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The transition to widespread adoption of electric vehicles (EVs) is leading to a steep increase in lithium ion

battery production around the world. With this increase it is predicted there will not only be a large increase

in end of life batteries needing to be recycled, but also a substantial amount of production scrap, particularly

in the early stages of gigafactory set-up. The recycling of such battery electrode materials has a number of

challenges which need to be considered, in particular the delamination from the current collector and

removal of the binder, e.g. mainly polyvinylidene fluoride (PVDF) for cathode materials. Traditional

pyrometallurgy or hydrometallurgy approaches require multiple separation steps to obtain pure metal

salts before resynthesising the cathode active material, and so can be high cost, high CO2 and high

waste processes. Production scrap in particular, however, offers the potential for lower cost and lower

environmental impact direct recycling processes to be employed, which preserves the manufactured

value of the electrode material. To illustrate the potential of such an approach, here we demonstrate

a direct recycling approach on EV production scrap cathode materials which utilises a low temperature

heat treatment to decompose the binder and allow delamination of the cathode material from the Al

current collector. A further higher temperature heat treatment is then employed to ensure complete

binder removal and regenerate the cathode, with the results showing that the addition of a small amount

of Li is required to improve electrochemical performance (first cycle discharge capacity (2.5–4.2 V) of

129(2) mA h g−1 and 146(4) mA h g−1 with 0 wt% and 10 wt% added lithium, respectively).

Electrochemical performance can be further improved by increasing the upper voltage window to 4.3 V

(first cycle discharge capacity of 146(4) mA h g−1 and 164(2) mA h g−1 at 2.5–4.2 V and 2.5–4.3 V,

respectively).
Sustainability spotlight

Around the world, net zero targets are driving the transition to electric vehicles. With an increase in production of lithium ion battery materials, it is predicted
there will be a substantial amount of production scrap particularly in the early stages of gigafactory operation. In addition to recycling of end of life materials,
recycling approaches need to be developed for production scrap to ensure these valuable materials do not go to waste. Direct recycling is a particularly promising
approach for production scrap as it reduces the number of recycling steps while retaining the crystal structure and morphology of the lithium ion battery
material. Therefore by utilising such approaches, emissions can be reduced compared to traditional hydrometallurgical and subsequent cathode re-
manufacture approaches.
Introduction

In order to reduce emissions, countries around the world have
committed to ambitious net zero targets.1–4 Decarbonisation of
transport, such as the switch to electric vehicles (EVs), will be an
important component in reaching these targets. Typically, EVs
ham, Edgbaston, Birmingham B15 2TT,

erson@bham.ac.uk

l Science and Innovation Campus, Didcot,

tion (ESI) available. See DOI:

014–3021
contain lithium-ion batteries (LIBs) which comprise a range of
valuable and critical materials. Therefore, as these materials
come to their end of life it will be essential to recycle the
batteries in order to keep up with the growing demand for Li ion
batteries that net zero economies will require. In addition to
end of life batteries, there will be a signicant amount of
production scrap which will also need to be recycled.5,6 This is
particularly the case in the early stages of gigafactory set-up.
Consequently, over the next decade, the lion's share of recy-
cling feedstock will be production scrap.7

Commonly, LIBs are recycled using pyrometallurgy and
hydrometallurgy where the focus is on recovering valuable
metals such as cobalt and nickel.8–13 Hydrometallurgy typically
© 2024 The Author(s). Published by the Royal Society of Chemistry
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involves leaching the cathode active material using an acidic
solution containing H2O2. Several purication steps are then
used to sequentially precipitate themetal salts from the cathode
which can then be used for future cathode active material
production. In comparison pyrometallurgy uses thermal treat-
ment at high temperatures to form an alloy, typically followed
by a hydrometallurgical treatment to extract the separate metal
salts. The requirement for multiple processing steps in both
these methodologies leads to increased costs, CO2 production
and waste remediation issues, so that they are reliant on the
cathode waste containing high amounts of Co and/or Ni to be
protable.

