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One of the most commonly used battery cathode types is lithium iron phosphate (LiFePO4) but this is rarely

recycled due to its comparatively low value compared with the cost of processing. It is, however, essential

to ensure resource reuse, particularly given the projected size of the lithium-ion battery (LIB) market. A

simple, green, inexpensive, closed-loop process is proposed for recycling LiFePO4 cathodes, via

delamination of the cathode active material from the aluminium current collector by simple immersion

in water. Two regeneration routes are compared to demonstrate how recovered Li1−xFePO4 can be

regenerated: (1) direct re-lithiation of the spent cathode material under ambient temperature and

pressure using a eutectic system made from lithium acetate and ethylene glycol with hydroquinone as

a reducing agent, and (2) oxidative leaching of lithium ions in water, with iron(III) chloride as an oxidising

agent, followed by regeneration back to the LiFePO4 olivine structure using same re-lithiation method.

The use of this non-aqueous lithium-based eutectic system in combination with a reducing agent

decreases the temperature and number of steps required for the regeneration of LiFePO4 and restores

the electrochemical performance of the spent material.
Sustainability spotlight

Direct re-lithiation strategy for spent lithium iron phosphate battery in Li-based eutectic using organic reducing agents. This paper addresses the UN's
Sustainability Development Goal #7 of creating affordable and clean energy. Central to this goal is the development of electric vehicles and the ability to store
renewable energy at home. Lithium iron phosphate (LFP) is key to this drive as it is used in low-cost lithium-ion batteries which is made largely of earth
abundant elements. The issue with creating circularity with LFP batteries is that the cost of regenerating them is high due to complex, multi-step, high
temperature processes. In this paper we demonstrate the rst low temperature, single-step regeneration of lithium iron phosphate cathode material using
simple, common starting materials. There is also the potential to create this as a circular catalytic process.
Introduction

Lithium-ion batteries (LIBs) with a lithium iron phosphate
(LiFePO4, LFP) positive electrode are widely used for a variety of
applications, from small portable electronic devices to electric
vehicles (EVs). The LFP-type LIB market is growing rapidly due
to advantages such as cost, safety, and use of non-critical and
earth abundant Fe, rather than Ni and Co.1,2 It is forecast that
LFP will claim an increasing proportion of the LIB market share
in applications such as stationary storage (coupled to renewable
energy generation such as wind and solar) and EVs.
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However, the large number of batteries in EVs and stationary
energy storage applications coming to their end-of-life is
generating increasing amounts of spent battery materials, pre-
senting a challenge to recover the active materials in a protable
process.3–5 Recycling of spent batteries is crucial to establish
a circular economy for high-value resources and to protect the
environment.6 Currently, the most common recycling tech-
nology for LFP cathodes is hydrometallurgy,7 which involves
a series of leaching and precipitation steps to recover high-
purity metals or compounds,8,9 followed by mixing and calci-
nation of recovered products at high temperatures to regenerate
LiFePO4.10,11 However, traditional hydrometallurgical recycling
routes are practically challenging due to complex processing,
high amounts of reagents and energy consumed, and the
inevitable wastewater treatment costs.

Alternatively, direct regeneration of degraded cathode
materials, a non-destructive technique to reintroduce lithium
aer repeated cycles, is a more efficient recycling approach.12,13
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All the life-cycle assessment criteria could be signicantly
improved if materials are not reduced to their elemental or
precursor salt forms before regeneration. One of the largest
contributors to the cost of recycling cathode materials is the
high temperature regeneration with Li sources (such as Li2CO3,
LiOH, and Li3PO4) usually about 550 to 800 °C for 7 to 48 hours
under argon or nitrogen atmosphere.14,15 See Table S1† for more
examples of LFP synthesis. Direct regeneration has previously
been shown for LiCoO2 using molten salt systems, such as
a eutectic mixture of LiCl and CH4N2O containing a small
amount of CoO for the selective replenishment of lithium and
cobalt at 120 °C,16 or the use of a molten lithium nitrate system
at 300 °C to regenerate LiFePO4, with sucrose as a reducing
agent.17 While these direct regeneration processes have
provided a lower temperature route to regeneration of spent
cathode materials, there is still room for improvement due to
the fact that temperatures of >100 °C are still being employed,
and that there are potential safety concerns due to the highly
oxidising behaviour of lithium nitrate.

