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ARTICLE INFO ABSTRACT
Keywords: In recent years, the increased production of lithium-ion batteries (LIBs) has been causing significant amounts of
Battery production scraps that require efficient, economical, and environmentally viable recycling methods. This study

Circular economy
Direct recycling
LFP

Production scraps

investigates strategies for integrating low-temperature direct recycling of lithium iron phosphate (LFP) pro-
duction scraps into battery manufacturing. Scrap LFP cathode active material (CAM) was direct recycled at
200 °C in air and 400 °C in Nj. The recycled CAM was blended in different amounts (100, 50, 30%-wt) with
commercial CAM. Two slurry compositions were considered based on CAM: polyvinylidene fluoride: carbon
black ratios (80:10:10 and 92:5:3), and coin cells were manufactured and tested. Results indicate that recycled
CAM can be directly reprocessed in new batteries exhibiting excellent electrochemical performance (154 mAh
gL, equivalent to pristine material) when the slurry included 30%-wt CAM recycled at 200 °C in air and 100%-
wt CAM recycled at 400 °C in N,. Compared to virgin slurry material cost (9.06 €/Kgsiurry) and environmental
impact (8.27 kg CO2/Kgslurry), incorporating 30%-wt CAM recycled at 200 °C in air reduced costs to 6.59
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€/kgsiurry and emissions to 6.21 kgCO2/Kgsiurry, and 100%-wt CAM recycled at 400 °C in N corresponded to 3.77
€/kgsiurry and 2.45 kgCOz/Kgsiurry. These findings clearly demonstrate that closed-loop integration of low-
temperature direct recycling of LFP cathode scraps into cell manufacturing reduces material costs and envi-
ronmental impact while maintaining high electrochemical performance.

1. Introduction

The rapid expansion of global battery manufacturing has led to
numerous new production lines [1]. Up to 30%-wt of the final products
from these production lines can be classified as production scraps
originating from quality checks, trimmings etc. [2]. Scrap production
typically decreases to 5-10%-wt as operations stabilise [3]. Since pro-
duction scrap is generated constantly in manufacturing, it presents an
immediate material source for battery recycling, in contrast to
End-of-Life (EoL) batteries, which only become available after years of
service [1]. Recycling production scraps fundamentally differs from
recycling EoL batteries, mainly because scrap materials have not been
exposed to electrolyte and degradation from electrochemical cycling
[4]. State-of-the-art destructive and resource-intense battery recycling
methods involving pyro- and hydrometallurgy, specifically designed for
cobalt-rich cathode active material (CAM) [5], are generally excessive
for pristine production scraps [6]. These methods are also unprofitable
for recycling lithium iron phosphate (LFP) CAM due to the low cost of
virgin active material [7,8]. This creates a knowledge gap between the
available recycling technologies and the practical needs of LFP pro-
duction scrap management. Policy and market developments are raising
the urgency of closing this gap. Batteries are a vital part of the green
transition, and legislative frameworks are increasingly designed to
enhance sustainability while strengthening supply chain resilience and
reducing dependency on third-party material sources. The European
Union (EU) has introduced comprehensive battery regulations including
recycling targets, minimum recycled content thresholds, and mandatory
carbon footprint reporting as well as restricted battery waste exports [9,
10]. These legislative developments not only create pressure but also
open opportunities for manufacturers to adopt solutions that reintegrate
secondary battery materials into production lines. Recycling of pro-
duction scrap therefore emerges as a particularly promising strategy to
align industrial practice with upcoming regulatory requirements.

In response to these challenges and regulatory drivers, one of the
most promising strategies for production scrap recycling is direct recy-
cling, a non-destructive alternative to conventional recycling methods
where the active material is recovered and directly reintegrated into
battery production [5]. Especially with pristine production scraps, only
limited regeneration is needed [6], and the main challenge is the
detachment of CAM from the current collector through the degradation
of polyvinylidene fluoride (PVDF) binder [11]. High stability of PVDF
makes the detachment technically challenging, and chemical and ther-
mal recycling methods are commonly applied [11]. Chemical methods
involve dissolving the binder in a solvent such as N-methyl-2--
pyrrolidone, which is highly toxic [4] or in green solvents such as cyrene
[12], propylene carbonate [13] and ethylene glycol [14]. Nevertheless,
green solvents are expensive [15], can alter the active material surface
chemistry [16], and require multiple post-treatment steps hindering
industrial scale-up. Thermal treatment at around 600 °C fully removes
PVDF [17,18], but it is energy-intensive and makes the recycling process
more sensitive to energy market fluctuations. High temperature can also
cause LFP oxidation and pose safety and environmental concerns due to
the release of hazardous hydrogen fluoride (HF) from PVDF decompo-
sition [15,19,20].

Low-temperature LIB recycling methods have been previously stud-
ied as cost-effective and environmentally friendly alternatives [4,18,
21-26]. However, previous research has mainly addressed EoL batteries
[23,25-27], and CAM chemistries rich in cobalt and nickel [4,18,22,24,
28,29] with just few studies considering LFP production scraps [21]. The

key knowledge gaps in the topic are the absence of reintegration of
direct-recycled LFP production scraps back to cell production, and the
lack of studies assessing the related economic and environmental
aspects.

