively explicated
to provide theoretical basis for scale-up and migration application on metal recovery
industries. In recent years, density functional theory (DFT) has become the most
popular theoretical framework for studying surface electron structure of battery

materials?. By means of DFT, the (001) surface of layered LiCoO2 (LCO) was reported



to have relative lower surface energy, compared with other surfaces of LCO. Thus, (001)
surface was proven stable in LCO crystal strucutre?”-?®. Previous work optimized the
adsorption structure of LCO and sulfur species, proving that the LCO-S(IV) anchor
played a vital role in the reaction progresses. Therefore, it can be anticipated that the
DFT calculation can aid in optimizing the adsorption configuration and adsorption
energy between PET and NCM, which may further provide the combination preference
at atomic level. In addition, the mass spectra (MS) and Fourier transform infrared
spectrometer (FT-IR) coupled with thermal gravimetric analyzer (TGA) has been
widely used in plastic pyrolysis studies?* which revealed the synergy effect by
monitoring the pyrolysis behaviors via TGA-MS-FTIR and comparing the blended

systems with the pure materials.

Therefore, this study proposed a novel NCM-PET synergetic pyrolysis strategy to
recycle valuable metals in NCM cathode materials, with the addition of PET plastics as
chemical additives. The effect of pyrolysis parameters on reaction processes was
comprehensively explored and the pyrolysis conditions were optimized as well. The
recovery process was developed, including water washing after synergetic pyrolysis,
filtration, and evaporation, which was totally chemical free. After metal recovery, new
NCM materials were regenerated by employing the recovery products as reaction
feedstocks. Finally, we deeply discussed the mechanisms of synergetic pyrolysis by
integrating both experimental characterization and DFT theoretical calculation. The

mechanism study provided theoretical verification and guidance for future scale-up and



migration applications. The proposed strategy in this study aimed at providing a “waste
to resources ” solution for both PET and NCM wastes that possessed superior economic

and environmental benefits.

Results

Decomposition behavior of NCM via synergetic pyrolysis

As shown in Fig 1a, the synergetic pyrolysis of NCM could be regarded as a stepwise
reduction and decomposition along with the elevated temperatures. Peaks of NCM, as
the primary crystal phase, were found declining slightly after 400°C pyrolysis.
Meanwhile, three lithium manganese oxides (LiosMnO2, LisMnO4, LiMnO4) were
observed with tiny peaks, which were attributed to the reconstruction of Li and TM
atoms under the pyrolysis condition. The partial destruction of the NCM crystals could
lead to the formation of new crystal phases. When temperature was increased to 500°C,
the peaks of NCM cannot be observed and the three lithium manganese oxides still
existed without obvious changes in peak intensity. Moreover, the peaks of Li>COs,
NiMnOs3, NixCo1x0O, and NixCoix were identified, indicating that some of the Ni and
Co were partially reduced from trivalent to divalent (NixCoixO) and zero valent
(NixCoix). When the temperature was further elevated to 550°C, three lithium
manganese oxides and NiMnO3z were eliminated and replaced with Li2CO3 peaks.

When the pyrolysis temperature reached 600°C, NCM was fully decomposed to Li>CO3,



MnO and NixCoix, while the peaks of NixCo1.xO were not detectable. The types of
crystal phases remained unchanged with further treatment from 700 to 800°C, but peak
intensities due to increasing crystallization of Li2CO3, MnO and NixCoix were clearly
observed. When the temperature reached 900°C, Li2CO3 suddenly disappeared while
LiC was observed with low peak intensity. This was possibly due to the decomposition
and carbonization of Li2COs. In addition, the peaks of MnO and NixCoi.x remained
unchanged, when compared with the XRD patterns of samples pyrolyzed at 800°C.
When the sample was pyrolyzed at 1000°C, it is interesting that LiC, MnxNi;x and
MnxCoi.x were found in the XRD patterns, thus illustrating that the TM (Ni, Co and
Mn) were finally reduced to zero valence with the formation of solid solutions. The
phase transformation of Ni, Co and Mn represented a gradual reduction of Mn(IV),

Ni(II) and Co(III) to Mn (0), Ni (0) and Co (0), respectively.