A low temperature alternative involves the use of deep
eutectic solvents (DESs), which are composed of a bulky organic
cation (commonly quaternary ammonium salts) and a hydrogen
bond donor (HBD). These have the advantage of minimising
water use, and have oen been described as having the ability to
be “tailored” to achieve specic physical and chemical proper-
ties.18 They are easy to prepare under ambient conditions, and
have previously been used for the extraction and recovery of
desired metals from various materials on large scales, including
spent EV batteries.19–21 The majority of these studies have
focussed on lithium nickel manganese cobalt oxides (LiNix-
MnyCo1−x−yO2, NMC) and lithium cobalt oxide (LiCoO2, LCO)
chemistries. For example, the recovery process of LCO by
leaching of Li and Co in the choline chloride: urea DES at 180 °C
for 12 h obtained a 95% leaching efficiency, where Co was
recovered as cubic cobalt oxide spinel (Co3O4) aer a precipita-
tion–calcination process using H2C2O4 and NaOH precipi-
tants.22 Similarly, the mixture of oxalic acid dihydrate and
choline chloride was used as a DES for dissolving Li, Mn, and Co
from NMC and the Mn and Co were thereaer precipitated by
the simple addition of water to form mixed metal oxalates.23

Metal recovery from battery leachates has also been carried out
via solvent extraction methods, from both DES and aqueous
systems. For example, Zante et al. show that hydrophobic
eutectic systems made from lidocaine with decanoic acid or
lauric acid can be used to leach battery materials, with
N,N,N′,N′-tetra(n-octyl) diglycolamide being used to extract the
Mn.24 A series of different solvent extraction steps have been
used by Schiavi et al. to selectively recover Mn and Co from
a DES formed from choline chloride and ethylene glycol,
resulting in the production of cobalt oxalate. The DES was
shown to be reusable, despite the high temperatures (90 to 160 °
C) used during both leaching and extraction.25 Likewise,
a choline chloride–citric acid DES diluted with water was
proposed as a lixiviant for LCO at 40 °C for 1 h, which uses
metallic aluminium and copper as reducing agents. The copper
and 98% leached cobalt could be recovered from the pregnant
leach solution by non-aqueous solvent extraction by LIX 984 and
2342 | RSC Sustainability, 2023, 1, 2341–2349
Aliquat 336, respectively.26 Bis(2-ethylhexyl) phosphoric acid
has been used in battery recycling processes for the extraction of
Cu, Co, Mn, and Ni from acidic aqueous solutions,27,28 whereas
tri-n-butyl phosphate-sulfonated kerosene has been used to
successfully extract Li and Fe from spent LFP, where FeCl3 was
used as a leaching agent.29

The remaining challenge of recycling LFP-type batteries is
regeneration in a sustainable, low-cost, and low-energy process.
It has previously been estimated that the cost of recycling LIB
cathodes must be in the range $2–6 per kg,30 and the regener-
ation costs of LiFePO4 must be towards the low end of that
range due to the lower intrinsic material value when compared
to nickel or cobalt-containing battery chemistries. Therefore, it
is essential to use simple, fast, and selective processes with
minimal chemical and energy inputs. The present research
addresses this gap by demonstrating the use of a eutectic
mixture formed from lithium acetate, as a lithium source, and
ethylene glycol, as an HBD, in combination with organic
reducing agents, to regenerate spent Li1−xFePO4 cathode
materials without destroying the crystal structure at room
temperature. The effect of direct reductive re-lithiation is
compared with a two-step oxidative leaching (lithium
extraction)-reductive regeneration process.
Experimental
Materials

