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Sustainable recycling of metal resources from spent lithium-ion batteries (LIBs) with reduced environ-
mental impacts is attracting increasing attention in the current recycling processes. However, over-
reliance on energy and chemical input is one of the leading bottlenecks for the prevailing technologies. In
this study, pyrolysis gases generated from renewable biomass waste by microthermal catalysis of the
cathode material (LiNi,Co,Mn;_,_,O,) in spent LIBs were innovatively used as reactants for the regulated
reduction and conversion of different metals. Detailed experimental results suggest that different reaction
pathways for metals can be controlled by the experimental conditions, especially reaction temperature. Li
tends to be converted into Li,COs, immune to the reaction temperature, while Co(i) and Mn(iv) can be
just reduced into CoO and MnO in the lower roasting temperature range of 300 °C-500 °C, with further
reduction into their metallic forms Co and Ni in the higher temperature range of 500 °C-700 °C, while
MnO cannot be further reduced into metallic Mn, and the different converted products are recovered
based on their forms with significantly reduced consumption of chemicals. Finally, tentative exploration of
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the reaction mechanism suggests that cathode materials are efficient catalysts to reduce the roasting
temperature and promote the generation of H, from biomass wastes, changing the traditional solid—solid
reaction of carbothermal metallurgy to the gas—solid reaction of hydrogen metallurgy with reduced input

rsc.li/greenchem of chemical and energy.

the global production and application. Although these bat-
teries exhibit excellent electrochemical performances, e.g. high

1. Introduction

As one of the most promising cathode materials applied in
lithium-ion batteries (LIBs) with high energy density,
LiNi,Co,Mn,_,_,0, (NCM) is widely assembled in hybrid elec-
tric/electric vehicles (HEVs/EVs) with its increasing share in
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energy capacity and voltage, favorable discharge resistance,
high tolerance to a wide temperature range, and the fact that
they are less harmful to the environment than other
batteries,>* a large quantity of spent LIBs has been inevitably
discarded into the waste stream after the end of their life cycle
for several years® and poses a severe risk towards the ecosystem
and human beings because of their high levels of heavy metals
and hazardous organics.”® On the other hand, the availability
of strategic metal resources (e.g. Li, Co, Ni) supplied for LIB
manufacture is becoming a high priority for their global secur-
ity supply.® There is, therefore, necessity for efficient and sus-
tainable recycling of spent LIBs to ensure resource and
environmental security.”

Currently, increasing efforts have been devoted to recycling
different metal resources from waste NCM of spent LIBs for
sustainable development of the new energy industry.?
Hydrometallurgical, biohydrometallurgical and pyrometallur-
gical processes have been sophisticatedly adopted to recover
the valuable metals.’ As one of the most widely used conven-
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tional recycling processes, the hydrometallurgical method
usually involves the conversion of the target metals into lixi-
vium, with subsequent separation of different metals from
leaching solution. During leaching, mineral acids (ie
H,S0,,"° HCL,"* HNO; '* and H;PO, **) and organic acids (e.g.
citric acid,'* oxalic acid,'® and tartaric acid'®) were sophisticat-
edly adopted as leachates, along with the addition of a reduc-
tant (e.g. H,0," and glucose'®) for the reductive leaching of
NCM,"™ and different separation technologies, including pre-
cipitation,'® solvent extraction®® and electro-deposition,>" were
used for the recycling of valuable metals from leaching
solution.>*** Although different metals can be recovered by
the hydrometallurgical process with decent efficiency and
selectivity, the extensive consumption of chemicals and
tedious recycling procedures may result in secondary contami-
nation, enhanced cost and loss of valuable metals.>*
Bioleaching is an emerging technology that is regarded as a
promising alternative to leaching metals using microorgan-
isms as acid producers,* while the slow kinetics, poor selecti-
vity and high environmental sensitivity result in declined
leaching efficiency, which also restricts its scaled-up appli-
cation.”® The pyro-metallurgical process usually involves high
temperature treatments to refine or purify target metals.””
Though thermochemical routes have high processing capacity
and efficiency, extensive emission (e.g. SO,) and volatilization
of Li are inevitable in a high-temperature environment.>*°
Therefore, the above issues concerning the extensive consump-
tion of chemicals and energy, extended procedures, and unre-
gulated selectivity and efficiency should be fully addressed for
sustainably recycling valuable metals.