Furthermore, Fig 1b revealed the effect of NCM/PET mass ratio on the reaction series
under 600°C pyrolysis. When a small amount of PET was mixed with NCM (NCM:PET
mass ratio of 1.0:0.1), NCM was not fully decomposed with a remaining peak at 18.7°.
Meanwhile, Li>COs3, NixCo1xO and NixCoix were observed as the product phases, due
to the thermal decomposition of NCM. When the NCM:PET ratio was changed to
10:0.2, the crystal phase of NCM was completely diminished with the peaks of NixCo1.-
x and MnO growing but NixCo1xO decreasing. When the NCM:PET ratio was varied
to 10:0.3, the disappearance of Ni;.xCo1xO was found, probably due to its reduction to

zero-valent metals. Interestingly, extra PET addition ( NCM:PET=1.0:1.0) showed no



influence on the phase composition and peak intensity of the products. To investigate
the effect of PET addition on crystal phase change in the reaction system, pure NCM
was also pyrolyzed under nitrogen atmosphere and the corresponding XRD pattern was
given in Fig. S1 of Supporting Information (SI). It is revealed that no crystal phase
transformation occurred for the pure NCM sample, even elevated to 600°C. Therefore,
the comparison implied that PET played a pivotal role in the decomposition of NCM
sample. PET (or its pyrolysis products) could stimulate the structure collapse of NCM
for efficient separation of Li and TM, and simultaneously possess reducibility to
transform Ni/Co(Il) into alloys. The effect of pyrolysis duration time on crystal phase
change was further presented in Fig. 1c. It is obvious that the majority of NCM was
quickly decomposed into Li»CO3, NixCo1.xO, NixCoix and MnO within only 15 min.
After 30 min, the peaks of NCM fully disappeared and the NixCoixO phase also
vanished, and meanwhile, the peaks of NixCoi.x were heightened, owing to continuous
reduction of Ni and Co. With the increase of pyrolysis temperature from 60 min to 120
min, no obvious change in XRD patterns for the pyrolyzed products, thus implying that
the phase transformation terminated within 30 min. To demonstrate the effectiveness
of NCM-PET synergetic pyrolysis strategy, the metal recovery rate was calculated for
the pyrolyzed products under different temperatures (Fig. 2). The element Li, Ni, Co
and Mn were about 100% remained in the solid phase products, given that the pyrolysis
temperature was no higher than 700°C. With the further increase of pyrolysis
temperatures, the Li was lost by 4% at 800°C, while the recovery rate of Ni, Co and Mn

was dropped by 5-7% at 900°C. Therefore, to minimize energy and chemical



consumption and simplify product speciation, the optimal parameters for the synergetic
pyrolysis were set as 600°C, 30 min and NCM:PET mass ratio of 1.0:0.3. The as-
obtained product under the optimal conditions was denoted as Sample SP in the
following studies. Furthermore, Fig. 3 demonstrated the element distribution of Sample
SP by TEM elemental mapping, with the observation of both plate-like polygonal
particles and granular ones (Fig. 3a). The polygonal particles, with a typical diameter
of ~200 nm, were concentrated by Mn and O coincidently, which confirmed the
formation of MnO as detected by XRD technique. The granular particles were much
smaller in diameter (~ 100 nm), with only Ni and Co distributed uniformly, indicating

the formation of Ni and Co solid solutions.

Degradation behavior of PET via synergetic pyrolysis

The mass losses with the elevated temperatures were analyzed to understand the
thermal behavior of the blended NCM-PET system. As shown in Fig. 4a, the synergetic
pyrolysis displayed a three-stage process, when pyrolysis temperature was gradually
increased from room temperature to 1000°C. To be specific, stage 1 took place between
310-549°C, in which the mass dropped rapidly by 32.8% and the peak rate of mass loss
occurred at 429°C. Stage 2 was relatively prolonged and tardily with 14.0% of total
mass lost from 549 to 643°C, including two peaks of mass loss rate at 589°C and 623°C.
Stage 3 could lead to a mass loss of 5.3% at 643-840°C with a typical peak located at

713°C. The mass change persisted with a very low rate after the temperature exceeding

10



840°C. The volatile compounds released during pyrolysis were simultaneously
monitored by combining FT-IR and MS measurements. The chemical structure of
volatile products was revealed in the 3D FT-IR spectrum, as shown in Fig. 4b. To
precisely identify the released gaseous species, , the mass information of each evolved

specie and its ion current was detected by the MS (Fig. 4c-4m) measurement.