The chemicals used were ethylene glycol (EG, Sigma Aldrich,
>98.0%), iron(III) chloride (FeCl3, Merck, >98.0%), lithium
acetate dihydrate (LiOAc‧2H2O, Thermo scientic, >98.0%),
hydroquinone (Acros organics, 99.5%), L-ascorbic acid (Sigma
Aldrich, 99%), oxalic acid (C2H2O4, Aldrich, 98%, b-D-glucose
(Sigma, $99.5%), catechol (Lancaster, >98.0%), commercial
lithium iron phosphate (LiFePO4, Hydro-Québec, Carbon
coated), carboxymethylcellulose/styrene butadiene rubber
(CMC/SBR,Mw ∼ 250 000 Sigma Aldrich, MTI Corp, EQ-Lib-SBR
model), polyvinylidene uoride (PVDF, Alfa Aesar), conductive
carbon black (Timcal Super C45, Cambridge energy solutions),
n-methyl-2-pyrrolidone (NMP, Acros organics, 99.5%), dimethyl
carbonate (DMC, Sigma-Aldrich, 99%) and a spent lithium iron
phosphate battery (CALB, 130 Ah). The spent electrode mate-
rials were washed with DMC to remove the electrolyte and dried
prior to them being received.
Solvent preparation

The lithium acetate eutectic intended for use as a lithium
source for regeneration of LiFePO4 was prepared by mixing
lithium acetate dihydrate and ethylene glycol in a molar ratio of
1 : 3 at a temperature of 60 °C, until a homogenous liquid had
formed. This solvent will be referred to as LiOAc$2H2O:3EG,
and was stored in a sealed glass vessel at room temperature
until required. The organic reducing agents (L-ascorbic acid,
catechol, hydroquinone, oxalic acid, or b-D-glucose) were dis-
solved in the LiOAc$2H2O:3EG eutectic at concentrations of
0.55 mol per mol of FePO4 (mol ratio of FePO4, LiOAc$2H2-
O:3EG, and the reducing agent is 1 : 1.1 : 0.55) immediately
© 2023 The Author(s). Published by the Royal Society of Chemistry
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before use to minimise any potential side reactions. This was
equivalent to ca. 0.4 g of hydroquinone per 1 g of spent Li1−x-
FePO4 in 2.1 g of the LiOAc$2H2O:3EG solution.

The solution used for oxidation of LiFePO4 was prepared by
dissolving 1.0 mol dm−3 FeCl3 in water with stirring and heat-
ing at 60 °C until all solids had dissolved. The mixture was also
stored in a sealed glass vessel at room temperature until
required, in order to minimise variations in moisture content.

The solutions for voltammetric proling were prepared by
dissolving 0.02 dm−3 of L-ascorbic acid, catechol, b-D-glucose,
hydroquinone, or oxalic acid in the relevant solvent at 50 °C.
Instrumentation

To study potential windows of reducing agents in LiOAc$2H2-
O:3EG involved with the re-lithiation step, 5 mm diameter
glassy carbon disk, platinum ag, and aqueous 3.0 mol dm−3

KCl silver/silver chloride electrodes were used as the working,
counter, and reference electrodes, respectively. The glassy
carbon disk electrode was cleaned by polishing in a slurry of
0.02 mm alumina paste, before being rinsed with deionised
water and dried in air. A potential step of 2mV and a scan rate of
20 mV s−1 was selected for all experiments.

SEM and EDX were used to determine the thickness of the
cathode cross sections, and analyse the solid powder morphology
and elemental composition with an FEI Quanta 650 FEG in
backscattered electron mode at 20 kV and 5 nm spot size with
Aztec controlling soware. X-ray diffraction patterns of powders in
this work were measured using a Phillips PW 1730 X-ray gener-
ator, with a PW 1050/25 detector and a PW 1716 diffractometer
operating at 40 kV and 30 mV and controlled by DIF-
FRAC.COMMANDER soware. All samples were prepared in pol-
ymethyl methacrylate (PMMA) specimen holders of 8.5 mm in
height, sample reception 25 mm in diameter, and were measured
at a scan range between 10° to 90° 2q and a step size of 0.02°. The
obtained X-ray diffraction peaks were analysed and matched with
the database included in the DIFFRAC.EVA soware.