A potential alternative recycling approach is direct recycling,
where the cathode material is treated to regenerate its perfor-
mance, e.g. it is relithiated to account for any loss of Li inventory
during use.11,14–18 This approach can retain the crystal structure
and morphology, and reduce the energy required to regenerate
the cathode material, along with associated reduction in waste
and CO2 emissions.19 In terms of other gaseous emissions, it
has been shown that there are benets to all the above recycling
approaches in terms of reduced SOx emissions compared to
initial cathode material production, with the greatest reduction
associated with direct recycling approaches.20

One of the challenges with the direct cathode recycling
approach is the need for pure cathode feedstocks, which can be
challenging for end of life EV batteries, as these are commonly
shredded under an inert atmosphere as an initial step in order
to rapidly access the materials therein safely.11 Nevertheless, as
noted above, there is signicant production scrap associated
with battery production, and so this feedstock offers the
potential for direct recycling to be efficiently exploited. Here we
aim to examine the direct recycling of such a feedstock: QC-
reject cathodes. In the direct recycling approach, it is impor-
tant to consider additives and binders present in the cathode
materials. In the rst stage of the recycling process, the
delamination from the current collector and removal of the
binder is needed; in the case of Li ion battery cathodes, themost
common binder is PVDF, and so removal of this binder is
needed.21 One potential solution to removing the PVDF binder
is soaking electrodes with N-methylpyrrolidone (NMP). NMP is
known to dissolve PVDF (it is used in the initial electrode ink
production process) allowing removal of the binder from the
active material while also delaminating from the current
collector.21,22 Although this is an effective process for delami-
nating cathode materials, the solvent poses a signicant health
risk and entails high cost. Therefore alternative solutions have
been investigated for delamination and binder removal. Work
by Lei et al.23 shows active material can be rapidly delaminated
from current collector for both anode and cathode electrodes
using a directed aqueous ultrasonic approach, with 0.1 M NaOH
required for effective cathode delamination. Nevertheless, this
approach still leaves PVDF binder intact within the delaminated
cathode, and the electrochemical performance of the recovered
materials was not tested. Therefore, where polymer binders
such as PVDF are still present it is important to include a binder
removal step to the recycling process. Previously we have re-
ported a direct recycling approach for commercial mixed
© 2024 The Author(s). Published by the Royal Society of Chemistry
cathode Ni rich/LiMn2O4 cathode materials.24 The cathode
materials here contained carbon additive and binder in addi-
tion to the cathode active material.24,25 In the previous work it
was shown that PVDF can be decomposed using a hydrothermal
process in aqueous NaOH. By removing the binder this allowed
the cathodematerial to detach from the current collector and be
relithiated, avoiding leaching and regeneration processes.24 In
other direct recycling work, Sloop et al.26 reported cathode
healing using a hydrothermal process on layered oxide mate-
rials. This direct recycling processes relithiates the materials
while also reducing cation mixing in NMC532. Nevertheless,
this process required a very high level of excess LiOH, which
adds cost to the recycling process. Direct recycling approaches
have also been applied to LiFePO4 (LFP) cathode materials.27–29

Yingnakorn et al.27 used a lithium based eutectic as a lithium
source as part of a low temperature relithiation process. Aer
successful relithiation, electrochemical performance was
improved compared to spent Li0.91FePO4. In addition to direct
recycling of cathode materials, work by Sargent et al.30 has
shown anodes can be delaminated using a simple, low-cost
method. Here, quality control rejected and end of life anode
material can be simply delaminated by submersion in water
(mediated by H2 generation from the presence of lithiated
graphite), with a low temperature heat treatment utilised to
remove the PVDF binder, and good resultant electrochemical
performance be achieved. In addition to the benets of elec-
trode recovery and repair, such direct recycling approaches on
electrode foils offer the additional potential benet of recov-
ering the current collectors for future reuse, thus adding further
value to the recycling process.31

In this work we investigate combining the delamination and
PVDF removal steps via a thermal delamination approach to
recover and regenerate NMC532 cathode material from
production scrap; this approach minimises the steps and waste
in the production process. We also report an investigation into
the structure and effect on electrochemical performance of this
direct recycling approach.

