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Abstract
Recycling of spent lithium iron phosphate (LFP) batteries is essential for resource sustainability and
environmental protection. However, conventional recycling methods often involve harsh conditions,
sacrificial reagents, high energy consumption, and secondary pollution. This study proposes a novel and
efficient lithium extraction method based on a photo-fenton process to selectively recover lithium from
spent LiFePO₄ cathodes. Under optimized conditions (800 mmol/L H₂O₂, 100 mmol/L FeSO₄, 30°C, 50
g/L solid density, and 30 min reaction time), a lithium leaching efficiency exceeding 99% was achieved
with high selectivity. During this process, iron and phosphorus were simultaneously recovered as FePO₄
precipitate, while lithium was subsequently separated as high-purity Li₂CO₃. Mechanistic investigations,
supported by XRD, XPS, and SEM-EDS analyses, revealed that hydroxyl radicals (•OH), generated from the
Fe²⁺/H₂O₂ Fenton system, attack the olivine structure of LiFePO₄. This oxidizes Fe(II) to Fe(III), forming
insoluble FePO₄ and releasing Li⁺ into solution. Notably, ultraviolet irradiation facilitates the regeneration
of Fe²⁺ from the reaction products, enabling its reuse and significantly reducing reagent consumption
and iron sludge generation. The proposed photo-Fenton method offers an efficient, low-energy, and
environmentally benign route for lithium recovery from spent LFP batteries.

1. Introduction
Global climate change has garnered widespread international concern [1]. In response, many countries,
including China have committed to achieving "carbon neutrality" or net-zero carbon dioxide emissions by
2050 or 2060 [2, 3]. A cornerstone of this transformation is the replacement of conventional fuel vehicles
with electric vehicles (EVs) [4–7].The surge in the EV sector is a major driving force behind the
escalating demand and production of lithium-ion batteries (LIBs) for power applications [8–11].
Consequently, the global LIB industry is anticipated to expand to 4.7 TWh by 2030 [12]. Nevertheless,
with an average operational lifespan of merely 3–6 years, the proliferation of EVs inevitably results in a
massive influx of end-of-life batteries. Recycling valuable materials from spent power LIBs is therefore of
strategic importance for reducing production costs, alleviating resource consumption, and minimizing
environmental impact [13–15].

A recent report by the European Commission estimated that by 2050, up to 77% of the European Union's
lithium demand could be met through secondary sources, primarily from used LIBs [16]. The recycling
process for spent LIBs generally involves discharging, dismantling to obtain cathode black mass,
followed by leaching and separation operations to recover metal ions [17]. Among various cathode
chemistries, lithium iron phosphate (LFP) batteries dominate the EV market due to their safety, long
cycle life, and low cost [18–20]

Existing technologies for extracting value-added components from end-of-life LFP cathodes can be
categorized into three primary routes: pyrometallurgy, hydrometallurgy, and direct recycling [21–24].
Pyrometallurgy, while simple, suffers from long processing routes, low yield, high energy consumption,
and the risk of fluoride volatilization. Direct recycling is relatively green but is limited by challenges such
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as high impurity content and inconsistent electrochemical performance of the regenerated materials
[25]. Hydrometallurgy remains the predominant approach, typically employing inorganic acids (e.g.,
H₂SO₄, HCl) [26, 27] or organic acids (e.g., formic, citric, oxalic acid) [28–31] to dissolve the LFP
structure. These processes often require oxidants to facilitate redox reactions for metal recovery.

Although inorganic acids enable high lithium leaching efficiencies, they are hindered by limited
selectivity, corrosive effects on equipment, and the generation of secondary waste streams. In contrast,
organic acids, while milder, often entail higher costs and environmental burdens [32–35].

To improve Li⁺ selectivity and address these issues, various oxidizing agents, such as ozone [36], sodium
persulfate [37], sodium hypochlorite [38], and hydrogen peroxide [39] have been investigated. These
agents oxidize Fe(II) in LFP, converting it into insoluble iron phosphate or hydroxide, thereby liberating the
lithium for subsequent recovery. However, these methods often require high reagent concentrations and
involve highly corrosive media.

Recently, an in-situ advanced oxidation metallurgy technology based on Fenton oxidation was proposed
for selective lithium extraction from LiFePO₄ [40]. In this process, Fe(II) is rapidly oxidized to Fe(III),
though it generates significant iron sludge. The sludge can be dissolved and reused by adjusting the pH
to 2.1 with sulfuric acid, which reduces FeSO₄ consumption and cost but still introduces environmental
concerns due to the use of mineral acids.