This study aims to fill these knowledge gaps, and it builds on the
research presented in a previous study [30], which concluded that low
temperature direct recycling of production scrap CAM provides signifi-
cant economic and environmental benefits. In the mentioned study,
production scrap CAM samples including LFP and Lithium nickel man-
ganese cobalt oxides (NMC) were heated for 30 min in either air or ni-
trogen across a temperature range between 200 and 600 °C. The results
demonstrate that LFP CAM direct recycling at 200 °C in air yielded the
lowest cost (0.71 €/kg) and environmental impact (1.18 kg COzeq)
compared to all other tested conditions, though residual PVDF remained
in the recovered material. In contrast, LFP CAM recycling in nitrogen at
400 °C improved PVDF removal while preventing LFP oxidation and
maintaining lower costs (2.36 €/kg) and emissions (2.02 kg CO2eq)
compared to conventionally applied 600 °C. Specifically, the previous
study mentioned focused on the direct recycling process optimization
for LFP and NMC cathode production scraps and on the related economic
and environmental aspects. On the other hand, the present study has as
its main objective and novelty to investigate the practical implementa-
tion of an on-site, low-temperature direct recycling process applied
exclusively to LFP cathode production scraps, with a specific focus on
reintegrating the recovered CAM into the manufacturing of new cells.
This is particularly relevant as the EU Battery Regulation requires
manufacturers to include a share of recycled material in new batteries
starting from 2031 [10]. The direct recycling method presented here
could help meet these targets, but it is essential that cells containing
recycled material maintain high electrochemical performance and that
the economic and environmental impact is thoroughly studied.

The key research question of the present study is to identify how
much recycled LFP CAM can be included in the slurry for the
manufacturing of new cells without compromising the electrochemical
performance, in comparison with pristine CAM. In this study, LFP
cathode scraps that underwent direct recycling at 200 °C in air and at
400 °C in nitrogen were characterized and incorporated in two slurry
formulations, identified as reference composition for CAM testing and
typical industrial composition. Reference slurry formulations included
definition of different shares of recycled LFP (100, 50 and 30%-wt)
blended with commercial CAM to define the maximum viable concen-
tration yielding good electrochemical performance, which was then
applied to the industrially relevant slurry composition. Finally, a critical
assessment of the economic and environmental viability of the proposed
short-loop recycling strategy is proposed.

2. Materials and methods

The experimental workflow (Fig. 1) involved direct recycling of LFP
scrap CAM samples, recycled material characterisation, production of
slurry and coin cells, and electrochemical testing of the cells. Direct
recycling of LFP cathode production scraps involved three phases: a
thermal treatment, ball milling and sieving. The process conditions
leading to best economic and environmental performances in the
mentioned previous study [30] were selected, e.g. thermal treatment at
200 °C in air and at 400 °C in N».

The main goal of this study is to identify how much recycled CAM
can be included in a new cell and the corresponding electrochemical
performances. Standard coin cells were manufactured via solvent tape
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casting method adopting two slurry compositions: (i) a mixture of 80%-
wt active material, 10%-wt PVDF and 10%-wt carbon black (referred to
as 80:10:10 in the following) that is typical for testing the electro-
chemical performance of CAM; and (ii) an industry-relevant mixture
with 92%-wt active material, 5%-wt PVDF and 3%-wt carbon black
(referred to as 92:5:3 in the following) [31]. The active material
included in the two slurry compositions encompassed different shares of
recycled LFP CAM (100, 50, 30 and 0%) and commercial CAM (0, 50, 70
and 100%). The selected recycled CAM proportions were chosen to
assess whether the maximum potential industrial scrap generation
(>30%) [3]) can be reintegrated into slurry production via direct
recycling, without compromising electrochemical performance or eco-
nomic and environmental feasibility.

2.1. Materials and equipment for direct recycling

LFP production scraps with composition of 92 %-wt CAM, 5 %-wt
PVDF and 3%-wt carbon black were supplied by the National Research
and Development Institute for Cryogenic and Isotopic Technologies —
ICSI Rm. Valcea, Romania. Direct recycling of LFP cathode production
scraps happened in a GERO TF1 Carbolite tubular muffle furnace at
200 °C in air (this condition is identified as 200 °C air in the following)
and at 400 °C in nitrogen (2 L/min flow) (this condition is identified as
400 °C N3 in the following). 2 g of scrap CAM was inserted in the furnace
at room temperature, heated at 5 °C/min, held in the target temperature
for 30 min and cooled down at 4 °C/min. Thermal treatment was fol-
lowed by milling for 5 min in a MM200 Retsch ball mill with zirconium
oxide jars and beads. After ball milling, the active material was sepa-
rated from aluminium current collectors by sieving at 0.1 mm. The
direct recycling process was repeated multiple times to obtain enough
recycled LFP CAM for the subsequent characterisation and slurry pro-
duction steps for each process condition.

This study considered commercial pulverized LFP of M12 series from
ALEEES as reference commercial material.