Thermogravimetric analysis differential scanning calorim-
etry (TGA-DSC) was carried out using a Mettler Toledo TGA/
DSC1 machine with a resolution of ±1 mg and a maximum
temperature of 1100 °C, controlled by STARe soware (version
12.10). The balance used to weigh the samples was a Mettler
Toledo Semi-Micro Balance (MS105DU), with a resolution of
0.1 mg. The samples (30–40 mg) were placed in 100 mL
aluminium crucibles with no lid. The temperature that operated
in the program was from 25 to 550 °C with 5 °C min−1 of
a heating rate and 20 mL min−1 of a nitrogen ow. Reference
materials were prepared for TGA-DSC by forming a slurry of the
commercial LiFePO4 with carbon black and different known
binders at a weight ratio of 90 : 5 : 5, using a method adapted
from Scott et al.31 The PVDF sample was prepared using NMP as
a solvent, whereas the CMC-SBR (1 : 1 weight ratio) sample was
prepared using water. The homogeneous slurry was coated onto
aluminium foil. Then, the coated cathode was dried on a hot
plate at 100 °C for about 1 h in the air. The cathodes were cut
into small pieces (ca. 3 mm by 3 mm) and put into 100 mL
aluminium crucibles with no lids for analysis.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The elemental composition of the spent Li1−xFePO4 powder
was analysed using a Thermo Scientic iCAP Qc ICP-MS. Raw
active material was digested in aqua regia and diluted by 200
000 times using 2 vol% nitric acid (Trace metal grade, Fisher
Scientic), equivalent to 0.45 mol dm−3, in order to be within
the calibration range of 10 to 2000 ppb. The calibration curve
was prepared using Spex CertiPrep, Multi-element Solution 2A,
containing Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Li,
Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Tl, U, V, and Zn, all at 10 mg mL−1

(10 ppm) in 5% HNO3, and Spex CertiPrep, Multi-element
Solution 4, containing B, Ge, Mo, Nb, P, Re, Si, S, Ta, Ti, W,
and Zr, all at 10 mg mL−1 (10 ppm) in trace HF and HNO3. Also,
the internal standards (spikes) were applied to all samples,
using 50 mL of 1 ppm of rhodium (Merck, 10 mg kg−1 Rh in
HNO3) and lanthanum (Fisher Scientic, 1000 mg mL−1 in 2–5%
HNO3, Spex CertiPrep) for every 5 mL of samples to ensure
measurement accuracy. Between the calibration curve and each
group of 15 samples, three wash solutions of the 2 vol% nitric
acid were recorded, also containing the internal standards. The
56Fe and 57Fe measurements are made in KED mode, whereas
6Li, 7Li, and 31P are made in STD mode. The calibration curves
can be found in the ESI (Fig. S9v).†
LiFePO4 regeneration procedure

Initially, the spent Li1−xFePO4 cathodes were delaminated in
deionised water for 30 minutes at room temperature to separate
cathode layers from aluminium foil, followed by a drying step at
80 °C for 2 h. This brittle and aky material was ball milled at
200 rpm for 20 min to obtain a ne powder, which was used as
the raw material for the leaching process and direct re-
lithiation. The chemical composition of the active cathode
material aer delamination and grinding, as determined via
ICP, is ca. 3.0–4.0 wt% of lithium, 14–18 wt% phosphorus, and
25–30 wt% iron (atomic ratio of Li : Fe : P is 0.91 : 1.00 : 0.99,
which will be referred to as Li0.91FePO4).

Two regeneration methods were investigated: (1) direct re-
lithiation without a preceding oxidative step, and (2) oxidative
leaching of the spent Li0.91FePO4, followed by a re-lithiation
step. In the rst procedure, spent Li0.91FePO4 was directly re-
lithiatiated by using 5 different organic reducing agents (L-
ascorbic acid, catechol, hydroquinone, oxalic acid, or b-D-
glucose), with LiOAc$2H2O:3EG as both the solvent and the
lithium source. The delaminated Li0.91FePO4 (1 g) was sus-
pended in the solution, containing a 10% molar excess of
lithium and reducing agent, and stirred for 1 to 3 h at 25 °C.
Finally, the regenerated LiFePO4 was separated by ltering,
washed with water, and dried in an oven at 60 °C for 1 h.