In this study, ultraviolet (UV) irradiation is used to initiate an in-situ photo-Fenton reaction, leveraging its
oxidative capability for efficient and selective Li⁺ extraction from spent LiFePO₄ cathode materials. UV
light facilitates the photoreduction of Fe(III) to Fe(II), thereby enabling cyclic regeneration of the Fenton
catalyst. This approach significantly reduces iron sludge formation and minimizes the need for sulfuric
acid, producing a leachate with negligible iron content and allowing the recovery of high-purity Li₂CO₃.
The reaction mechanism was investigated using SEM, XRD, and XPS, supported by thermodynamic and
kinetic analyses. We propose that hydroxyl radicals oxidize Fe(II) in LiFePO₄ to Fe(III), leading to FePO₄
precipitation and Li⁺ release into solution, while preserving the original olivine structure.

2. Experiment

2.1 Selective Extraction of Lithium from LiFePO₄ Cathode
Material
The experimental setup comprised a light source and a reaction vessel (detailed in Text S1). Typically, a
predetermined amount of LFP powder, deionized water, and FeSO₄·7H₂O were added to the reaction
flask. The mixture was stirred and heated to the target temperature. A corresponding volume of H₂O₂
solution was then added dropwise via a pressure-equalizing dropping funnel. After the specified reaction
time, the slurry was immediately filtered to separate the leachate and residue for subsequent analysis.
Using a one-variable-at-a-time approach, the effects of FeSO₄ dosage, slurry density, H₂O₂ concentration,
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reaction time and temperature on metal ion leaching efficiency were systematically investigated to
determine the optimal conditions.

Post-dilution with deionized water, the leachate was analyzed by ICP-OES (PerkinElmer Optima 8300) to
determine Li and Fe concentrations. The separated solid residue, after subsequent rinsing with deionized
water, was dried at 80°C for 24 h for further characterization.

The leaching efficiency (ηi) for each element was calculated using Eq. (1):

ηi = ciV/mwi ⋅100 (1)

where:

ci (g/L): concentration of element i (Li, Fe) in the leachate;

V (L): volume of the leachate;

m (g): mass of the initial LFP powder;

wi: mass fraction of element i in the initial powder.

2.2 Recovery of lithium
To recover lithium from the leach solution, the pH of the Li-rich leachate was first elevated to 12 using
NaOH, followed by centrifugation to eliminate residual iron impurities. Next, sodium carbonate was
added to the purified solution, and the precipitation process was conducted at 95°C for 1 h. The resulting
Li₂CO₃ precipitate was subsequently collected by filtration, rinsed with boiling deionized water, and finally
dried to achieve a high-purity product.

3. Results and discussion

3.1 Effects of different leaching parameters
A systematic study was conducted to evaluate the influence of critical operational parameters on the
efficiency and selectivity of lithium leaching from LiFePO₄ in the photo-Fenton system. The parameters
investigated included reagent concentrations, slurry density, temperature, and reaction time.

The effects of H₂O₂ and FeSO₄ concentrations were first examined at 30°C, 50 g/L solid density, and a
30-minute reaction time. As shown in Figs. 1(a) and 1(b), both reagents are essential for effective
leaching. In the absence of H₂O₂ or FeSO₄, lithium leaching efficiencies were only 0.3% and 6.4%,
respectively.

With an increase in H₂O₂ concentration from 0 to 800 mmol/L, the lithium leaching efficiency
experienced a dramatic rise, reaching 99.3%. However, a further increase to 1200 mmol/L resulted in

Page 4/16



only a marginal increase of 0.04%. Similarly, increasing FeSO₄ concentration from 0 to 100 mmol/L
boosted Li recovery to 99.3%, with negligible enhancement beyond this point. The dramatic increase in
leaching efficiency is attributed to the accelerated generation of •OH radicals via the Fenton reaction
between Fe²⁺ and H₂O₂, which promotes the oxidation of Fe(II) to Fe(III) in LFP and the consequent
release of Li⁺. The 6.4% leaching efficiency observed without added FeSO₄ suggests that H₂O₂ can also
react directly with Fe(II) in LFP via a heterogeneous Fenton-like reaction to produce •OH on the particle
surface [37].

Notably, H₂O₂ was added dropwise to prevent rapid gas generation and solution foaming, which could
cause overflow. The exothermic nature of the reaction also necessitated controlled addition to manage
heat generation.