2.2. Characterization of cathodic active materials

Thermogravimetric analysis (TGA) (NETZSCH TG 209 F3 and TA
Instruments TGA 5500) was performed under Nj atmosphere at a
heating rate of 10 °C min~! from 30 up to 600 °C to quantify the PVDF
residual content in the scrap and recycled CAM samples. Fourier-
transform infrared (FTIR) spectrometry (Thermo Fisher Nicolet Sum-
mit) was employed to confirm the presence of PVDF. The crystal
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structure and phase composition of the materials was determined by X-
ray diffraction (XRD) spectroscopy (PANalytical X'Pert) with a Cu Ko
radiation and a 260 scan range from 10° to 70°, while the microstructure,
morphology and element distribution were examined using field emis-
sion scanning electron microscopy (FESEM)(Zeiss, SUPRA 40) and
Scanning electron microscopy with energy-dispersive X-ray spectros-
copy (SEM-EDX) (Zeiss, Sigma VP) The Al impurity content in recycled
cathode material was analysed with Flame atomic absorption spectros-
copy (FAAS) (Schimadzu, GFA-EX7). The cathode active materials'
surface composition was determined with X-ray photoelectron spec-
troscopy (XPS)(Kratos, Axis Ultra ESCA).

2.3. Production of coin cells

The electrodes constituting the coin cells were prepared by solvent
tape casting method [32] employing TIMCAL C-NERGYTM Super C65
carbon black and HSV900 PVDF solution in N-methyl pyrrolidone
(NMP) (Sigma-Aldrich) with variable contents of recycled and com-
mercial LFP CAM and considering the two slurry compositions
mentioned (80:10:10 and 92:5:3). The recycled CAM content was
initially set at 100% to evaluate its standalone electrochemical perfor-
mance. Subsequently, the recycled content was reduced (50% and
30%-wt blended with commercial CAM) to determine the maximum
recycled material content for both recycled CAM materials that provides
electrochemical performance comparable to pristine commercial LFP.

The slurries were homogenized using a Retsch MM200 ball mill for
15 min at 30 Hz and then casted onto aluminium foil (ARMOR Group,
19.8 pum thick) using a Sheen 113N automatic film applicator at a speed
of 50 mm s~ ! and adjusted to 200 pm thickness. After solvent evapo-
ration at 50 °C for 1 h, electrode disks with areas of 1.766 cm? were
punched out and vacuum dried at 120 °C for 4 h in a B-585 Biichi Glass
oven. The electrodes were then transferred into an argon-filled MBraun
Labstar glove box (H20 and O, content <1 ppm) for half-cells assembly.
The final mass loading of the dried LFP electrodes ranged from 2.8 to 3.2
mg cm ™2 for the 80:10:20 slurry and from 5.7 to 8 mg cm™2 for the
92:5:3 slurry. Finally, 2032-type coin cells were assembled by using
lithium disks (@ 16 mm, 0.6 mm thick, high purity lithium chips from
Tobmachine), a glass fiber separator (18 mm diameter, 0.26 mm
thickness, Whatman), and 100 pL of 1 M lithium hexafluorophosphate in
1:1 v/v mixture of ethyl carbonate and dimethyl carbonate (Solvionic).
To preserve the intrinsic porosity of the electrodes and minimize po-
tential limitations related to electrolyte infiltration and lithium-ion
transport, the materials were deliberately not subjected to pressing or
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Fig. 1. Experimental process flow of the study (TGA: thermogravimetric analysis; XRD: X-ray diffraction spectroscopy; FTIR: Fourier transform infrared spectros-
copy; XPS: X-ray Photoelectron Spectroscopy; FESEM: field emission scanning electron microscopy; SEM-EDX: Scanning Electron Microscopy - Energy Dispersive X-
ray Spectroscopy; FAAS: Flame Atomic Absorption Spectroscopy; CAM: cathode active material; PVDF: polyvinylidene fluoride; CB: Carbon Black; EIS: electro-

chemical impedance spectroscopy).
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calendaring. For comparison purposes, cells including cathodes con-
taining only commercial LFP CAM were also fabricated and tested as
reference for both slurry compositions (80:10:10 and 92:5:3). Two cells
were manufactured for each slurry composition and considering vari-
able contents of recycled CAM.

2.4. Electrochemical testing

Electrochemical characterisation of the manufactured cells was
carried out in an Arbin BT-2000 battery tester at room temperature in
the voltage range between 2.4 V and 3.8 V vs Li/Li". The rate capability
of the cells was evaluated by applying different current regimes from C/
10 to C/5, C/2, 1C to C/10, assuming a theoretical specific capacity of
170 mAh g~! [33,34]. Subsequently galvanostatic cycling was con-
ducted at a C/5 rate. Finally, long term stability was investigated with
galvanostatic cycling at a 2C rate for 220 cycles.

Electrochemical impedance spectroscopy (EIS) measurements were
carried out by a versatile multichannel potentiostat (VMP-3 Biologic).
Impedance measurements were performed before and after three gal-
vanostatic charge-discharge cycles at C/10 using an amplitude of 10 mV
in the frequency range of 100 kHz to 10 mHz. For the cell before cycling,
all the Nyquist plots consist of one semicircle followed by a straight
diffusion line from the high to low frequency regions. The impedance
plots were fitted using ZView software.