In the second procedure, Li0.91FePO4 powder (0.5 to 2.5 g)
was leached for 5 minutes to 3 h in water (10 mL) containing 0.1
to 1.0 mol dm−3 of FeCl3, at temperatures of 25 to 50 °C. This
was carried out in order to leach all remaining lithium from the
Li0.91FePO4 powder. All investigated systems were heated and
stirred at 500 rpm on a hot plate with a thermocouple until the
reaction was complete. Aerwards, the solutions were ltered,
washed with water, and the remaining solids dried in an oven at
60 °C for 1 h to obtain the iron phosphate (FePO4) powder. The
RSC Sustainability, 2023, 1, 2341–2349 | 2343
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FePO4 powder obtained aer oxidative leaching was re-lithiated
to form LiFePO4, using the same procedure as for direct re-
lithiation.
Electrochemical testing

The spent Li0.91FePO4 and re-lithiated powder were prepared
by heating to 450 °C for 1 h in an argon atmosphere to
pyrolyse the remaining polymer binder. Electrodes were
prepared by forming a slurry of the active cathode materials,
conductive carbon, and PVDF at a weight ratio of 90 : 5 : 5 in
NMP. The homogeneous slurry was coated on aluminium foil
and dried on a hot plate at 80 °C for about 2 h in the air. The
prepared cathode sheet had an active loading of 8 mg cm−2.
The CR2032 coin cell parts, separators, and electrodes were
dried under vacuum at 120 °C for 24 h and assembled in
a glove box under a high-purity argon atmosphere (H2O #

1 ppm, O2 # 0.1 ppm). The cells were comprised of the 14 mm
LiFePO4 cathodes, 15.7 mm lithium metal disc (PI-KEM)
counter/reference electrodes and 16 mm glass bre disc
(Whattman) separators. 40 mL of LP57 (1 M LiPF6 in ethylene
carbonate (EC) : ethyl methyl carbonate (EMC) 3 : 7 vol%,
Solvionic) was used as the electrolyte. The electrochemical
properties of the LiFePO4 materials were tested by a BSC-805
battery cycler (BT-Lab soware, BioLogic). Charge/discharge
was carried out at different current rates in a 2.8–3.8 V (vs.
Li+/Li) voltage window to study the electrochemical cycling
performance. Cyclic voltammetry was carried out between 2.0
and 4.5 V (vs. Li+/Li) at a scanning rate of 0.2 mV s−1.

The initial carbon amount in the active material samples was
measured by leaching the LiFePO4 compound with aqua regia at
60 °C for 24 h from the powder, then ltering to weigh the
remaining carbon content, with the chemical composition of
the remaining solid conrmed by EDX.
Results and discussion

The end-of-life LIB pouch cell (130 Ah) used in this study
(Fig. 1a) contains double-sided electrodes of LFP on aluminium
foil as the positive electrode, referred to as the cathode, and
graphite on copper foil as the negative electrode, or anode. The
cathode coating is 80–90 mm thick (Fig. S1†) with EDX con-
rming the expected Fe : P : O elemental ratio, as shown in
Table S2.† Soaking the cathode in water facilitates complete
separation of the LFP coating from the current collector foil, as
shown in Fig. 1b. Thermal analysis of the electrode facilitates
identication of the binder as water soluble CMC-SBR (Fig. S2,†
which likely facilitates the rapid delamination. Analysis of the
resulting powder using ICP-MS and XRD (Fig. S3†) show the
expected loss of lithium from the structure as a result of
capacity fade in the cell, with the stoichiometry determined by
ICP-MS (Li0.91FePO4, oxygen ratio is assumed to not change) in
close agreement with the phase fractions determined from
Rietveld renement of the diffraction pattern (88(2) vol%
LiFePO4 and 12(1) vol% FePO4). The low lithium stoichiometry
highlights the need for simple and cost-effective methods to re-
lithiate LFP extracted from end-of-life batteries.
2344 | RSC Sustainability, 2023, 1, 2341–2349
Two approaches are investigated in this study (Fig. 1c). The
rst uses an organic reducing agent in a lithium acetate
ethylene glycol eutectic (LiOAc$2H2O:3EG) to directly re-lithiate
the spent LFP material. In the second approach the material is
rst oxidised to FePO4, using a 0.75 M iron(III) chloride (FeCl3)
solution as an oxidising agent, followed by re-lithiation as per
the rst approach. This two-step process was examined since
processes that isolate the high-value lithium are industrially
relevant.