The peaks collected in 3D FT-IR spectrum indicated the release of various types of
volatile compounds, including hydrocarbons (saturated, unsaturated and aromatic
hydrocarbons), aldehydes, carboxyls, carbon oxides, and water. The formation of
hydrocarbons was confirmed with the peak located at around 1380 cm™ (the bending
vibration of C-H bond) of the FT-IR spectra. The specific species were identified as
CH4, CoH-, C4H3- and CsHs- corresponding to the ion curves of m/z = 15, 25, 51, and
65 in Fig. 4c¢, 4e, 4k, and 41, respectively. Among them, the CH4 and CoH- were released
at Stage 1, while the C4H3- and CsHs- were mainly generated at Stage 2. Benzene was
also observed as reflected in the single ion curve of m/z = 78 (Fig. 4m), and it was
released at both Stage 1 and the early period of Stage 2 (before 600°C). In addition to
hydrocarbons, the formation of aldehyde groups was also suggested by the FT-IR
results. The strong absorbance peak at around 1750 cm™ was ascribed to the stretching
vibration of C=O and the peak at 2820 cm™' was attributed to the C-H stretching
vibration in the aldehyde?*. The ion curves of m/z = 29 (Fig. 4g) and 43 (Fig. 4h) were
regarded as formyl radical and acetaldehyde, respectively. This indicated that the

majority of these two aldehydes was evolved at Stage 1, while a small amount of formyl
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radicals was produced at Stage 2. Furthermore, the weak peaks at 3735-3580 cm™! and
1084 cm™ were correspondingly attributed to the vibration of O-H bond and stretching
vibration of C-O bond, respectively, corresponding to the bending mode of ester and
carboxylic acid. Thus, the m/z = 45 ion curve (Fig. 4j) could be identified as carboxyl
acid radicals, according to the PET degradation behavior?? throughout Stage 1, 2 and 3
until 800°C. In addition, the intense peaks at 2439 cm™! of the FT-IR spectra were the
asymmetrical stretching vibration of C=0, which should be related to the formation of
CO and CO; in ion curves with m/z = 28 (Fig. 4f) and 44 (Fig. 41). Obviously, CO was
mainly produced at Stage 1 and 2, while the CO> was gradually released at all three
stages. Besides, the absorbance peaks at 1510 and 3739 cm™! were coincident with the
ion curve of m/z = 18, which represented that most of H2O was also produced at the

first two stages.

To summarize, PET plastics in the NCM blended system was mainly degraded at three
reaction stages and the amount of the released gaseous products, including hydrocarbon
(alkane, alkene, alkyne and benzene), aldehyde, carboxylic acid, CO>, CO and H-O,
was gradually weakened from Stage 1 to Stage 3. According to previous

StudieSZZ,24,25,36,37

, pure PET displayed a single but rapid degradation stage at 400-500°C
with the maximum degradation rate over 400°C. The pyrolysis of pure PET began with
the break of ester links, which caused chain scission and produced carboxylic acid and

olefinic at the end of chains. Subsequently, the disintegration and secondary reactions

continued till the end of degradation mainly by the repeated decarboxylation and free

12



radical reactions. Thus, the decarboxylation and free radical reactions were the most
pivotal and dominant mechanism for pure PET pyrolysis and were also considered as
crucial step in synergetic pyrolysis of this study. As a comparison, the degradation of
PET with NCM in this study was initiated at a similar temperature (400°C), but the
completion of degradation was delayed to Stage 3 at over 800°C. Furthermore, similar
gaseous species were detected in the PET-NCM system, when compared with the pure
PET system. This indicated the similar degradation pathways in these two systems. For
instance, the carboxylic acid was released throughout the three stages, indicating that
the decarboxylation reaction was one of the dominate reactions during synergetic
pyrolysis. Among other volatile organic compounds, the system produced organic
molecules with shorter C-chain (1-2 C atoms) at Stage 1, and then, benzene and larger
molecules (4-6 C atoms) were generated mainly at Stage 2. This should be explained
by the continuous chain scission and free radical reactions after ester scission. In the
residual chain of PET, the carbons at the ends (and adjacent atoms) were more likely to
escape, due to the reaction with free radicals, thus generating smaller molecules with
1-2 C atoms. Afterwards, the benzene ring, which was originally located at the middle
of the chain, was exposed to the end and thus reacted, generating larger molecules with
4-6 C atoms. In addition, the formation of alkenes and alkynes was possibly resulted
from reduction reactions caused by free radicals. Therefore, the decarboxylation and
free radical reaction played an essential role in NCM-PET pyrolysis as well. The

produced free radicals and reducing gases (e.g., CO and CO3) not only contributed to

13



the pyrolysis of PET, but also played key roles in the decomposition and reduction of

NCM.