2.5. Economic and environmental analyses

The economic and environmental impacts of integrating low-
temperature direct recycling of production scraps into LFP cell
manufacturing were evaluated aiming at comparing costs and green-
house gas (GHG) emissions for different slurry compositions and
amounts of recycled CAM included in the slurry. The cost and envi-
ronmental analyses involved a gate-to-gate system, i.e. the specific focus
was on slurry production, and 1 kg of slurry was considered as functional
unit. The full details and results on the economic and environmental
analyses of direct recycling process applied to LFP and NMC scrap
cathodes at different temperatures and in air or N are in the mentioned
previous study [30]. This study considers only the data related to the
direct recycling conditions 200 °C air and 400 °C N (Table 1), while the
data referred to commercial materials were retrieved from literature
(Supplementary materials Table S1 and Supplementary materials
Table S2). Economic and environmental analysis was only conducted to
conditions analysed in the electrochemical part of the study. In the
calculations NMP recovery rate was set to 96% [35].

To evaluate the threshold for economic viability of studied on-site
scrap recycling strategy, a sensitivity analysis was performed.
Currently, many battery manufacturers establish external recycling
agreements for scrap material management [6]. Assessing the precise
value of LFP production scrap in this context is challenging because of
the lack of public data and significant regional disparities. In Europe,
LFP scrap recycling is not currently market-driven [38] for example due

Table 1

Parameters used for the economic and environmental analyses (CAM: cathode
active material, PVDF: Polyvinylidene fluoride, NMP: N-Methyl-2-pyrrolidone,
GHG: Greenhouse gas).

Pristine Cost Reference GHG emissions Reference

Material (€/kg) (kgCO2/kg)

Commercial 8.8 [36] 8.57 [36]
CAM

PVDF 11.15 [36] 2.08 [36]

Carbon Black 4.4 [36] 1.6 [37]1

NMP 1.8 [36] 4.61 [36]

Recycled CAM

200 °C air 0.71 [30] 1.18 [30]

400 °C Ny 2.36 [30] 2.02 [30]

Journal of Power Sources 671 (2026) 239558

to recent decrease in lithium prices and inefficient recycling methods [8,
39]. Conversely, in China, recycling of LFP, particularly materials with
higher lithium content and low degradation level, remains more prof-
itable due to lower operational costs, extensive industrial experience
and governmental support, creating a viable market value for LFP pro-
duction scraps [8,40].

Given these uncertainties in scrap value, this proof-of-concept
sensitivity analysis focused on slurry material costs (excluding capital
investment and operational expenses) for the 92:5:3 slurry composition
in European context. Two scenarios were compared:

Scenario 1 (Baseline): 100% virgin materials, while production scrap
is sold to external recyclers. The profit of selling the scrap material is
reduced from the material costs.

Scenario 2 (On-site integration): The maximum reported industrial
scrap rate 30% is assumed. This material is directly recycled with the
200 °C air treatment method and the remaining 70% of the material is
purchased from external sources at current market prices [41].

3. Results and discussion
3.1. Materials characterization

The residual PVDF content in pristine LFP scrap CAM and in the
recycled materials was quantified through TGA. Within the applied
temperature range and inert atmosphere, neither carbon black nor LFP is
expected to decompose [42,43]. Therefore, the observed weight loss is
primarily due to PVDF decomposition [42].

The pristine LFP scrap (Fig. 2A) demonstrated a 4.9% total mass loss,
consistent with the manufacturer's declared composition. The mass loss
observed at low temperatures corresponds to the evaporation of mois-
ture absorbed by the material during storage. The 200 °C air material
(Fig. 2B) exhibited a similar loss of 4.1%-wt and the slight deviations in
the decomposition profile likely result from partial PVDF structural al-
terations during thermal treatment [44]. In contrast, the 400 °C Ny
material (Fig. 2C) showed a significantly reduced mass loss of 2.1%-wt,
indicating more effective binder removal during recycling.

Minimising PVDF content is generally desired in battery recycling, as
it is reported to improve the electrochemical performance of recycled
cathode active material [13,45,46]. It should be noted that existing
literature focuses on spent battery materials, where PVDF is often
already degraded during battery use, and binder residuals can decrease
the efficiency of metallurgical recycling [24,47]. PVDF decomposition at
high temperatures also implies the release of HF, which is hazardous and
causes structural changes on the surface of active material [46]. None-
theless, a few studies dedicated to direct recycling of cathode production
scraps have demonstrated that good electrochemical performance can
still be achieved even in the presence of residual PVDF, with Wagner
et al. reporting 2%-wt residual binder content [4,48,49]. Based on the
contents of residual PVDF detected in the recycled materials, calcula-
tions were made to determine how much pristine PVDF needs to be
added during subsequent slurry production to achieve the desired binder
content (Supplementary materials Table S3).

To enable direct reintegration of recycled materials into slurry
preparation, the CAM crystalline structure must remain intact during
direct recycling. For LFP, a key degradation pathway at elevated tem-
peratures is the oxidation of LiFePOy4 to LisFea(PO4)s and FeyO3, which
compromises electrochemical performance [50]. The XRD spectra of
LFP scrap material and recycled CAM samples (Fig. 3) are consistent
with a single-phase olivine LiFePOy4 structure with an orthorhombic unit
cell, and no secondary phases are observed in any of the recycled sam-
ples. This confirms that nitrogen atmosphere effectively prevents LFP
oxidation even at higher temperatures.