Experimental

The experiments were performed on unwetted quality control
rejected (QCR) cell production scrap, which used an NMC532
phase as the cathode active material.

The cathode material was recovered by the following 2 step
thermal treatment process. The rst step involved the delami-
nation of the cathode material from the aluminium current
collector. Initially, delamination experiments were carried out
by heating in a furnace (under extraction) at temperatures
between 350 and 550 °C for 12 h, with subsequent optimisation
experiments reducing the heating time to 3 h. This initial heat
treatment process degraded the binder and so allowed the
cathode material to be separated from the Al current collector
foil. The cathode material was then heated at higher tempera-
ture (800–850 °C for 3 h under O2) to ensure complete decom-
position of the binder and regeneration of the cathode. Further
experiments showed that the electrochemical performance
could be improved by the addition of a small amount of extra
RSC Sustainability, 2024, 2, 3014–3021 | 3015
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Table 1 Lattice parameters and ICP-OES molar ratio data for cathode
material before treatment

Lattice parameters

a = 2.86868(4) Å c = 14.2348(4) Å

Molar ratio

Ni Mn Co Li : M ratio where M
= Mn, Ni and Co

0.48 0.28 0.24 1.04
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LiOH$H2O to account for a small Li deciency in the original
cathode material.

Characterisation

Cathode materials were characterised using X-ray diffraction
(Bruker D8/Panalytical Empyrean powder diffractometer (CuKa
radiation)). Rietveld renements against the X-ray diffraction
data were performed using the program TOPAS. SEM-EDX
analysis was conducted using an electron microscope Zeiss
EVO15 VP ESEM. For elemental analysis, solid samples were
digested in aqua regia using a Milestone Ethos UP MA182
instrument. The chemical compositions of digested cathode
materials were then analysed using an Agilent 5110 inductively
coupled plasma optical emission spectrometer (ICP-OES).

Electrochemical testing

Electrochemical testing of cathode materials were performed by
rst preparing an electrode slurry. Cathode materials were
mixed with carbon black, PVDF and 1-methylpyrrolidinone
(NMP). The solid components (cathode, carbon black and
PVDF) were mixed in a ratio of 90 : 5 : 5. The slurry was coated
onto aluminium foil before drying at 80 °C. Coatings were dried
overnight at 110 °C before calendaring to a porosity of 30–45%.
Coin cells were prepared using the calendared electrodes,
separator (Whatman™ GF/C glass microbre), lithium metal
anode and electrolyte (1 M LiPF6 in ethylene carbonate and
dimethyl carbonate 50/50 (v/v)). Coin cells were tested using
a Biologic BCS-805 system (2.5–4.2 V, and 2.5–4.3 V ranges).

Results and discussion
Cathode material

Initial characterisation of the production scrap cathode mate-
rial through X-ray diffraction (XRD) suggests, as expected,
a layered NMC oxide phase with small additional peaks due to
carbon (Fig. 1) which is predicted to be graphite present in the
carbon additive. Using ICP-OES, the transition metal ratio is
calculated as Ni : Mn : Co 0.48 : 0.28 : 0.24 suggesting
Fig. 1 Powder XRD patterns of cathode material with layered NMC
oxide and carbon phases given as red and blue ticks respectively
(CuKa1/Ka2). In these electrodes graphitic phase is used as a carbon
additive.32

3016 | RSC Sustainability, 2024, 2, 3014–3021
a composition comparable to NMC 532 (Table 1). In order to
identify the binder, SEM-EDX analysis was used. The presence
of uorine in the EDX data suggests that, as expected, PVDF is
the binder used (see ESI Fig S5†). In order to remove the PVDF
binder and regenerate the cathode material a thermal recycling
method was then investigated.
Thermal treatment for delamination and binder removal