Reaction mechanisms

The DFT calculation was applied to optimize the models and investigate the binding
energies between PET and NCM molecules. The polar (001) surface was reported with
low surface energy and large surface area, according to previous studies, and thus was

chosen as the slab model surface’®?

. The wvariables of different adsorption
configurations can be described as follows. The Li, TM and O were served as
terminations of NCM (001) slab, while the vertical and horizontal planes of the benzene
ring were possible adsorption postures of PET. The O, C and H were adsorption sites
on PET. After optimization, the binding energies of each adsorption configuration were
summarized in Table 1, while a lower adsorption energy represented an easier

generation of a more stable configuration. The exact configurations for each model

were demonstrated in Fig. S2-S5 of SI.

For the PET adsorption on the Li surface, more Li-O bonds were formed with lower
adsorption energies, when the PET was in horizontal position. Configurations 1, 2 and
3 were similar in both configuration type and adsorption energy after optimization (Fig.
S2 of SI), implying that the O atoms in ester and carboxyl groups were likely to form
single bonds with 1-3 Li atoms on the surface of NCM (001) slab. As the plane of four

14



O was parallel to Li surface, due to lying benzene, the 6-8 Li-O bonds were generated
for each PET model and the lowest adsorption energy was -4.248 eV. The O
(Configuration 4) and H (Configuration 5) in vertical PET were found combinative to
Li surface as well, but the combination was much weaker because of the higher
adsorption energy. The PET adsorption on the TM surface also showed preference in
horizontal position, but with a weaker combination (adsorption energy as -2.760 eV)
than that on the Li surface. For horizontal PET (Configuration 6), 2 O and 2 C atoms in
the PET were adsorbable to the TM surface, forming 4 O/C-TM bonds. Vertical PET
allowed only single O-TM or H-TM bond in each configuration (Configurations 7-10)
with very weak combination especially regarding H-TM combination. The interaction
between PET and O surface was negligible with the adsorption energy closing to 0. In
general, PET showed an evident bonding preference on Li over TM and O. Moreover,
horizontal PET tended to be adsorbed more easily, compared with the vertical one. This
should be attributed to the simultaneous multiple bonding allowed by the planar
distribution of atoms on and around the benzene rings. In addition, the O served as the
most active atom in PET and provided stronger bonds to NCM (Li and TM), in

comparison with the C and H atoms.

Taking all the findings into consideration, the synergetic behavior of the PET-NCM
pyrolysis could be comprehensively discussed. On one side, the decomposition of NCM
was evidently accelerated, that is, the starting temperature of the thermal decomposition

was significantly dropped to 400°C and the effective Li-TM separation was completely
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finished at only 550°C. On the other side, the degradation of PET was prolonged to
stages of higher temperatures. The changes in thermal behaviors of NCM and PET were
in agreement with the coupling reaction mechanisms, consistent with previous studies.
This phenomenon implied that a low-temperature reaction could reduce the energy
barrier of a high-temperature one'®**. The reasons of the coupling effect could be
explained as below. First, the early decomposition of NCM was caused by the surface
adsorption of PET on the NCM. However, as shown in Fig. 6, pure NCM possessed
high thermal stability and remained non-reactive even at 800°C. With the addition of
PET in the reaction system, the O atoms in the PET were adsorbable to metal atoms in
the NCM, and the capture on Li was stronger than that on TM. In the crystals of NCM,
the Li atoms were connected to the lattice by ionic bonds, which were much more
fragile and easily broken compared with the covalent bonds of the TM. As a result, the
Li-O bonding during the reaction processes extracted Li from the NCM and captured
O together with the neighboring C from the PET, leading to the formation of Li>COs3.
Meanwhile, the TM and O remained in the octahedron framework of the NCM and
formed metal oxides, which might be more active owing to the partially collapsed
lattice structure. As a support of Li escape and lattice collapse, the XRD patterns in Fig.
la confirmed the formation of Li»CO3, MnO and NixCo1-xO at 550°C and the formation
of NixCoi at higher temperatures. Second, the pyrolysis of PET released various free
radicals and reductive gaseous products, including carboxylic acid, CO, CO», CHa, etc.
Previous studies revealed that the reducing gases were more attractive to the O atoms

and caused the continuous O escaping and bond breaking in NCM!¥40 The
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indispensable role of the PET on the stepwise reduction of TM was well proved by the
transformation from NixCo1.xO to NixCoix with the PET increasing from 1.0:0.2 to

1.0:0.3 (Fig. 1¢).