FTIR analysis was initially employed to further investigate PVDF
degradation but the low binder content in the samples prevented ac-
curate analysis (Supplementary materials Fig. S1). XPS analysis was
then conducted to assess the chemical state of CAM surface after the
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Fig. 2. Results on thermogravimetric analysis of (A) pristine LFP scrap, (B)
200 °C air and (C) 400 °C N, CAM (DTG: derivative thermogravimetric curves).

studied recycling conditions compared to the pristine reference material
(Fig. 4; atomic concentration in Supplementary materials Table S5).
PVDF degradation in 400 °C N3 is revealed by reduction of characteristic
CF3-CH; bonds by 45.5% at 290.8 eV (Figs. 4A) and 7.4% decreases at
687.9 eV (Fig. 4C) compared to the pristine reference material [48].
Simultaneously, bonds associated to carbon black change their state
from sp? (284.6 V) to sp° (285.1 eV) indicating possible longer carbon
chain formation after fluorine detaching from PVDF structure. The
concentration of C-O and C=0 bonds at 287.5 eV and 288.7 eV also
increase in the 400 °C N3 samples which can indicate breakage of C-F
and C-H bonds from PVDF, loss of hydrogen and fluorine and redistri-
bution of electrons [51]. The O1s peak (Fig. 4B) also reveals an increase
in C-O bond concentration at 533.4 eV. The total atomic concentration
of fluorine is reduced by 43% after treatment in 400 °C in nitrogen.
While some of the liberated fluorine reacts with the active material
surface forming Li,POyF, evidenced by the increase in peaks at 689.4 eV
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Fig. 3. XRD spectra of pristine LFP scrap, 200 °C air and 400 °C N, CAM.

(Fig. 4C) and at 134.8 eV (Fig. 4D), some fluorine leaves the system with
the processing gas flow. In contrast, these above-mentioned changes are
not significant in 200 °C air samples validating that only small part of
PVDF degraded in this condition. Importantly, LiF and Fe-F bonds’
formation is minimal, and the Fe valence state stays intact throughout
the studied conditions. This preservation of Fe state is presented in
Fig. 4F where Fe 2p spectra indicate no changes in Fe 2p3,, peak at 710
eV, satellite peak around 715 eV or Fe2p; » peak at 724 eV [52]. This is
consistent with the XRD results, which indicate that the Fe oxidation
state remains unchanged after low-temperature thermal treatments.

FESEM analysis (Supplementary materials Fig. S2) confirms that
direct recycling preserves the physical integrity and surface morphology
of the LiFePO4 particles. Both the 200 °C air and 400 °C Ny samples
exhibit particle size distributions comparable to the pristine material,
with limited grain growth. In addition, carbon black particles remain
visible on all surfaces. On the other hand, SEM-EDX illustrates more
localized fluorine and carbon region in the recycled materials without
clear differences between the 200 °C and 400 °C Ny samples (Fig. 5).
However, carbon clustering interpretation is limited by possible back-
ground interference from the carbon tape used in the sample prepara-
tion. Despite this slight elemental inhomogeneity, no severe particle
agglomeration is evident. Notable, tighter particle size control could be
achieved during scale-up via additional milling or finer sieving. Finally,
elemental analysis confirms that aluminium impurities remain minimal
following thermal treatment and mechanical separation (Supplementary
Table S4).

3.2. Electrochemical testing

The electrochemical tests involved coin cells manufactured using
two slurry formulations: an initial laboratory-scale formulation
(80:10:10) and an industrially relevant formulation (92:5:3). For the
80:10:10 slurry, cells were first prepared with 100% recycled CAM
treated either at 200 °C in air or 400 °C in N, to evaluate the standalone
performance of the materials. Based on these results, recycled CAM was
blended with commercial CAM at 50%, and 30%-wt to identify the
maximum recycled content that maintained electrochemical perfor-
mance comparable to that of fully commercial material. This maximum
recycled CAM content was tested in the 92:5:3 slurry composition to
evaluate its applicability under industrially relevant conditions.

3.2.1. Performance of cells based on 80:10:10 slurry including 100%-wt of
recycled CAM
When dosed as 100% of CAM in the slurry, the material recycled at
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400 °C in N exhibited a rate capability closely matching that of the
commercial CAM (Fig. 6 and Supplementary materials Fig. S4). At a C/
10 rate, initial discharge capacities of 153 mAh g~* and 155 mAh g~}
were recorded for the 400 °C Ns-treated CAM and the commercial ma-
terial, respectively. At a higher rate of 1C, these values were 138 mAh
g1 and 136 mAh g! and after a subsequent 50 cycles at C/5, both
materials maintained a capacity of 148 mAh g~! (Fig. 6B). To assess
long-term stability, extended cycling was performed at 2C rate. The
400 °C N electrode exhibited high coulombic efficiency (>98%) and
capacity retentions of 96% measured from the 10th cycle up to 220
cycles (Supplementary materials Fig. S5). These results suggest that
direct recycling at 400 °C in Ny preserves the electrochemical perfor-
mance of the LFP cathode production scraps even with 2.1%-wt residual
PVDF binder.