Five organic reducing agents (L-ascorbic acid, catechol,
hydroquinone, b-D-glucose, and oxalic acid) were screened for
suitability to reduce FePO4 in the LiOAc$2H2O:3EG eutectic
using cyclic voltammetry and XRD (FePO4 was used as a model
compound to highlight the wide applicability of the method,
even for materials from cells with very low state-of-health
(SOH)). These reducing agents were selected because they
have been used in several industries, are bulk commodity
chemicals, and are registered with registration, evaluation,
authorisation and restriction of chemicals (REACH). Complex
quinones have been previously shown to lithiate spent NMC
successfully in organicmedia in the presence of lithiummetal.32

Cyclic voltammograms of the reducing agents in the eutectic
(Fig. S4a†) show that only L-ascorbic acid, catechol, and hydro-
quinone present signicant redox-active behaviour within the
stability window of the eutectic. However, only hydroquinone
displays reversibility, which is critical for a redox-recyclable
reducing agent (Fig. 2a). The benet of a recyclable reducing
agent is that it imparts a measure of environmental sustain-
ability into the process, as the amount of process waste gener-
ated is minimised, as are the raw chemical inputs. Powder XRD
conrms that hydroquinone is an effective reducing agent for
FePO4 in the lithium-containing eutectic (Fig. 2b), with full
conversion of FePO4 to LiFePO4, as per the reaction in Fig. 2c –
the XRD patterns showing the effectiveness of the other
reducing agents are provided in Fig. S5.† Moreover, quinones
(110.11 g mol−1) have an additional advantage over ascorbic
acid (176.12 g mol−1) as the latter needs to be used in higher
amounts because of its higher molecular weight. Hence, only
hydroquinone was carried forward into the following investi-
gations where the two approaches were applied to regenerate
the Li0.91FePO4 powder extracted from end-of-life cells.

Materials regenerated by direct re-lithiation (0.4 g of hydro-
quinone per 1 g of spent Li0.91FePO4 in 2.1 g of LiOAc$2H2O:3EG
at 25 °C) were characterised by XRD, SEM, and ICP-MS to
understand the efficacy of this approach. Powder XRD patterns
of the material aer treatment for 0.5, 1, and 2 h are shown in
Fig. 3a. The patterns show partial re-lithiation aer 0.5 h –

reections characteristic of FePO4 and LiFePO4 are present –
but aer 1 h full conversion to LiFePO4 has taken place, with no
further changes in the structure following 2 h of treatment.
Sharp reections in the diffraction patterns indicate that the
material exhibits good crystallinity, as required for effective
battery performance. Fig. 3b and c show SEM micrographs of
the cathode particles before and aer direct re-lithiation. The
particle shape and size remain unchanged. Elemental analysis
of the eutectic solution aer re-lithiation by ICP-MS reveals
<50 ppm of Fe and P, demonstrating negligible leaching and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Dismantled end-of-life pouch cell: a pouch case (left) anode plate (middle), and cathode plate (right), and (b) the materials generated
after the delamination in water: delaminated aluminium foil (left) and cathode active material (right), and (c) schematic diagram showing the
regeneration of LiFePO4 from spent Li1−xFePO4 cathode.
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hence good stability with spent LFP powder. Further, ICP-MS of
the regenerated material shows the desired stoichiometry of
LiFePO4 (i.e., Li : Fe : P atomic ratio is 1.00 : 1.00 : 1.02), illus-
trating the success of the direct re-lithiation process.

Next, the suitability of FeCl3 as an oxidising agent to selec-
tively leach lithium from spent Li0.91FePO4 was investigated by
XRD. FeCl3 was selected due to its strong oxidising behaviour
towards less noble metals, and since presence of ferric ions will
not contaminate the system with an additional cation. Addi-
tionally, cyclic voltammetry of aqueous FeCl3 shows reversible
Fig. 2 (a) Cyclic voltammograms of 20 mmol dm−3 of hydroquinone in L
20 mV s−1, using a graphite disk working electrode, and an aqueous 3.0 m
showing the conversion of FePO4 to LiFePO4 with hydroquinone in LiO
Li1−xFePO4 to LiFePO4 by hydroquinone in LiOAc$2H2O:3EG solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
FeII/III redox and hence it is likely redox-recyclable.33,34 System-
atic investigation of the effects of temperature, solid to liquid (S/
L) ratio, FeCl3 concentration, and reaction time on the struc-
tural conversion and hence lithium removal (Li0.91FePO4 to
FePO4) are shown in Fig. S7.† Within the parameter space
examined, optimised reaction conditions of 0.75 mol dm−3