In the rst instance a thermal treatment was used to decompose
the binder and so allow delamination of the cathode material
from the Al current collector, in order to recover both the
cathode material and the current collector. In this step it is
important that the cathode material and aluminium current
collector are easily separated avoiding damage to either
component, and so the temperature must be limited to lower
temperatures (in this case temperatures #550 °C were exam-
ined). Air was chosen due to the lower cost when compared to
O2, and furthermore work by Tanaka et al.33 also reports
explosive combustion of PVDF at 500 °C in O2.

The rst thermal heat treatment was therefore carried out at
temperatures between 350 and 550 °C for 12 h (ESI, Fig S2†) to
identify the optimal temperature for delamination. The results
showed that, at 350 °C, samples were not easily delaminated,
while delamination was readily observed for temperatures
Fig. 2 Powder XRD patterns of cathode material (a) before treatment
(black), (b) after delamination firing at 450 °C for 3 h (red), (c) after
delamination firing at 500 °C for 3 h (blue) and (d) after delamination
firing at 550 °C for 3 h (green). Carbon peaks are denoted by an asterisk
(*).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Rietveld refinement data for cathode material after the delamination firing (450–550 °C for 3 h)

Reaction conditions
(003)/(104)
peak ratio Li/M site mixing Lattice parameters/Å

Cathode material before treatment 1.91 0.022(1) a = 2.86868(4) c = 14.2348(4)
Delamination: 450 °C in air for 3 h 1.29 0.061(2) a = 2.87056(6) c = 14.2463(8)
Delamination: 500 °C in air for 3 h 1.37 0.059(2) a = 2.87085(6) c = 14.2462(7)
Delamination: 550 °C in air for 3 h 0.97 0.086(2) a = 2.87212 (7) c = 14.2510(8)
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View Article Online
between 450 and 550 °C. Further studies then investigated
reducing the heating time to 3 h for the temperatures between
450 and 550 °C (Fig. 2). Aer the 3 h heat treatment, delami-
nation of all samples was achieved, and all delaminated
cathode materials appeared phase pure by XRD, with the
observed removal of the small carbon (conducting additive)
peak at z 27° 2-theta. However, the data did show some small
intensity variations in the peaks, with the most notable differ-
ence for the (003)/(104) peak intensity ratio at 2-theta z 19°
(003) and 45° (104) (Fig. 2). This peak ratio is commonly used to
determine the degree of cation mixing in layered oxide cathode
materials.34 Typically a ratio of >1.2 is considered to have
negligible cation mixing.35–37 From the ratio of these peaks
Fig. 3 XRD patterns of cathode material after two heat treatments
(delamination: 450–550 °C for 3 h, final heat treatment 800–850 °C
for 3 h in O2).

Table 3 Rietveld refinement data for cathode material after two heat tre
850 °C for 3 h in O2), and summary of 1st cycle discharge capacity (upp

Reaction conditions (003)/(104) peak ratio L

Delamination: 450 °C in air for 3 h 1.27 0
Annealing: 800 °C in O2 for 3 h
Delamination: 450 °C in air for 3 h 1.28 0
Annealing: 825 °C in O2 for 3 h
Delamination: 500 °C in air for 3 h 1.32 0
Annealing: 800 °C in O2 for 3 h
Delamination: 500 °C in air for 3 h 1.42 0
Annealing: 825 °C in O2 for 3 h
Delamination: 500 °C in air for 3 h 1.25 0
Annealing: 850 °C in O2 for 3 h

© 2024 The Author(s). Published by the Royal Society of Chemistry
(Table 2) a similar level of Li/M site mixing was observed when
delaminating at 450 °C and 500 °C, while at the higher
temperature of 550 °C, there appears to be an increase in Li/M
site mixing, which may relate to a small level of F incorporation
from this heat treatment (PVDF has previously been used as
a uorinating reagent at low temperatures for mixed metal
oxide compounds).38,39

In particular, the heating with PVDF may possibly lead to the
presence of Li defects due a small amount of Li being removed
as LiF.