In contrast, the electrodes with 100% of CAM recycled at 200 °C
displayed a stable cycling profile, but with lower initial capacity (—8%)
compared to 400 °C Ny and the commercial CAM (Fig. 6A). The initial
discharge capacity of 153 mAh g1 was recorded for 200 °C CAM at C/
10, while at 1C the capacity was 123 mAh g~ and after 50 cycles of
galvanostatic cycling at C/5 the capacity remained at 136 mAh g~}
(Fig. 6B). After 220 cycles the coulombic efficiency remained high at
99% and capacity retention was measured to be 95% (Supplementary
materials Fig. S5). All in all, these findings indicate that a higher

concentration (i.e. 4.1%-wt) of residual PVDF may have a negative
impact on the electrochemical performance. Similar results were also
reported previously [29], comparing direct recycling of NMC111 pro-
duction scraps through mechanical and chemical solvent-based separa-
tion methods leading to different residual PVDF concentrations. An
explanation of such effect of recycling can be the alteration in the PVDF
crystalline structure during thermal treatment, which results in lower
adhesion to the current collector which decreases electrical and ionic
conductivity [44,53], even at low temperatures (160 °C) [54]. A
decrease in electrochemical performance of recycled active materials
with high residual binder is also associated with material pore clogging
due to residual carbon black and binder [48]. Residual PVDF is known to
reduce the electrode material tap density, thereby lowering the cell
energy density [46].

Conductivity of the electrodes were studied by Electrochemical
Impedance spectroscopy. The resulting Nyquist plots were modelled
using Z-View software based on the simplified equivalent circuit (Sup-
plementary materials Fig. S3). In this model, the intercept of the semi-
circle with the real axis (—Z") represents the solution resistance (Rs),
while the diameter of the semicircle corresponds to the charge-transfer
resistance (Rct). The sloping linear region at lower frequencies is
attributed to lithium-ion diffusion and was fitted using a Warburg
impedance (Zw) element. After cycling, the optimal fit was achieved
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with an equivalent circuit (R1 + R2/CPE1 + R3/CPE2). As evidenced by
the EIS analysis, the Rtc values are essentially similar for cells employing
LFP treated at 400 °C under N5 and those based on commercial LFP, both
fabricated with an 80:10:10 electrode composition. This close agree-
ment is consistent with the similar electrochemical response exhibited
by the cells during galvanostatic charge-discharge cycling. In contrast,
cells containing LFP treated at 200 °C in air display a substantial in-
crease in charge-transfer resistance, indicative of hindered interfacial
charge-transfer kinetics.

3.2.2. Performance of cells based on 80:10:10 slurry including 30 and
50%-wt of recycled CAM

For the material recycled at 400 °C N3, a 100% recycled content
exhibited electrochemical performance similar to the commercial
reference. A further reduction in recycled content was deemed unnec-
essary. While it is reasonable to assume that lower concentrations would
also preserve high electrochemical performance, this assumption was
not experimentally verified in the present study.

The 200 °C air CAM exhibited lower performance when used at
100% content. To address this limitation, a blend of 50% recycled and
50% commercial material was produced keeping the composition at
80:10:10. As presented in Fig. 7A, this blend improved performance
compared to the 100% recycled material, with initial discharge capacity
of 153 mAh g~! at C/10 and 130 mAh g~! capacity at 1C. The 50%
200 °C air electrode still exhibited a lower capacity compared to the
commercial with a capacity retention of 95% after 50 cycles. In addition,
the cells suffered a low coulombic efficiency (Supplementary materials
Fig. S7).

A further reduction to 30% recycled content yielded electrode per-
formance comparable to reference commercial cells with an initial
discharge capacity of 154 mAh g~! and 137 mAh g~! at 1C as well as
capacity retention of 98% after 50 cycles suggesting that incorporating
up to 30% of 200 °C air material is a viable limit without significant loss
in electrochemical performance assuring stable cycling performance
also in longer cycling tests (Fig. 7B). This 30% threshold aligns with the
highest scrap rate reported for battery production lines [2]. This finding
suggests that all scrap material generated during production could

potentially be reintegrated into the slurry preparation process either
through direct recycling via low-temperature 200 °C air treatment or
400 °C Ny treatment without compromising cell performance when
80:10:10 composition is used.