FeCl3 at 25 °C with a S/L ratio of 150 g L−1 yielded full conver-
sion in 0.5 h. These conditions are relatively mild compared to
literature processes, where H2O2 or concentrated sulfuric acid
are commonly used to leach spent LFP.29,35,36 XRD patterns of
iOAc$2H2O:3EG solution. Scans are recorded at 25 °C at a scan rate of
ol dm−3 KCl silver/silver chloride reference electrode, (b) XRD patterns
Ac$2H2O:3EG solution, and (c) chemical reaction for conversion of

RSC Sustainability, 2023, 1, 2341–2349 | 2345
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Fig. 3 (a) XRD patterns of spent Li0.91FePO4, and materials produced after 0.5–2 h of treatment with hydroquinone in LiOAc$2H2O:3EG at 25 °C,
and (b) SEM images showing the morphology of spent Li0.91FePO4 powder, and (c) LiFePO4 re-lithiated using direct reductive re-lithiation with
0.4 g of hydroquinone per 1 g of spent Li1-xFePO4 in 2.1 g of LiOAc$2H2O:3EG at 25 °C for 1 h.
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the materials aer oxidative leaching and re-lithiation reveal
full oxidation of Li0.91FePO4 to FePO4 in the rst step and
conversion to LiFePO4 (re-lithiation) aer 3 h in the second step
(Fig. 4a). Corresponding SEM images of the cathode particles
(Fig. 4b and c) illustrate that there are no signicant changes to
the particle size and shape, consistent with the modest 2.59%
volume change between LiFePO4 and FePO4 (291.2 Å3 and 271.5
Å3, respectively).37,38 Elemental analysis by ICP-MS of the ferric
chloride solution aer leaching shows the presence of Li (3944
ppm), as expected, but also P (313 ppm). While there was an
apparent increase in Fe content in the solution aer lithium
leaching (6.18% increase), it must be noted that this increase
was within the error of the measurement and must be treated
cautiously. Moreover, the eutectic solution following re-
lithiation contains 346 ppm of P and 1242 ppm of Fe. This
indicates non-selective leaching when using FeCl3, potentially
due to the acidity of the solution (pH is 1.0 before leaching and
1.4 aer leaching), and structural instability across the two-step
process.
Fig. 4 (a) XRD patterns of initial spent Li0.91FePO4, leaching residue after
(S : L = 150 g L−1), and material regenerated with hydroquinone in LiOAc$
leached powder (water + 1 mol dm−3 FeCl3), and (c) subsequent reduct
Li0.91FePO4 in 2.1 g of LiOAc$2H2O:3EG at 25 °C for 3 h.

2346 | RSC Sustainability, 2023, 1, 2341–2349
The electrochemical properties of the direct regenerated
LiFePO4 and the spent Li0.91FePO4 active material are discussed
in this section, while active material from oxidative leaching/
LiFePO4 regeneration method displayed poor electrochemical
behaviour, possibly related to the instability noted in the two-
step process. The spent Li0.91FePO4 and direct re-lithiated
material were treated at 450 °C for 1 h in an argon atmo-
sphere to convert the remaining polymer binder to carbon
before making cathodes. Fig. 5a exhibits the cyclic voltammo-
grams of the directly regenerated and spent Li0.91FePO4 at
a scan rate of 0.2 mV s−1 in the potential range of 2.0–4.5 V (vs.
Li+/Li). The oxidation and reduction onset values for the FeII/III

redox couple of direct regenerated and spent Li0.91FePO4 are
3.42 V and 3.46 V, respectively. The curves have pleasing
symmetry corresponding to good reversible electrochemical
reactions of FeII/III during the lithiation and de-lithiation
processes.

Charge–discharge potential proles for directly regenerated
LiFePO4 at different C-rates are shown in Fig. 5b and c. At 0.1C
oxidative leaching with 0.75 mol dm−3 FeCl3 in water at 25 °C for 0.5 h
2H2O:3EG at 25 °C for 1 h, 2 h, and 3 h, and (b) SEM images of oxidative
ive regenerated LiFePO4 with 0.4 g of hydroquinone per 1 g of spent