Increasing attention has been attracted by thermochemical
reduction processes through microwave heating, vacuum pyrol-
ysis and roasting by solid-to-solid reactions including car-
bothermal reduction,®*! thermite reduction, sulfating roast-
ing conversion®*?* and biomass waste reduction®*** prior to
hydrometallurgical extraction of valuable metals at high pro-
cessing temperatures. On the other hand, the addition of redu-
cing agents, e.g. Al foils (thermite reaction) and graphite (car-
bothermic reaction), increases the cost of the reaction and
makes the subsequent separation process more difficult. For
instance, a vacuum pyrolysis approach was adopted by Tang
et al. to recover Li and Co from spent LIBs by mixing the as-
received cathode materials (LiCoO,, LCO) with graphite
obtained from waste anode materials for selectively converting
LCO into Co or CoO and Li,CO;3; by carbothermic reduction
from 873 K to 1273 K, with recovery rates of 93% and 99% for
Li and Co.*' Waste LCO was converted into LiAlO, and CoO at
600 °C for 60 min using Al foils as an in situ reductant, with
leaching efficiencies of 94% and 96% for Li and Al achieved
using 2.5 mol L™ NaOH as a leachant.?® Zhang et al. reported
chemical evolution of the LiNi;;3C04/,3Mny/30,-NaHSO,4-H,O
system with a stoichiometric mass ratio of 1:4.3 in the reac-
tion temperature range from 20 °C to 600 °C.>® Although the
above recycling technologies are available for the treatment of
waste LCO, the increase of the valence of transition metals (Ni,
Co and Mn) during the high-temperature preparation may lead
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to the regeneration of strong Me-O chemical bonds and even
adverse impacts on the subsequent leaching.*”*® As typical
renewable resources, biomass waste (BMW) was used as a
promising additive during the thermochemical reduction
process with the advantages of low cost, easy availability and
eco-friendliness.*>*® Besides, the adoption of BMW will also
change traditional solid-solid reactions of carbothermal/ther-
mite metallurgy into a mixed model of gas-solid/solid-solid
reactions with reduced input of chemicals and energy. For
example, BMW was used as the reductant during the reduction
roasting of low-grade manganese dioxide ores at 500 °C for
80 min,*® or as an alternative reductant for copper slag
reduction (>1100 K).>* However, the adoption of BMW as a
reductant during thermochemical reduction processing of
waste NCM from spent LIBs has rarely been reported. Pyrolysis
and gasification of BMW to produce bioenergy, bio-oil, syngas,
and biochar are among the most promising processes in ther-
mochemical processes.*’* It is, therefore, necessary to
explore possibilities for efficient conversion and reduction of
different metals (Li, Ni, Co and Mn) in NCM using BMW as an
effective and eco-friendly alternative, instead of the traditional
chemical reductants.

In the present work, the thermochemical reduction process
was proposed for the recycling of different metals from waste
NCM using BMW (cornstalk) as the reductant. Different
characterization methods namely TG-DSC, XRD and XPS were
used to explore the detailed conversion and reduction process
and the corresponding mechanism for different metals in
NCM. Gas chromatography was applied to confirm gaseous
products and explore the gas-solid reaction process.
Thermodynamic data of the main reduction reactions during
roasting were calculated using the HSC chemistry software.
Different parameters namely reaction temperature, retention
time and mass ratio of NCM:BMW on conversion and
reduction of different metals, and acid concentration, pulp
density, roasting temperature and mass ratio on the leaching
of them were investigated to transfer Ni, Co and Mn with
reduced valances in roasting products, after the water leaching
of Li,COs. Li and transition metals can be finally recovered as
Li,CO; and ternary precursors Me(OH), (Me = Ni, Co and Mn),
with significantly reduced consumption of chemicals and
energy. It is expected that this recycling route involved low-
temperature pyrometallurgical pretreatment and facile hydro-
metallurgical leaching can be a promising method for the
selective conversion and recycling of different metals based on
their natures with minimized chemical/energy consumption
and environmental footprint.

2. Materials and methods

2.1. Materials and reagents

Waste NCM cathode materials (98 wt%) obtained after pre-
treatment through discharging, dismantling, peeling off Al
foil, roasting and grinding were used as feed materials
(Fig. S17). The biomass waste corn stalk (CS, 20 mesh) was pur-
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chased from Lianyungang, China (The choice of biomass
wastes was clarified in our previous study.*®). The elemental
contents of NCM, BMW and mixed powders were determined
using an ICP-OES (Intrepid II, American Thermofisher
Company) and an Organic Element Analyzer (Elemeraor,
Germany). The elemental contents are 30.61% Ni, 12.54% Co,
17.32% Mn and 1.82% Li for NCM, and 43.16% C, 4.05% H,
43.18% O and 1.04% N for CS. Their detailed compositions
are listed in Table S1.} All the chemicals used are of analytical
purity and purchased from Sigma Aldrich Co. Ltd, and de-
ionized water was used for leaching, preparation of aqueous
solutions and washing.

2.2. Experimental procedure

2.2.1. Thermochemical experiment. Quantitative amounts
of waste NCM (4.00 g) and BMW (based on the mass ratio of
NCM : BMW) were mixed and stirred for 10 min in a mortar to
ensure their sufficient and homogeneous mixing. They were
transferred into a quartz vessel and dried in an oven at 105 °C
for 2 h. The as-prepared dried samples were used as feeds
during thermochemical experiments. All the thermochemical
experiments were conducted in a tube furnace (OTF-1200X,
HF-Kejing) under a high-purity N, atmosphere. For each batch,
the feeds were placed in the middle of a horizontal quartz
tube, with the ventilation of high-purity N, for 15 min. Then,
the feed materials were roasted to a set temperature at a
heating rate of 10 °C min~' (Maximum value), with further
roasting at the set temperature for a controlled retention time.
Different parameters, including roasting temperature, reten-
tion time and mass ratio, were investigated to achieve an all-
around understanding of their effects on the conversion or
reduction of different valuable metals. Solid samples obtained
after the thermochemical experiments were used for the sub-
sequent characterization and separation procedures, and the
purified tail gases were collected using an airbag to determine
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their composition. The self-designed equipment for the ther-
mochemical experiment is shown in Fig. 1.

2.2.2. Selective recycling of different valuable metals.
Firstly, the roasting products were intensively agitated in de-
ionized water at room temperature for 3 h with a slurry density
of 20 g L™' to selectively extract Li,CO; by water-leaching.
Then, the products metallic Co and Ni were selectively separ-
ated by magnetic separation, and CoO, NiO and MnO in resi-
dues were dissolved using mild sulfuric acid. The product
Li,COj; in the aqueous phase can be directly obtained by evap-
oration, while transition metal enriched lixivium was used as
the mother solution for the fabrication of ternary precursors.