3.2.3. Performance of cells based on 92:5:3 slurry including 100 and 30%-
wt recycled CAM

The slurry composition was changed to an industrially more relevant
composition of 92:5:3 while maintaining the concentration for recycled
material as defined above. 30% 200 °C air CAM reached performance
comparable to commercial material, with initial discharge capacity of
154 mAh g~ ! and 133 mAh g~ ! at 1C (Supplementary materials Fig. S10
and Supplementary materials Fig. S11). However, cells with 100%
400 °C N; active material exhibited lower performance with an initial
discharge capacity of 140 mAh g~! and 121 mAh g~! at 1C indicating
that with higher active material loadings, the proportion of recycled
content should be reduced - ideally aligning with the actual scrap rates
observed in battery manufacturing. The measured lower performance of
100% 400 °C Ny, could be due to reduced electrical conductivity, as
conductive carbon content in this composition is low and no additional
pristine carbon black was added to the slurry. The PVDF residual was
implied in SEM-EDX (Fig. 5) analysis to cause modest carbon black
agglomeration and the processing steps used in this study might not
have been adequate to avoid these agglomerations and produce a uni-
form LFP-carbon black particles interconnection. This might result in
insufficient electronic conductivity in some areas of the electrode. For-
mation of inactive LiyPOyF, on 400 °C N2 samples as detected in XPS
analysis can also reduce the cell performance in cells with high active
material concentration. In addition, it is worth noting that due to the
limited quantity of production scrap raw material, no calendaring step
was performed which can affect the cell performance [55]. However, all
cells were prepared following the same laboratory scale electrode pro-
duction method described earlier.

3.3. Economic and environmental analysis

Fig. 8A presents a comparative cost analysis associated to the
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preparation of 1 kg of slurry considering the two studied compositions
(80:10:10 and 92:5:3) with studied blends of recycled and commercial
CAM. The results indicate that integrating recycled CAM is economically
beneficial under all evaluated conditions. The 92:5:3 formulation
consistently exhibits a lower total cost than the 80:10:10 formulation,
primarily because the low cost of LFP, especially recycled CAM, offsets
the high cost of virgin PVDF required for the binder-rich composition.
Baseline costs for slurries using 100% virgin materials were calcu-
lated at as 9.21€/kgsiury and 9.06 €/kgsjyry for 80:10:10 and 92:5:3
compositions, respectively. Introducing 100% recycled CAM in the
slurry reduced theses values significantly to 2.06 €/kgsjury and 0.83
€/Kgslurry With 200 °C air. Utlizing 100% 400 °C N2 CAM resulted
slightly higher cost of 3.77 €/kgsjurry and 2.80 €/kgsjurry due to increased
energy demand, nitrogen consumption, and the need for additional
virgin binder to compensate for greater PVDF degradation during
thermal treatment. While reducing the recycled content improves elec-
trochemical performance, it also increases material costs. For the 200 °C
air material, a 50%-wt blending with commercial material resulted in
costs of 5.64 €/kgsurry (80:10:10) and 4.95 €/kgsiury (92:5:3) while

C/10

Specific Discharge Capacity (mAhg™!)

0 . 1 . 1 ) I ) I . L
10 20 30 40 50

Cycle index

Fig. 7. Rate capability test (A) and Cycling performance (B) of reference 100%
commercial electrodes and 200 °C air electrodes with 50% and 30% recycled
material with 80%-wt CAM: 10%-wt binder:10%-wt carbon black composition.

lowering the recycled content further to 30%-wt increased costs to 7.07
€/kgsiurry and 6.59 €/kgsiurry. However, even at this 30% substitution
level, the total slurry cost remains 23% and 28% lower than the virgin
baseline for the 80:10:10 and 92:5:3 compositions, respectively.

Based on the slurry costs from the economic analysis, a sensitivity
analysis was conducted to account for material price volatility. These
results indicate that on-site direct recycling using 30% 200 °C air CAM is
economically superior to external recycling if the market value of LFP
production scrap remains below ~2.5 €/kg (Supplementary materials
Fig. S12A). The economic advantage of on-site recycling increases with
higher virgin LFP prices but it diminishes if virgin prices fall or if the
market value of scrap rises (Supplementary materials Fig. S12B).
Currently, the low value of LFP scrap in Europe makes on-site recycling
highly viable, even though future market maturation could narrow this
cost advantage.

GHG analysis (Fig. 8B) confirms that replacing virgin LFP CAM with
recycled material significantly reduces the environmental impact of
slurry materials, driven by the high carbon intensity of virgin production
versus the minimal footprint of on-site recycling. The GHG emissions
associated to virgin material slurry were 7.68 and 8.27 kgCO2/kgsurry
for 80:10:10 and 92:5:3 compositions respectively but introducing
100% 200 °C air CAM lowered these values to 1.72 and 1.41 kgCOo/



L.L. Lassila et al.

Journal of Power Sources 671 (2026) 239558

(A) [0
9-21 9.06
280:10:10 m92:05:03
8
ol 6
=4
©
g
E 4
2]
g
i,
0
100% Virgin 100% 200°C air ~ 50% 200°C air 30% Recycled -  100% Recycled -
200°C air 400°C N2
(B)
8.27
8  7.68 o80:10:10 m92:05:03
2 6.21
Q .
<
é' 6 L 5.90
g g 470 484
|
o on
TS
So4
_S 38 5y
- 1.72
© 2 1.41
0
100% Virgin 100% 200°C ar ~ 50% 200°C air ~ 30% Recycled -  100% Recycled -
200°C arr 400°C N2

Fig. 8. Slurry material (A) cost and (B) environmental impact for 80:10:10 and 92:5:3 compositions using virgin LFP, 100% recycled CAM, and blends of recycled

and virgin CAM.