In order to regenerate the cathode material, a second heat
treatment in O2 was carried out to reduce site mixing and
ensure complete removal of binder, other carbon-based by-
products and any F contamination. Across a range of tempera-
tures (rst heat treatment 450–500 °C in air, second heat
treatment 800–850 °C in O2) the XRD data (Fig. 3) show similar
site mixing values, although for the sequence of heat treatments
of 500 °C for 3 h (for delamination) and 825 °C for 3 h (for
cathode regeneration), an improvement in the (003)/(104) peak
ratio was observed (Table 3). Electrochemical testing (2.5–4.2 V
range) in lithium half-cells was performed to evaluate the
regenerated material. The electrochemical testing, however,
showed that for all thermal treatments investigated, the
discharge capacity was lower than reported in literature for
NMC532, and there was a large difference between the rst cycle
charge–discharge capacities. Therefore, the results indicated
that further optimisation work was required. Due to the
improvement in (003)/(104) peak ratio, signifying the lowest
quantity of cation mixing (Table 3), the cathode material heated
at 500 °C for 3 h, 825 °C for 3 h in O2 was selected for further
optimisation.
atments (delamination: 450–550 °C for 3 h, final heat treatment 800–
er voltage limit 4.2 V)

i/M site mixing Lattice parameters/Å
First cycle discharge
capacity/mA h g

.061(2) a = 2.87258(4) 137(1)
c = 14.2513(5)

.053(2) a = 2.87240(5) 130(7)
c = 14.2508(6)

.056(1) a = 2.87264(4) 126(2)
c = 14.2517(4)

.054(2) a = 2.87229(4) 129(2)
c = 14.2499(5)

.059(2) a = 2.87249(4) 131(3)
c = 14.2520(5)

RSC Sustainability, 2024, 2, 3014–3021 | 3017
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Fig. 4 Data from Rietveld refinement: lattice parameters (a and c) and % Li/Ni site mixing of relithiated cathode materials. Estimated errors are
included, but are smaller than the symbols.

Fig. 5 SEM images of cathode material before thermal treatment, and after delamination and relithiation. SEM images of aluminium foil after
delamination step.
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Optimisation of performance through additional lithiation

Aer delamination, the ICP-OES data suggests a small Li de-
ciency (ESI, Table S3†) which could explain the lower discharge
capacity on thermal regeneration (Table 3). Therefore, experi-
ments were performed investigating the effect of adding addi-
tional Li aer the delamination step to help relithiate the
cathode. The wt% of LiOH$H2O amount was calculated using
the mass of the sample aer initial heat treatment of 500 °C 3 h
in air. All cathode materials were heated using the same
conditions (500 °C 3 h air, 825 °C 3 h O2) to investigate the effect
of additional Li on the structural properties and electro-
chemical performance.

Li addition of between 2.5 and 10 wt% LiOH$H2O were
investigated. The results suggest an initial reduction in the Li/Ni
site mixing with increasing LiOH$H2O which plateaus around
3 wt% Li (Fig. 4). Furthermore, with increasing LiOH$H2O,
3018 | RSC Sustainability, 2024, 2, 3014–3021
a decrease in the a/c lattice parameters is shown which suggests
an increase in lithium content of the NMC material (Fig. 4).