The flowchart of the whole recycling route is illustrated in
Fig. S2.T7 The conversion rate (Li,COj3) of Li (C) and purity of Li
product (P) in the thermochemical process can be calculated
using eqn (1) and (2), and the leaching rates (X;) of transition
metals (i = Co, Ni and Mn) can be calculated using eqn (3)

_ Moy

Cui x 100% (1)
mowo
my iy
Pii,co, = ﬁ x 100% (2)
1w1
civ
Xi=—— x 100% (3)
MmMowi

where m, and m; are the mass of feed materials and target
product after thermochemical processing, g; wo, and , are the
mass fraction of Li in feed materials and target product, wt%;
my; is the mass of Li,CO; obtained from water leaching, g; wy;
is the mass fraction in Li,CO3;, wt%; C; is the concentration of
the elements, g L™ v is the volume of lixivium, L; w; is the
mass fraction of transition metals, wt%.

L
—3
o
H_
ini
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N

Fig. 1 The self-designed equipment for the thermochemical experiment (1. Nitrogen cylinder, 2. Gas flowmeter, 3. Glass tube furnace, 4. Gas-

washing system, 5. Saturated sodium bicarbonate, 6. Skimmed cotton, 7.
chromatograph instrument).
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Drying tube, 8. Discolored silica gel, 9. Gas sample collection bag, 10. Gas
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2.3. Analytical methods

In this study, different analytical methods were adopted to
explore the thermochemical process and identify the obtained
products. The contents of different metals in solid or aqueous
samples were determined using an ICP-OES (Intrepid II,
American Thermofisher Company). The HSC Chemistry 6.0
software was used to predict the Gibbs free energy of the
related thermochemical reactions. A thermogravimetric analy-
zer (TGA/DSC3+, Switzerland) was applied to reveal the ther-
mochemical characteristics and behaviors of feed materials
with each batch heated from room temperature to 1000 °C at a
heating rate of 10 °C min~" under a N, atmosphere during the
heating process. The gaseous products were analyzed by gas
chromatography (GC, Agilent 7890B) using He as the carrier
gas. Then, X-ray diffraction (XRD, D8 Advance, Bruker) and
X-ray photoelectron spectroscopy (XPS, AXIS SUPRA) were
employed for phase and valence state analyses of all feed
materials and roasting products. The detailed information of
the above instruments is given in Table S2.}

3. Results and discussion
3.1. Thermochemical experiments

In the roasting experiments, the effects of retention time,
roasting temperature and mass ratio of NCM: BMW on the
conversion of different metals were investigated to optimize
the suitable experimental conditions (as shown in Fig. 2). It
can be concluded from Fig. 2(a) that the addition of the BMW
reductant can ensure the complete conversion of NCM into
different products namely Li,CO;, MeO and Me (Me = Ni, Co
or Mn), without an impurity phase formed during the reaction.
The roasting products of Li,CO3z;, CoO, NiO and MnO can be
simultaneously obtained at low mass ratios from 1:0.2 to
1:0.6, while metallic products Ni and Co is gradually formed
with a gradual disappearance of Li,CO; with the increase of
the BMW dosage, indicating that the increased dosage of
BMW restricts the generation of Li,CO; and facilitates the
deep reduction of transition metals, which may be caused by
the screening effect of excessive BMW with the molecular
structure of C,H,0,."" The roasting temperature shows a sig-

1-NCM, 2/3-NiO/C00, 4-Li,CO,, 5/6-Ni/Co

1-NCM, 2/3-NiO/C00, 4-Li,CO,, 5/6-Ni/Co, 7-MnO
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nificant influence on the formation of different products
either (see Fig. 2(b)). With the increase of roasting tempera-
tures in high levels (400 °C-700 °C), metallic Co and Ni tend
to be formed along with the gradual shrinking of CoO and
NiO, indicating that the higher roasting temperatures can
facilitate the formation of metallic Co and Ni, but the diffrac-
tion peaks of MnO can be rather observed when the roasting
temperature reaches over 650 °C. It is obvious that the
reduction of Mn from the waste cathode material is much
more difficult than the reduction of Ni and Co.?
Simultaneously, the intensity of diffraction peaks for Li,COj;
also becomes stronger, which can be attributed to the possible
shift of gas-solid reaction to solid-solid one of carbothermal
reduction at a high temperature since BMW is eventually con-
verted into biochar at high roasting temperatures and car-
bothermal reduction can effectively convert Co(ur) and Ni(m)
into metallic Co and Ni. However, the high roasting tempera-
ture will not only enhance energy consumption but also result
in the loss of Li and secondary contaminations, which can
aggravate the carbon footprint and decline the overall recovery
efficiency.” Thus, lower roasting temperature and suitable
BMW dosage should be adopted. As shown in Fig. 2(c), the
moderate retention time of 15 min can ensure sufficient con-
version of NCM into oxide and carbonate products while an
extended reaction time results in the accumulation of metallic
Co and Ni, which can be attributed to the change of traditional
solid-solid reactions of carbothermal reduction into gas-solid
reduction reactions by reducing gases through the gasification
of BMW.