Kkgsurry- Slurry based on 100% 400 °C N2 CAM indicated slightly higher
emissions (2.45 and 2.25 kgCO2/Kgsiurry) Temaining still superior to
virgin material slurries. This analysis also highlighted that even partial
substitution with recycled material leads to reductions in GHG emissions
compared to the exclusive utilisation of virgin CAM. As the GHG emis-
sions associated with on-site direct recycling of LFP production scrap are
minimal, the recycled material appears not only cost-effective but also
environmentally advantageous.

4. Discussion

The findings of this study were benchmarked against state-of-the-art
studies on Li-ion battery production scrap recycling (Table 2), revealing
that short-loop reintegration strategies remain largely at the proof-of-
concept stage. The methodology for electrochemical testing employed
here is consistent with the current literature, where initial material
performance is typically assessed over a limited number of cycles, as the

majority of reviewed studies either omit electrochemical performance or
limit testing to 200 cycles or fewer.

However, Table 2 also highlights critical guidelines for future
research on recycling of production scraps where the aim should be at
moving from preliminary lab scale studies to industrially scalable pro-
cesses. More holistic diagnostic techniques are required to fully under-
stand the quality of recycled materials. Notably, advanced
characterization remains scarce in current literature, as only three other
studies included XPS analysis, one other study incorporated EIS and two
utilizing cyclic voltammetry (CV). Moreover, while technical durability
is essential, industrial scalability cannot be assessed without critical
economic and environmental validation. Currently, only four of the
reviewed studies on production scrap recycling included assessment of
economic and environmental impacts.

As upcoming EU regulations will require reporting of battery carbon
footprint and the incorporation of recycled materials into cell
manufacturing, more studies are needed to address these regulatory
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Table 2

Comparison of the present study with state-of-the-art literature on Li-ion battery production scrap recycling. (NMP: N-Methyl-2-pyrrolidone, CV: Cyclic voltammetry, EIS: Electrochemical impedance spectroscopy, XPS: X-

ray Photoelectron Spectroscopy, PVDF: Polyvinylidene difluoride, CMC: Carboxymethyl cellulose, TRD: fluorine acrylic hybrid latex).

Economic
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EIS
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Ccv
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Residual binder in

cells
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Ref.
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Chemistry
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demands. Recycling approaches must achieve an appropriate balance
between cost and performance, and strategies for implementing recycled
materials in industrial production should be systematically studied and
critically evaluated. The present study found that minimal preprocessing
of low value LFP production scraps, followed by blending with pristine
material, delivers promising technical performance of produced elec-
trodes while reducing costs and environmental impacts, aligning with
anticipated industrial requirements.

5. Conclusions

This study examined strategies for integrating on-site low-tempera-
ture direct recycling of LFP production scrap cathodes into battery cell
production. Characterization confirmed that direct recycling at 200 °C
in air retained the CAM properties similar to pristine material whereas
treatment at 400 °C in nitrogen caused higher PVDF degradation leading
to formation of LixPOyFz on the material surface.

Electrochemical testing demonstrated that residual PVDF had a
limited impact on cell performance. CAM recycled at 200 °C in air with
industrially relevant slurry composition (92:5:3) delivered good per-
formance of 154 mAh g~! when the recycled material content was
limited to 30%. Meanwhile, scrap recycled at 400 °C in Ny maintained
its electrochemical performance of 154 mAh g~! with 100% recycled
content in the 80:10:10 slurry. However, with the higher active material
content composition in the 92:5:3 slurry, the discharge capacity of 100%
400 °C Ny cells dropped to 140 mAhg ™.

Economic analysis indicated that low-temperature direct recycling of
production scraps reduces the slurry material cost significantly. For the
lower active material composition (80:10:10), material costs decreased
to 7.07 €/kg including 30% recycled 200 °C material, and to 3.77 €/kg
with 100% 400 °C N3 recycled material. Even with higher active ma-
terial composition (92:5:3), slurry costs for recycled material (6.59 €/kg
for 30% 200 °C air and 2.80 €/kg for 400 °C N2) remained below those
of slurries based on virgin material (9.06 €/kg). Sensitivity analysis
confirmed that 30% integration of 200 °C recycled material for pro-
duction of higher active material content slurry, remains economically
viable if the market price for LFP scrap stay below 2.5 €/kg, and virgin
LFP prices do not decline substantially.

Environmental impact analysis revealed similar results with GHG
emissions reduction to 5.90 and 2.45 kg CO2/kg for 30% 200 °C and
100% 400 °C N recycled materials, compared to 7.68 kg COy/kg for
pristine active material with low CAM composition. With higher CAM
composition, emissions were 6.21 and 2.25 kg COy/kg for 200 °C air and
400 °C N2, respectively, again lower than for virgin material.

In conclusion, reintegrating scrap cathodes into production supports
the circular economy, reduces costs and emissions, and enhances the
supply chain security of local battery manufacturing while maintaining
good electrochemical performance. Future research should focus on
optimizing the direct recycling process to improve the material technical
performance to meet the excellent economic and environmental quality.
Scaling up direct recycling will also require larger material batches and
more advanced manufacturing steps, including improved particle size
control and calendaring steps.
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