Metal recovery and NCM regeneration

Fig. 5a showed the recycling process for NCM recycling with synergetic pyrolysis of
PET plastics. After synergetic pyrolysis, water washing was adopted for effective
separation of Li from TM, because the soluble Li2COs can be easily extracted from the
solid phase (Sample SP). By means of a simple filtration process, the Li>COs3 could be
concentrated in the leachate and was crystalized after drying (Sample P-Li). Meanwhile,
the insoluble particles in the solid phase (Sample P-TM) were mainly composed of
metal oxides, elemental transition metals and PET-derived carbon. As expected, the
typical XRD patterns in Fig. 5b verified a successful Li-TM separation. It is obvious
that Li2CO3 was formed in the Sample P-Li with simultaneous formation of MnO and
NixCoix in Sample P-TM. The XRD results also suggested that water washing could
successfully separate Li,CO3 from the TM phases, based on the difference in solubility.
The recovery rate of each element was further illustrated in Fig. Sc, which implied that
more than 99% of Li was recovered in Sample P-Li and over 99% of Ni, Co and Mn
could be recycled in Sample P-TM. Besides, Ni, Co and Mn were not detectable in
Sample P-Li and no Li was found in Sample P-TM, thus revealing that water washing
could achieve high efficiency and selectivity for the separation of Li and TM. The as-
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obtained Sample P-Li and P-TM, possessing high metal purity, could be potentially

used as feedstocks for practical applications.

In this work, Sample P-Li and P-TM, viewed as potential battery raw materials, were
employed to regenerate NCM cathode materials. By solid-state sintering, the following
reactions (eqs. 4 & 5) were expected to take place, inducing the crystallization of new
NCM from Li and TM precursors and the calcination of organic compounds with the
participation of oxygen. Thus, the sintering step regenerated NCM and removed

residual carbon simultaneously.

6 Li,CO5 + 4 Ni+ 4 Co + 4 MnO + 70, —» 12 LiNi;;3C0q;3Mn 30, + 6 CO, (4)

4 CyH,0, + (4 +y — 22)0; = 4x CO, + 2y H,0 (5)

As evidenced in Fig. 5b, the XRD pattern of the regenerated NCM showed that NCM
crystal phase of high purity was observed with sharp peaks, which are corresponding
to the a-NaFeO, structure. This confirmed that the regenerated NCM could be well
crystallized with the above solid-state sintering method. Meanwhile, no peaks of other
crystal phases were observed, suggesting a complete participation of Li/TM feedstocks
and phase transformation to NCM. The doublet peaks of (008)/(110) and (006)/(102)
split clearly and sharply, which was considered as crucial indicator for the layer

structure in NCM cathode materials*'***. The morphology and microstructure of the
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regenerated NCM materials were further characterized by SEM and HR-TEM. Fig. 5d
showed the micro-scale spherical particle was agglomerated by regular nano-scale
polyhydron particles with a typical size of 200-800 nm. The morphology was similar
to previous studies on NCM cathode materials, which revealed the restoration of the
crystal structure***°_ Previous studies also reported that small particle size and
uniform distribution were beneficial for the cycling and C-rate performances of NCM,
and certain agglomeration could enhance electrochemical charge-discharge
performance, owing to better ionic conductivity provided by the inter-connection
between particles*®. HR-TEM image in Fig. 5e showed two sets of clear fringes, and
the inter planar spacing was observed as 0.48 nm and 0.24 nm, assigned to the (003)
and (101) planes of NCM, respectively. The FFT (fast Fourier transform) pattern
revealed that the particle was preferentially exposed with (003) plane, which was
consistent with the above XRD results, thus verifying a typical (003) crystal plane of

the layered phase in the regenerated NCM cathode materials.