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Cyclic voltammetry curves at a scan rate of 0.2 mV s−1 of direct re-lithiated LiFePO4 (b) the first charge and discharge curves of direct
re-lithiated LiFePO4 at different discharge rates, (c) and (d) are rate capability, and cycle performance at 0.5C of direct re-lithiated LiFePO4 and
spent Li0.91FePO4.
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(calculated assuming a practical capacity of 155 mA h g−1) the
potential curve shows the characteristic potential plateau at
3.46 V. The discharge capacity drops with the increase of the
current density due to sluggish Li+ kinetics at a higher rate.39

Specic discharge capacities of 153.9, 126.6, 115.5, 97.9, and
90.0 mA h g−1 can be obtained at 0.1C, 0.25C, 0.5C, 0.75C, and
1C, respectively for the directly regenerated LiFePO4 (Fig. 5c).
Moreover, the capacity is fully recovered (151.4 mA h g−1) aer
returning to 0.1C, indicating good electrochemical reversibility.

Fig. 5d shows the cycle performance comparison of the
regenerated LiFePO4 and spent Li0.91FePO4 cathode within the
potential range of 2.8–3.8 V (vs. Li+/Li) at 0.5C. It can be seen
that the discharge capacity of the regenerated cathode material
is approx. 120 mA h g−1, with 88% capacity retention aer 200
cycles. This clearly demonstrates the effectiveness of the
regeneration approach introduced herein, with additional
performance enhancement likely through well-established
material/electrode optimisation. The capacity of the regen-
erated LiFePO4 is dramatically improved from the spent mate-
rial, which exhibits a low capacity of 20 mA h g−1 at 0.1C. Since
the history of the pouch cell prior to disassembly is not known,
it is difficult to comment further on the cause(s) for this. One
possibility is that there is a conductive carbothermal coating on
the surface of the LFP particles40 that has been damaged during
the oxidative or relithiation steps. Alternatively, the presence of
an inert iron phosphorous phase has been proposed.41 Fe2P2O7

coatings have been observed in XRD patterns of LFP as small
peaks between 28 and 33° 2Theta.41 No additional peaks are
detected in Fig. 3a or Fig. 4a that could be relating to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
formation of these complexes during the oxidation or relithia-
tion processes. Note that the electrochemical properties of LFP
rejuvenated via direct recycling process will also depend on the
initial crystal structure, particle shape and size of the spent
materials.

Overall, direct re-lithiation using hydroquinone as a recy-
clable reducing agent, as demonstrated in this work, provides
a more environmentally sustainable closed-loop process and
economic advantages for recycling compared to current high-
temperature hydrometallurgical approaches. Critically, this re-
lithiation process can be carried out at room temperature and
under standard atmospheric conditions without special safety
considerations.

While the oxidative leaching/LiFePO4 regeneration method
did not produce a high-performance material in this study, the
approach may nonetheless be important in the future to isolate
Li and/or FePO4. For example, selective leaching of Li from
battery materials, including LFP, may be a critical process to
enable the manufacture of LIBs with 10% recycled Li from 2035,
in line with EU regulations.42 Further, the residual FePO4 can be
re-used as a raw material to synthesise LFP by conventional
synthetic routes.43–45
Conclusions

This study has demonstrated a simple, low-temperature recy-
cling strategy for spent Li1−xFePO4 cathode material. The direct
re-lithiation method uses readily available reagents, such as
hydroquinone, as the reducing agent in a liquid formed from
RSC Sustainability, 2023, 1, 2341–2349 | 2347
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LiOAc‧2H2O:3EG. The electrochemical properties of the regen-
erated LiFePO4 are signicantly improved compared to the
original spent Li0.91FePO4 material, indicating the potential to
be directly reused in batteries.

A second process based on a literature approach was devel-
oped which initially carried out oxidation of the spent cathode
material (involving Li leaching), followed by a reductive regen-
eration. Although this process increased the activity of the
regenerated material it was slower, involved more chemicals
and resulted in a signicantly lower discharge capacity
compared to the directly re-lithiated process.

Most studies conclude that the regeneration of LFP cathode
material cannot be made economically and carbon negative
compared to synthesis of virgin LFP. This is due to the high
temperature and complexity of previously described methods.
The simplicity of the direct re-lithiation process coupled with
the low temperature could result in a carbon negative and
inexpensive regeneration although it must be acknowledged
that an optimal process requires the lithium loop to be closed
using a stable lithium source which can regenerate the hydro-
quinone and re-lithiate the liquid.
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