It can be discovered from the TG-DTG-DSC curves of spent
NCM and mixed samples under the optimized experimental
conditions that the weight losses of reductive roasting process
mainly occurred in three stages (see Fig. 3(a)), namely the first
stage 0-180 °C, the second stage 180-660 °C and the third
stage 660-1000 °C. Actually, waste NCM is thermostable that
can be hardly decomposed below 800 °C in inert gas due to its
strong Me-O bond, and a little weight loss over 800 °C can be
caused by volatilization of Li at such high temperatures.*®> The
experimental results indicate that the addition of BMW can
significantly reduce the decomposition temperature of NCM.
Pyrolysis of BMW and decomposition of NCM can be regarded

1-Li,CO;, 2/3-Ni0/C00, 4/5-Ni/Co

(a) 4 (b)

Intensity

5/6

Intensity
Intensity

10 20 30 40 50 60 70 80 10 20 30 40 50
2-Theta (°) 2-Theta (°)

60 70 80 10 20 30 40 50 60 70 80
2-Theta (°)

Fig. 2 The optimization of different parameters on the conversion of NCM into different products. (a) Effect of mass ratio of NCM : BMW (roasting
temperature = 450 °C, retention time = 15 min); (b) effect of roasting reaction temperature (retention time = 15 min, NCM :BMW = 1:0.3) and (c)
effect of retention time (NCM : BMW = 1: 0.3, roasting temperature = 450 °C).
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Fig. 3 The TG curve (a), DTG curve (b) and DSC curve (c) for cathode materials and roasting sample (heating rate — 10 °C min™t and NCM : BMW =

1:0.3).

as the associated reactions,’® which can significantly reduce
the decomposition temperature of NCM from 1000 °C to
450 °C. In the first stage (0-180 °C), the weight loss is attribu-
ted to the removal of free/bonding water from BMW with de-
hydration and glass transition processes, which is a rapid
process for the reduction of polymerization degree.’”” Only
minor weight loss (<3 wt%) and small amounts of carboxyl
groups, peroxy hydroxy groups and H, are generated in this
stage.*® The second stage is the pyrolysis process of BMW with
the generation of large amounts of the cracked gases (e.g. H,,
CO, CO,, CH,) and the reducing gases immediately participate
in reductive roasting reactions with the conversion of NCM
into different roasting products. Weight loss in this stage
becomes much more evident due to the volatilization of
cracked gases. Actually, weight of the roasting products in this
stage becomes heavier than that of NCM itself due to carbon
fixation of Li and formation of L,CO;. It can be concluded
from Fig. 3(b) that roasting temperatures at the maximum
weight loss ratio are similar (around 316 °C), which can
further prove that the dominant reaction in this stage is the
pyrolysis of BMW. In this stage, it can also be found from
Fig. 3(c) that the strongest exothermic peaks emerge at around
323 °C, which also coincides with the roasting temperature
with the maximum weight loss ratio. Compared with the solid
reductants (e.g. C, Al), the gaseous reductants (e.g. H, and CO)
demonstrate a stronger reducing capacity even at low tempera-
tures, promoting the decomposition of cathode materials and
reducing the energy consumption of NCM during thermo-
chemical process.** After the pyrolysis of BMW in Stage II,
most volatile substances in BMW are converted into gases,
leaving the non-volatile substances (biochar) as the roasting
products. Then, biochar (C) can further react with the roasting
products CoO, MnO, and NiO in Stage III. In this stage, CoO
and NiO are reduced into Co and Ni, resulting in a significant
weight loss of 17.92% with the conversion of oxides into
metals. Besides, these roasting reactions changed from
endothermic to exothermic nature with the increase in temp-
erature, indicating that the energy consumption of the roasting
process in Stage III becomes self-sufficient.

Finally, GC was applied to determine the contents and com-
position of pyrolysis gases. The mixed sample (NCM : BMW =
1:0.3) and the biomass sample (blank) are compared with

This journal is © The Royal Society of Chemistry 2023

respect to the yield of different gases (CO,, CO, CH, and H,) in
the range of 400-700 °C (see Fig. 4). From Fig. 4(a) and (b) the
yield of CO, and CO starts to increase sharply at 600 °C for the
mixed sample, which is due to the carbothermic reduction
reaction that promotes the production of CO and CO,. From
Fig. 4(c) and (d), it can be discovered that the gaseous compo-
sition of CH, and H, shows sudden upward trend in the temp-
erature range of 450-500 °C, which is much higher than that
for the blank group. Then, it drops sharply at 500-700 °C. This
phenomenon is attributed to the characteristics of catalytic
pyrolysis and gasification of transition metal oxides in NCM,
and the catalytic pyrolysis reaction can increase both the
carbon conversion and reaction rate for the Ni-based catalyst,

by
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which has remarkable advantage of high activities for tar
cracking and methane reforming.*® Fig. 4(e) shows the pro-
portion of each gas in each group at a low roasting tempera-
ture (450 °C). The gas composition of CO,, CH,, CO and H, in
the blank group is 14.78%, 73.57%, 9.72% and 1.94%, respect-
ively. It is evident that almost all of CO and CO, are consumed
after adding NCM at a roasting temperature of 450 °C, and CO
is fully involved in the reduction reaction, while CO, is
involved in the formation of L,COj;. The content of CH, shows
a very small change, indicating that it is an inert gas at low
temperature. However, the content of H, increases from 1.94%
to 27.73% in the presence of NCM. NCM or transition-metal
oxides have a certain catalytic effect to promote the production
of small-molecule compounds, like H,, through dehydration,
decarboxylation, oligomerization and deoxygenation.*" Thus,
it is necessary to further investigate the catalytic effect of NCM
that is more effective for cracking large-molecular gases into
small-molecular ones. At a high temperature of 700 °C (see
Fig. 4(f)), the yield of CH, and H, decreases compared with
that in the control group, while the yield of CO and CO, shows
an opposite increasing trend. This can be attributed to the car-
bothermic reduction reaction at high temperatures which pro-
motes the production of CO and CO,.