Discussion

Until most recently, many studies have focused on recycling spent cathode materials
via pyrolysis strategy, and some of them need to reply on additional chemicals to
overcome critical technical challenges, such as high energy consumption, low lithium
recovery rate and secondary pollution, etc. The carbon-contained reductants were

chosen as one of the environmentally friendly reducing agents for pyrolysis process.
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However, high reaction temperatures are still required for achieving high recovery rate
of metal elements. To achieve economic feasibility, it is highly desirable to develop
energy saving process for pyrolysis recycling of battery materials. It is well known that
PET is one of the most widely used polymers for disposable plastic products, which
contributed to a tremendous volume of waste generation, thus leading to serious
environmental concerns. PET can be decomposed into fuel sources by catalytic
reactions, with simultaneous generation of large amounts of free radicals and gases,
which could greatly reduce the pyrolysis temperature for the thermal decomposition of
the other co-pyrolyzation substances. Inspired by this phenomenon, this study proposed
a facile synergetic pyrolysis strategy for NCM-PET system, which was highly efficient

for element recovery and beneficial to both economy and environment.

The results of this study suggested that the synergetic pyrolysis system could greatly
reduce the decomposition temperature of NCM to 550°C with the simultaneous
generation of Li2CO3, NixCo1xO, NixCo1.x and MnO as the product phases. Meanwhile,
the PET addition of 1.0:0.3 (NCM/PET mass ratio) was enough to complete the
decomposition reaction within only 30 min. The results in this work were further
compared with previous studies, as shown in Table S2 of SI. For instance, when coke,
graphite or carbon were used as reductants, the pyrolysis temperatures were typically
in the range of 650-1000°C, with a duration time of 60-180 min. Meanwhile, the
complete decomposition of NCM was achieved with only 550°C, much lower than
previous work. In addition, owing to relatively low pyrolysis temperature, high
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retention of the valuable metal elements (over 99%) in the pyrolyzed products was
confirmed, especially for the volatile Li element. This energy saving strategy was
potentially applicable for efficient recovery of valuable metals (e.g. Li, Ni, Co and Mn)
from spent LIBs through simple post treatment (e.g. water washing). It should be
emphasized that disposal and resource utilization of the plastic waste was demonstrated
for battery recycling technology. Thereafter, a simple but efficient water washing step
could successfully separate Li and TM with high recovery rate (over 99%) and high
purity (no impurity metals detected). In addition, new NCM material with well layered
structure was successfully regenerated by sintering the recovered Li- and TM-
precursors at 800°C, and the residual carbon was simultaneously decomposed under air
atmosphere. It should be mentioned that more detailed physicochemical properties and
electrochemical performances of the regenerated NCM materials will be reported in the
future work. Furthermore, the exploration of reaction mechanisms provided theoretical
basis for industrial applications and migration applications. Overall, this study provided
a thinking of using plastic properties to achieve a win-win situation by simultaneous

treatment of plastic waste and battery wastes for valuable metal recovery.

Methods

Materials and reagents
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Battery grade LiNi13Co13Mn1302 (NCM333) powder sample received from Shenzhen
Kejing Zhida Technology Co., Ltd. was used in this work, instead of spent cathode
materials. PET sample was received from Qingdao Usolf Chemical Technology Co.,
Ltd. Note that no other chemicals or reagents were employed in the pyrolysis and post-
treatment processes. For metal element quantification, HCI (37 wt%), HNO3 and H20:
(30 wt%) (volume ratio 9:3:1) of analytical grade were purchased from Shanghai

Aladdin Bio-Chem Technology Co., Ltd., and used as the digestion solution.

Synergetic pyrolysis and sample characterization

The effects of three key factors, including temperature, NCM:PET mass ratio and
dwelling time on crystal phase change were systematically investigated in this study.
The dried NCM and PET powder were mixed via ball-milling (QM-QX-2L, MITR) at
3000 rpm for 30 min. The effect of PET addition on crystal phase change was studied
using six gradients of NCM:PET mass ratio (1.0:0.1, 1.0:0.2, 1.0:0.3, 1.0:0.4, 1.0:0.5,
and 1.0:1.0). The sample mixture was then added into a quartz crucible and placed in a
tube furnace (OTF-1200X-1I-100, Kejing., China) for synergetic pyrolysis. The
pyrolysis was conducted under N, atmosphere with a flow rate of 0.3 L min!, and a
heating rate of 10°C min™'. To individually explore the effect of pyrolysis temperature,
the mixture was heated at different target temperatures (400, 500, 550, 600, 700, 800,

900, and 1000°C) for a fixed time (120 min), and the effect of dwelling time on crystal
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phase change was investigated by heating at a fixed temperature (400°C) for different

dwelling time (15, 30, 60, 90, and 120 min).