To investigate the effect of the thermal treatment on the
morphology, SEM images were collected (Fig. 5). Before thermal
treatment, SEM images indicate areas of PVDF present in the
cathode material due to F being present in the EDX data (ESI,
Fig S5†). Aer the initial 500 °C ring treatment there are some
small areas of F still present on the recovered aluminium
current collector (ESI, Fig S6†), although there are no signicant
morphology changes to the cathode material, and the Al current
collector remains intact (ESI†). Furthermore aer the higher
temperature (825 °C 3 h O2) with added LiOH$H2O, the sample
morphology is still maintained, and there is no evidence of any
F le (ESI, Fig S7†). This highlights the non-destructive nature
of this direct recycling method in terms of preserving the
integrity of both the cathode material and Al current collector.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Electrochemical data (discharge capacity (upper voltage limit 4.2 V) and first cycle efficiency) of relithiated cathode materials.
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Following on from the XRD and SEM characterisation, coin
cells were prepared with the regenerated cathode materials to
investigate the effect of adding additional Li on electrochemical
performance (2.5–4.2 V range). A clear increase in electro-
chemical performance is observed with increasing Li content;
this increase, begins to plateau atz147 mA h g−1 at 5% (Fig. 6).
We additionally observe a reduction in the difference between
the rst cycle charge and discharge capacities with increasing Li
(Fig. 6 and 7). Overall, the results show that the optimum
conditions for the thermal regeneration are 500 °C for 3 h in air
followed by 825 °C for 3 h in O2 with 10 wt% LiOH$H2O. This
Fig. 7 Electrochemical data (2.5–4.2 V range) for relithiated samples with
10 wt% (bottom right).

© 2024 The Author(s). Published by the Royal Society of Chemistry
gives a material that has an improvement in Li/Ni site mixing
leading to promising electrochemical performance in terms of
both capacity and rst cycle efficiency.

Further studies, using the same thermal regeneration
procedure, investigated the effect of expanding the voltage
window by increasing the upper cut-off voltage to 4.3 V. Coin
cells were tested at 2.5–4.3 V with 3 cycles at 10 mA g−1 followed
by 50 cycles at 40 mA g−1 to investigate the stability in this larger
voltage window. The increase in the voltage window from 2.5–
4.2 V to 2.5–4.3 V resulted in a signicant improvement in
discharge capacity (Fig. 8) with the rst cycle discharge capacity
added Li of 0 wt% (top left), 2.5 wt% (top right), 5 wt% (bottom left) and
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Fig. 8 Electrochemical data for relithiated sample (500 °C for 3 h in air followed by 825 °C for 3 h in O2 with 10 wt% LiOH$H2O) tested between
the voltage range 2.5 and 4.3 V.
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increasing to 164(2) mA h g−1, compared to 146(4) mA h g−1

(2.5–4.2 V). This capacity is comparable to literature data for
NMC532 materials illustrating the success of this direct recy-
cling approach.40,41 The regenerated material also has good
capacity retention over 50 cycles at 40 mA g−1.

Signicantly the direct recovery and regeneration of this
NMC532 cathode only employs two short term (3 h) heating
steps, which represents a signicant potential cost saving
compared to current industrial hydrometallurgical recycling. In
the latter the cathode is dissolved (typically using an inorganic
acid (such as H2SO4) and H2O2), and then multiple separation
steps are employed to precipitate sequentially the individual
metal salts. This would then be followed by the need to use
these metal salts to remanufacture the cathode with both the
desired composition and morphology, a process that takes
signicant time and energy.
Conclusions

In this paper we have highlighted a combined delamination
and direct recycling approach for EV (NMC532) production
scrap utilising simple short thermal treatments. An initial 500 °
C (3 h in air) heat treatment leads to decomposition of the PVDF
binder resulting in the delamination of the active material from
the aluminium current collector. At this stage, the Al current
collector is preserved, allowing this to then be potentially
reprocessed and reused through traditional Al recycling
schemes. The delaminated cathode material retains its initial
morphology and following a direct recycling (re-lithiation)
approach at higher temperature, results in a regeneration of
NMC532 material with renewed capacity. Compared to current
industry multistep pyrometallurgy or hydrometallurgy recycling
methods, this direct recycling method highlights the potential
for a more efficient and sustainable approach to Li-ion battery
recycling.
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