3.2. Conversion and reduction of different metals

During the reductive roasting process, the valence states and
existing forms of Ni, Co and Mn in NCM are also changed
along with the pyrolysis of BMW. The high-resolution XPS
spectrum was used to explore changes in thermochemical
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reaction under the experimental conditions of a roasting time
of 15 min and an NCM : BMW mass ratio of 1:0.3 at different
reaction temperatures (500 °C-700 °C) (see Fig. 5). As for the C
1s spectra shown in Fig. 5(a), the characteristic peak assigned
to C at 284.8 eV corresponds to conductive carbon in NCM.
The characteristic peak of C 1s1/2 at 289.8 eV corresponds to
CO;>".*° Additionally, the high-resolution XPS spectra of C 1s
confirm that a portion of C element is converted into carbon-
ate (Li,COj) after activation at 500-700 °C (Table S37). Fig. 5(b)
shows the Ni 2p spectra of NCM and its reduction products.
The peaks at 856.8 eV in accordance with Ni 2p3/2 in NCM are
assigned to Ni(m).> As shown in the spectra of the reduction
products at 500 °C, the corresponding peaks of Ni(u) disap-
pear and the Ni 2p spectrum has two main peaks located at
854.7 eV (2p3/2) and 872.3 eV (2p1/2) corresponding to NiO.!
With the continuous increase in temperature, the character-
istic peak of Ni (852.6 eV) appears at 600 °C, and the concen-
tration of Ni increases at 650 °C (Table S4t). The Co 2p XPS
spectra before and after roasting are illustrated in Fig. 5(c).
The characteristic peaks at 780.1 eV and 795.24 eV in accord-
ance with Co 2p3/2 and Co 2p1/2 in NCM are assigned to Co
(m). As for the reduction product at 500 °C, the Co 2p3/2
binding energy at 778.3 €V is in accordance with zero-valent
Co,”® while the composition of CoO (796.6 €V) is still the domi-
nant composition at 550 °C-600 °C. The peak fitting results
indicate that the main peak for Co 2p3/2 can be split into peak
1 and 2, while the main peak for Co 2p1/2 can be split into
peak 3 and 4 (see Table S57), which is the same with the other
elements. The spectrum of Mn 2p (see Fig. 5(d)) reveals the

3[c1s C(284.8eV) (a)||Co2p Co** (780.1ev) (B)|[Mn 2p Mn** (642.3ev) (C)||Ni2p Ni** (856.8ev)_ (d)
NCM : NCM
288.9eV NCM :
Nem T ) =
5500°C 500°C Co (778.3eV) 500°C  NiO (854.7eV)
; CO0% (289.8eV) ' pAN W :
, S LA UL R B |
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ity (a.u.)
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Fig. 5 High-resolution XPS spectra of (a) C 1s, (b) Co 2p, (c) Mn 2p and (d)
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peaks of Mn 2p3/2 and Mn 2p1/2 at 642.3 eV and 653.8 eV,
assigning to manganese oxide." After the reduction roasting at
600 °C, the Mn 2p3/2 binding energy appeared at 640.3 eV is
the characteristic peak for MnO,>° and its concentration gradu-
ally increases from 500 °C to 700 °C (Table S6t). Therefore,
from the XPS spectra of Ni 2p, Co 2p and Mn 2p, it is obvious
that low-valent transition metal oxides (NiO, CoO and MnO)
and metal phases of Ni and Co co-exist in the reduced pro-
ducts with different contents; these results also agree with the
analytical results of XRD.

Based on the above results, the thermodynamics of reac-
tions was investigated based on the reduction roasting using
BMW and NCM. Gibbs free energy was used to evaluate
whether a certain chemical reaction proceeds spontaneously
and to compare which reaction is the thermodynamically
favorable one.”® However, reactants are rarely in the corres-
ponding standard states. As a rule of thumb, if standard Gibbs
free energy (4,GY) is less than —40 kJ mol ™", Gibbs free energy
(4,G) is usually less than 0. Based on this assumption, the
standard Gibbs free energy can be used to determine whether
a reaction is spontaneous.”” The HSC Chemistry 6.0 was
applied to analyze the relationship between the reaction temp-
erature and the Gibbs free energy (4,G) for each reaction
during roasting. When a chemical reaction reaches its equili-
brium state, while A.G < 0, it indicates that the chemical reac-
tion is spontaneous, and vice versa. The above analytical
results show that reducing gases (e.g. H,, CO) and biochar (C)
are the dominant reducing substances that participate in
reductive roasting reactions and chemical reaction during
roasting, and the reductive roasting reaction can be described
as follow:

CiH,0; Y CyHy+H, +CO + CO, +C (4)

The reduction roasting of NCM with BMW can be described
as follows:

LiNi,Co,Mn,0,+H,+CO + CH,+C
Li,O + NiO + CoO + MnO + CO,+0,+H,

Possible chemical reactions and the corresponding changes
of the Gibbs free energy of reaction under the standard con-
ditions in the thermochemical process are listed in Table S7.f