X-ray diffraction (XRD, Rigaku SmartLab) technique was applied to identify the phase
transformation behavior during the pyrolysis, and the XRD patterns were recorded
under monochromated Cu Kq1 radiation operating at 45 kV and 200 mA from 10 to 90°
(10° min). To determine the content of metals in the pyrolyzed products, the solid
products were digested with acids and metal elements (Li, Co, Ni, and Mn) were
quantified by inductively coupled plasma-optical emission spectrometry (ICP-OES;
8000 Perkin Elmer). The morphology and element distribution of the products were
obtained by the scanning transmission electron microscopy - energy dispersive X-ray
(STEM-EDX) by a Tecnai G2 F30 (Thermo Fisher) microscope operating at an
accelerating voltage of 300 kV. The mass change of all pyrolysis samples was recorded

to calculate the loss of ignition (LOI).

In particular, the thermal behavior of the blended NCM/PET system, especially
regarding evolutionary components, was monitored using a thermogravimetric analysis
(TGA, 209F1, NETZSCH) coupled with a mass spectroscopy (MS, QMS403C,
NETZSCH) and a Fourier transform infrared spectroscopy (FT-IR, Nicolette-IS-50,
Thermo Fisher) separately. Typically, 30 mg of the NCM-PET mixture with a mass
ratio of 1.0:1.0 was loaded in an alumina crucible, and the thermal behavior was

monitored from 30 to 1000°C under N, atmosphere with a heating rate of 10°C min™..
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Post-treatment and sample characterization

The products obtained under the optimal pyrolysis condition (marked as Sample SP)
was washed with the deionized water at room temperature to separate Li and TM
elements. Sample SP was added into the deionized water with a solid/liquid ratio of 20
g/L, and then the mixture was treated with a shaker (TS-212N, TENSUC) at 100 rpm
for 60 min. %3931 After simple washing, the solid residue (denoted as Sample P-TM)
was filtered and separated from the leachate. The leachate was then evaporated under
90°C to obtain another solid product (Sample P-Li). The supposed Li- and TM-

concentrated products were denoted as Sample P-Li and P-TM, respectively.

The content of all metal elements in the post-treatment products was quantified by ICP-
OES after acid digestion, to determine the purity of the product and the metal recovery
rate of the progress. The recovery rate of the targeted metal elements in the recovered
products was calculated with the below equation (1):

mp-wt%;p

R, = x 100% (1)

mgr-wt%igr

e
l

where wt%,p and wt%;r are the weight content of metal “i” in the recovered product (P,
referring to Sample P-Li or P-TM) and the raw NCM-PET mixture (R), respectively;

mp and mp are the weight of recovered product and raw mixture, respectively.
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The weight content was calculated as equation (2):

wt%,; = <L x 100% )
m

where ¢;, V and m are the concentration of metal i in the digested solution, the volume

of the digested solution and the mass of the digested sample, respectively.

The new NCM was then resynthesized by using the recovered Sample P-Li and P-TM
in previous steps. After confirming the content of Li in Sample P-Li and the content of
Ni, Co and Mn in Sample P-TM, the two solid samples were weighed to reach the molar
ratio of Li:TM (Ni + Co + Mn) = 1.1:1.0 and then fully mixed by ball-milling at 3000
rpm for 30 min. The as-obtained solid mixture was then transferred to a muftle furnace
(KSL-1200X-M, Kejing., China) and sintered at 800°C for 10 h with a ramping rate of
5°C min™! under air atmosphere, resulting in the regenerated NCM (Sample R-NCM).
XRD was applied to identify the crystal phases in the solid products. Scanning electron
microscope (SEM) was performed to observe the sample morphology on a FEI Nova
NanoSem 450. High resolution TEM (HR-TEM) data was collected to characterize the

microscopy in nano-scales.