Fig. S37 illustrates the detailed calculation results based on
the above reactions. Gibbs free energies of Reaction (6)-(8)
(Hydrogen reduction process, Table S7t) are negative at reac-
tion temperature <380 °C, indicating that this reaction tends
to proceed at lower reaction temperatures, which can signifi-
cantly reduce the roasting temperatures than those in the
reported thermite and carbothermal reduction reactions.*>?
CO can easily participate in the reduction reaction, which can
occur at very low temperatures (Fig. S3(b),t Carbon monoxide
reduction process). As for related carbothermal reduction reac-
tions - Reaction (13)-(18) (Table S7t), the initial reduction
temperature is much higher (445 °C for Reaction (14) and
500 °C for Reaction (17)) than that for H, and CO reduction,
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indicating that much higher roasting temperatures are
required to start the reductive reactions. However, the relatively
low reductive roasting temperatures for Reaction (13) and (18)
(186 °C and 247 °C) can be ascribed to spontaneous reductive
roasting process by CO reduction because C should firstly
convert into CO and then participate in the further reduction
process. In the case of high temperatures (465 °C and 630 °C),
reduction reactions involving CH, can proceed spontaneously.
Hydrogen reduction and carbon monoxide reduction can
proceed at relatively low temperatures, while relatively high
temperatures are required for the carbothermal and CH,
reduction processes. Therefore, it can be concluded that all
the above reduction reactions are competing reactions in the
order of CO, > CO > H, > CH, > C, the Li is converted into
Li,CO; spontaneously and CO reacts with transition metals
before H,. CH, tends to be converted into H, through the cata-
Iytic effect of NCM and its derivants. All these reasons contrib-
ute to the accumulation of H,, with the continuous production
of hydrogen gas and non-spontaneous reactions with metals,
giving H, as the final gas. Meanwhile, it can also be discovered
from these equations that Li can only react with CO, to form
Li,CO; and it can be used as the adsorbent of CO,. Ni and Co
are in the same group, group vui, indicating that they are
similar in chemical properties. This leads to the conversion of
Ni and Co in the same form (MeO or Me). However, Mn is
different from Li, Ni and Co, and it can be seen that Mn
remains in its high valence state Mn(wv); upon reduction, it
should be firstly converted into Mn(u) and then into Mn, indi-
cating that Mn cannot be easily reduced into its metallic form.
This leads to its different form of existence from those of Co
and Ni. Therefore, different metals are converted into different
forms, and the conversion and recycling of Mn are different
from those of Ni and Co. Different metals in waste NCM tend
to be converted into different forms. The presence of Li in
LCO is in the form of Li,O, which will be gradually converted
into Li,COj3, while transition metals are reduced according to
Reaction (5).

The SEM images, EDS analysis and TEM images of various
elements in waste NCM and roasted products under the opti-
mized roasting conditions are presented in Fig. 6. It indicates
that the mass fraction of Ni, Co and Mn in waste NCM is
13.7%, 18.52%, and 30.97%, respectively, without any impurity
elements detected. The mass fraction of each metal in the
roasted product at a temperature of 500 °C is reduced, with an
increased weight ratio of O, indicating the formation of the
metal oxides (NiO, CoO and MnO). The mass fractions of Ni,
Co and Mn increase again in the roasting products at a temp-
erature of 700 °C with a decreased weight ratio of O, indicating
the reductive roasting process of NiO — Ni and CoO — Co.
After the reduction roasting, the morphologies of NCM are sig-
nificantly changed, with destroyed structure and new metal
compounds formed as shown in the SEM images. Fig. S47
shows the EDS images of NCM and roasting products (500 °C
and 700 °C). They indicate that the distribution of Ni, Co, Mn,
O and C elements and the analytical results of EDS show that
the mass fractions of Ni, Co and Mn decline significantly.
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Besides, the contents of O and C increase significantly. The
EDS (mapping) analysis of the specific atomic percentages of
Ni, Co, Mn, O and C also suggests that waste NCM is converted
into transition metal oxide components and the biochar pro-
duced from the pyrolysis of BMW leads to the increase of the
carbon content. The HRTEM image (Fig. 6(a3)) shows a lattice
fringe spacing of 0.2408 nm, which is consistent with the Li
(Nip.6C00.4)O, (101) and Li;Mn;O;, (311) planes. The fringe
spacings of 0.2523 nm at 500 °C are consistent with the NiO
(101) and CoO (111) planes, while the lattice fringe spacings of
0.1734 and 0.1767 nm are in line with the Ni (200) and Co
(200) planes at 700 °C (Fig. 6(c3)). This can further prove that
the crystal structures in waste NCM are destroyed to generate
metal oxides or metals.

3.3. Selective recycling of different metals

After reductive roasting, waste NCM was completely decom-
posed and transformed into NiO, CoO, MnO and Li,CO; at
moderate reaction temperatures of 300 °C-500 °C, or Ni, Co,
MnO and Li,CO; at elevated reaction temperatures of 500 °C-
700 °C. Then, different recycling approaches were established,
based on formations of these converted products after roasting
processing. Water leaching was firstly applied to extract Li
from all kinds of roasting products. It is clear that the conver-
sion rate of Li increases with the increase of the roasting temp-
erature from 450 °C to 550 °C and all Li is converted into
Li,CO; at 550 °C (see Fig. 7(f)) and a mass ratio of 1:0.3 in a

1566 | Green Chem., 2023, 25, 1559-1570

roasting time of 15 min, with a high purity of 99.99%. The
effects of H,SO, dosage, pulp density, roasting temperature
and mass ratio on the leaching of transition metals were inves-
tigated. It can be found from Fig. 7(a)-(c) that a maximum
leaching efficiency of 97.46%, 95.84% and 91.28% for Co, Ni
and Mn, respectively, can be achieved at slurry densities of
30 g L™' and 0.40 mol L™" H,S0,. Besides, it can also be con-
cluded that the leaching efficiency for Co and Mn is always
lower than that for Ni at different roasting temperatures and
mass ratios (see Fig. 7(d) and (e)), which can be caused by the
different valence states of the transition metals, that is, Ni is
in the lower valence state of Ni(u), while Co and Mn are in
their high valence states (ie. Co(m) and Mn(wv)). The pre-
reduction of NCM can reduce the valence states of Co and Mn,
which can indirectly improve the leaching efficiency. It can be
concluded that Li was selectively extracted as Li,CO; enriched
lixivium after water leaching and transition metals were
leached in a mildly acidic solution without the addition of
reductants. Besides, the leaching kinetics of transition metals
Ni, Co and Mn was investigated by correlating experimental
data at various times (1 to 5 min) and temperatures (30-60 °C)
for the diffusion model, and the fitting results show that the
diffusion model fits the experimental data best with corre-
lation coefficients over 0.95 (R*) (see Fig. S5(a)-(c)f). The plot
of In k vs. 1000/T shows good fitting degrees (R> > 0.91) (see
Fig. S5(d)-(f)1). The apparent activation energy (E,) of Co, Ni
and Mn is 39.64 k] mol™?, 42.12 k] mol™* and 42.03 kJ mol™?,
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respectively. The relatively lower E, values indicate that Ni, Co
and Mn can be easily leached in this system.’® Finally, the
high value-added product Li,CO; with high purity (99.99%)
was recovered by evaporating the Li-enriched lixivium, and it
can be re-used as battery-grade lithium carbonate for the re-
fabrication of NCM (see Fig. S6(a)-(b)T), while the transition
metal enriched could be directly recovered as
Ni,Co,Mn,_,_,(OH), precursors after adjusting the molar ratio
of different transition metals, with reduced alkali consump-
tion due to the reduced acid consumption during leaching.
The products of Li,CO; and Ni,CoyMn,_,_,(OH), could be
directly reused as raw materials for the preparation of new
NCM. In particular, metallic Ni/Co and MnO could be
obtained (see Fig. S6(c)f) at a high roasting temperature of
700 °C, and the separation of transition metals could be fol-
lowed by a first magnetic separation of Ni/Co and then mild
acid leaching of MnO after water-leaching of Li. Therefore,
Li,CO;, metallic Ni/Co and MnSO, were the specifically recov-
ered products at a high roasting temperature of 700 °C.

3.4. Mechanism of microthermal catalytic aerogenesis and
metal conversion

We then explored the detailed mechanism for the synchro-
nized process of microthermal catalytic aerogenesis for BMW
and metal conversion/reduction for NCM and its derivants;
Fig. 8 summarizes the detailed mechanism and relationship
between them to describe their synergetic effects on NCM and
its derivants (e.g. NiO, CoO) for the improvement of H, compo-
sition and yield, and their thermochemical reduction and con-
version with pyrolysis gases (e.g. CH,, CO,, CO, H,). It can be
concluded that the pyrolysis and gasification temperature of
BMW (volatiles from the pyrolysis stage enters into the reform-
ing stage) can be reduced due to the reduced activation ener-

This journal is © The Royal Society of Chemistry 2023

gies in the existing forms of NCM and its derivants.”>”® When

the volatiles from BMW during the pyrolysis stage enter into
the reforming stage, NCM (LiNi,Co,Mn,_,_,0,), Ni/NiO and
Co/CoO (as the active cores) can accelerate the reaction rates of
different reactions through the reduction of activation
energy,”” ° which has been confirmed by the thermochemical
experiment (reduced reaction time of 15 min and pyrolysis
temperature of 450-500 °C). Here, the microthermal pyrolysis
of BMW can be realized during the catalytic aerogenesis
process activated by NCM and its derivants. BMW (C,H,0,) is
firstly cracked into C (biochar), C,H,, (hydrocarbon), H,O and
other gases (i.e. CO, CO,, CH, and H,), and the composition
and yield of the gaseous products are changed based on their
properties during reforming reactions with the significantly
increased proportion of H, at a pyrolysis temperature of 450 °C
and CO, at a pyrolysis temperature of 700 °C, these results also
match well with the experimental results shown in Fig. 4.
Simultaneously, the cracked or reformed gases participate in
the thermochemical reactions with NCM and its derivants
during the entire reduction and conversion process.
Specifically, it can be divided into two stages, namely the
reduction and conversion of NCM into CoO, NiO, MnO and
Li,CO; in the low temperature range of 300 °C-500 °C by the
gaseous products CO, CO,, CH, and H,. Only the oxides (MeO,
Me = Ni, Co and Mn) and Li,CO; are obtained in this stage,
and generated CO, is directly adsorbed by Li,O to form its car-
bonate that can be used as the roasting product. With the
increase of the roasting temperature, CoO and NiO can be
further reduced to metallic forms (Co and Ni), while MnO and
Li,CO; cannot be further converted into other forms, indicat-
ing that the separation of Mn from Ni and Co can be easily
achieved by magnetic separation method from the roasting
product at elevated reaction temperature. In summary, a dual
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through thermochemical reactions.

interaction of BMW and NCM, with reduced pyrolysis tempera-
ture by the catalytic effect of NCM and its derivants, and a
reverse reduction and conversion of different metals into the
desired roasting products, can realize the maximized utiliz-
ation and conversion of different kinds of wastes into valuable
products (metal products from NCM and H, from BMW) with
theoretical and experimental basis.