DFT calculation
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Density functional theory (DFT) calculation was carried out to harvest the adsorption
preference of NCM and PET particles. Spin-polarized DFT calculations were
performed using the Vienna ab initio simulation package (VASP)***3. The generalized
gradient approximation proposed by Perdew, Burke, and Ernzerhof (GGA-PBE) was
selected for the exchange-correlation potential**. The pseudo-potential was described
by the projector-augmented-wave (PAW) method®>. The geometry optimization was
performed until the Hellmann—Feynman force on each atom was smaller than 0.02
eV/A. The energy criterion was set to 107 eV in iterative solution of the Kohn-Sham
equation. The NCM (001) slab model was constructed by cleaving the (001) surface of
LCO unit cell and expanding into a 4a*5b*c supercell, and the Co atoms were randomly
replaced by 1/3 Ni and 1/3 Mn atoms. Li, TM, or O terminations on the slab model
surface were investigated and compared. 18 A vacuum above the slab model was
created. During optimization, only the top three layers of atoms were allowed to relax.

The adsorption energy (Eaqs) was calculated according to equation (3)

Eqas = Etotar — E1 — E3 (3)

in which Ejw 1s the DFT energy of NCM (001) with PET adsorbed, £; is NCM (001)

energy and E> is PET energy.

Data availability
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The data that support the findings of this study are available from the corresponding

author upon reasonable request.
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Table 1. Information for the optimized adsorption configurations of PET and NCM

(LiNi13C015Mn1302) (001) slab

No. Surface of NCM  Posture of PET Bonding atoms E , (eV)
1 Li horizontal O-Li -3.948
2 Li horizontal O-Li -4.248
3 Li horizontal O-Li -4.102
4 Li vertical O-Li -1.080
5 Li vertical H-Li -0.386
6 ™ horizontal O-TM, C-TM -2.757
7 ™ vertical O-T™M -1.328
8 ™ vertical O-T™M -0.843
9 ™ vertical O-T™M -1.566

10 ™ vertical H-TM -0.832
11 O horizontal None 0.076
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Figure 1 Typical XRD patterns of the PET+NCM (LiNi13Co13Mn1302) synergetic

pyrolysis products (a) at different temperatures (400, 500, 550, 600, 700, 800, 900 and

1000°C) for 120 min, with a mass ratio of NCM/PET of 1.0:1.0, (b) with various mass

ratios of NCM/PET (1.0:0.1; 1.0:0.2, 1.0:0.3, 1.0:0.4, 1.0:0.5 and 1.0:1.0) at 600°C for

120 min, and (c) of different time (15, 30, 60, 90 and 120 min) at 600°C, with a mass

ratio of NCM/PET of 1.0:0.3.
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Figure 2 Recovery rate of different metals (Li, Ni, Co and Mn) in the pyrolyzed

products obtained at various pyrolysis temperatures.
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Figure 3 Typical high-resolution EDX mapping of the pyrolyzed products (Sample SP)
obtained under pyrolysis conditions of 600°C, 120 min and a NCM

(LiNi13C015Mn1302)/PET mass ratio of 1.0:1.0.
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m/z = 78. The loaded mass ratio of NCM/PET was 1.0:1.0.

Figure 4 (a) TGA and DTG curves of PET+NCM (LiNii3Co13Mn1302) mixture from
30 to 1000°C; (b) 3-dimensional FT-IR spectra; and single ion curves in the gas released
during TGA analysis, including (c) m/z = 15, (d) m/z = 18, (¢) m/z = 25, (f) m/z = 28,

(g) m/z=29, (h) m/z=43, (1) m/z=44, (j) m/z =45, (k) m/z= 51, (I) m/z = 65 and (m)
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Figure 5 (a) A schematic diagram showing the recycling process of the NCM
(LiNi13Co13Mn1302) powder with synergetic pyrolysis of PET plastics; (b) XRD
patterns of the post treatment products, including Sample P-Li, P-TM and R-NCM; (c)
content of Li, Ni, Co and Mn in Sample P-Li and P-TM; (d) typical SEM and (e) typical
HR-TEM images of Sample R-NCM, including the inset showing the corresponding

fast fourier transform (FFT) image.
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PET Pyrolysis

%
] ®
e © d © 4@ oo

radicals

Vacancy of Li
Bt - ®@® wo
o W (Y ] NilCo
Surface Adsorption Structure Collapsion Metallic Products
e © ¢ o o o
Li Ni Mn Co [ Le] H

Figure 6. Schematic diagram illustrating the synergetic pyrolysis mechanisms of

PET+NCM (LiNii3Co013Mn130z).
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