3.5. Economic assessments and environmental impacts

A brief economic assessment was conducted to evaluate the
cost and revenue of the whole recycling process (Fig. S77).
Here, 1.0 kg of spent NCM batteries was used as the standard
processing volume for calculation, and the main cost of this re-
cycling process includes the chemical and raw material cost,
energy consumption and environmental cost (see Tables S8
and S91), with 3 main processes, namely thermochemical
process, leaching & separation process and product refining
process. In the first process, ie., thermochemical treatment,
0.50 kg of BMW and 1.00 kg is NCM are the input materials,
and energy consumption is the dominant cost. The above-
roasted products were used as raw materials for the sub-
sequent separation of Li and transition metals, and the costs
mainly include those for the consumption of chemicals and
energy. Finally, the recovered products are Li,COs3, ternary pre-
cursors (at low roasting temperature) and Co/Ni/MnSO, (at
high roasting temperature). The gross profit for each of the
above processing routes in low or high roasting environments
is $ 9.9 and $19.38, respectively (Table S107). Table S111 shows
that the recycling process was likely to involve waste solid,
waste solution and waste gas; according to waste management,
the disposal price of waste solid, waste solution and waste gas

1568 | Green Chem., 2023, 25, 1559-1570

is 147.1 $ per t, 0.411 $ per t and 92.88 $ per t, respectively. So,
the input cost is about $ 0.02 for waste solid (0.15 kg), $ 0.01
for waste solution (20 L) and $ 0.99 for waste gas (10.69 kg).
Besides, it can be concluded from a brief comparison of this
study with previous ones (see Table S127) that this work can
significantly reduce the pyrolysis/roasting temperature and
chemical consumption, with promoted reaction rates (less
reaction time is required) and recyclable products that can be
easily separated from each other. Besides, it can be also con-
cluded from economic assessments and parallel comparison
that this thermochemical recycling process reciprocally driven
by low-temperature catalysis and conversion of BMW and NCM
is a green, efficient and profitable method for recycling spent
LIBs.

As for the assessment of the environmental impacts of the
whole recycling process, it can be concluded from the above
results that this recycling process is a green alternative with
the following advantages. Firstly, BMW is innovatively applied
as a green and renewable chemical for the reduction and con-
version of different valuable metals in spent LIBs into the tar-
geted products through the controlled reaction temperatures,
and the reaction temperature can be reduced compared with
those of traditional carbothermal and thermite based pro-
cesses, resulting in a reduced input of energy. Secondly, the
input of chemicals can also be greatly reduced due to the con-
trolled conversion of different valuable metals into their recycl-
able states; the reduced consumption of chemicals also indi-
cates that this recycling process can also prevent the contami-
nation from the excessive unreacted chemicals, which can also
make the subsequent separation process easier. Finally, this
recycling process is a new concept that is mutually beneficial
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for valuable metal recycling and high value-added gas pro-
duction in a single process, and the treatment of waste gas can
be easily achieved through the closed effluent gas treatment
system. Therefore, this study is a green process with mini-
mized inputs of energy and chemicals, and maximized
outputs of different valuable products.

4. Conclusions

In this study, a novel biomass-waste-based thermochemical
process with a significantly reduced roasting temperature was
proposed towards efficient conversion and recycling of
different metals from NCM as different products. It can be
concluded that there are two main types of roasting reactions,
namely a gas-solid reduction reaction by pyrolysis gases (i.e.
H,, CO, CO, and CH,) at low roasting temperature and a solid-
solid reaction (carbothermal reduction) by biochar at high
roasting temperature. Correspondingly, the roasting products
Li,CO; and MeO (Me = Ni, Co or Mn) can be formed by a gas—
solid reduction reaction at low roasting temperatures, while
metallic Co, Ni and MnO are the dominant products for tran-
sition metals by carbothermal reduction at high roasting temp-
erature. From the experimental results, nearly 100% of Co()
and Mn(wv) in NCM are reduced to CoO and MnO along with
the formation of Li,CO; at the roasting temperature of 450 °C,
and the oxides MeO can be further reduced into metallic Co
and Ni, without any change of MnO during the further
elevation of roasting temperature to 700 °C. Then, different
valuable metals can be recycled based on different processing
environments. Li was extracted by water-leaching and then
Li,CO; with a purity of 99.99% was recycled under the opti-
mized leaching conditions of a roasting temperature of 550 °C,
a retention time of 15 min and a pulp density of 20 g L™".
Nearly all transition metals (98% Co, 99% Ni and 97% Mn)
were leached under the optimized leaching conditions of a
roasting temperature of 450 °C, a retention time of 15 min,
and a H,SO, concentration of 0.55 M for the roasting products
at low roasting temperature, while 97% Co and 96% Ni were
recovered in their metallic forms, with 98% MnO
recovered as MnSO, after mild acid leaching for the roasting
products at high roasting temperature. The ternary
precursorsNi,Co,Mn,_,_,(OH), can be recycled from the tran-
sition metal enriched leaching solution by co-precipitation
after adjusting their molar ratios. Finally, the economic assess-
ment of the whole recycling process suggests that it is a profit-
able route, with minimized inputs of energy and chemicals
and maximized outputs of different valuable products.
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