The influence of slurry density (40–70 g/L) is shown in Fig. 1(c). As density increased from 50 to 70 g/L,
Lithium leaching efficiency decreased from 99.3% to 48.1%. Lower slurry densities provide greater
contact area between the LFP particles and •OH radicals in solution, thereby improving leaching
efficiency [38]. Consequently, 50 g/L was selected as the optimal slurry density.

The effects of reaction time (5–30 min) and temperature (30–90°C) are presented in Fig. 1(d). At all
temperatures, Lithium leaching efficiency increased with time but decreased with increasing
temperature. At 30°C, efficiency rose from 72.0% (5 min) to 99.3% (30 min), demonstrating superior
performance under mild conditions. The high efficiency (72%) achieved within just 5 minutes confirms
the rapid kinetics of the Fenton-driven leaching process, consistent with previous reports [37]. Thus,
30°C and 30 minutes were chosen as the optimal temperature and time.

In summary, under the optimized conditions of 800 mmol/L H₂O₂, 100 mmol/L FeSO₄, 50 g/L slurry
density, 30°C, and 30 minutes, a Lithium leaching efficiency of 99.3% was achieved.

3.2 Kinetic analysis
The leaching behavior was further analyzed using the shrinking core model to elucidate the underlying
reaction mechanism, a methodology widely adopted for characterizing heterogeneous systems [39]. The
model considers three potential rate-limiting steps, described by the following equations:

Gas film diffusion control model:  (2)

Surface chemical reaction control model:  (3)

Product layer diffusion control model:  (4)

In these equations, X denotes the leaching efficiency of lithium, and t represents the reaction time in
minutes. The parameters k₁, k₂, and k₃ are defined as the apparent rate constants corresponding to the
different kinetic steps.

X=k1t

1-(1-X) =k2t
1

3

1-3�1-X） +2 (1-X) =k3t
2

3
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Fitting the experimental data obtained under optimized conditions across different temperatures (30–
90°C) and reaction times (5–30 min) revealed that the surface chemical reaction control model provided
the best fit, with regression coefficients (R²) exceeding 0.9877. Detailed fitting parameters are provided
in Table S1 and Figure S1.

5

Fitting the experimental data obtained under optimized conditions across different temperatures (30–
90°C) and reaction times (5–30 min) revealed that the surface chemical reaction model provided the
best fit, with regression coefficients (R²) exceeding 0.9877. Detailed fitting parameters are provided in
Table S1 and Figure S1.

The apparent activation energy (Ea) was estimated from the Arrhenius Eq. (5) to be 21.89 kJ·mol⁻¹
(Fig. 2). The negative correlation between rate constant and temperature suggests a decreasing reaction
rate with increasing temperature, consistent with experimental observations [40]. The kinetic analysis
reveals that the leaching process is governed by a surface chemical reaction as the rate-determining
step. This finding, combined with the observed decline in leaching efficiency at elevated temperatures,
can be attributed to the thermal degradation of H₂O₂, which reduces the availability of reactive oxygen
species necessary for the oxidative extraction of lithium.

3.3 Mechanism of lithium leaching
The reaction mechanism was further investigated by characterizing the leaching residues using XRD,
XPS, and SEM. As the leaching process progressed from 0 to 30 min, the XRD patterns (Figure S2)
revealed a clear phase transition from LiFePO₄ to FePO₄ (PDF# 34–0134), as evidenced by the
diminishing intensity of LiFePO₄ peaks and the corresponding rise of FePO₄ peaks. Importantly, no other
crystalline phases were observed, suggesting a direct topotactic transformation. This finding was
consistent with the XPS and SEM results, which showed a progressive oxidation of surface iron and an
evolution in particle morphology.

To investigate the chemical states of elements in the residue, XPS analysis was conducted on the solid
sample. The Li 1s peak was observed to almost completely disappear. More importantly, We observed a
distinct shift of the Fe 2p₃/₂ and Fe 2p₁/₂ peaks to higher binding energies, which is indicative of Fe(III)
formation and consequently substantiates the oxidation of iron from + 2 to + 3 during leaching [38, 41]
(Fig. 3(b)). These results confirm that the primary constituent of the leaching residue is FePO₄.

SEM images (Fig. 4) showed that the residual FePO₄ retained an olivine-like morphology similar to the
original LFP, without structural collapse. This preservation of microstructure is beneficial for the solid-
state transformation and the subsequent release of Li⁺ into solution.

Ea = −RT ln( )
k

A
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Compared to traditional oxidants such as S₂O₈²⁻ [42] (2.01 V) and H₂O₂ [43](1.776 V), the hydroxyl radical
(•OH) generated in the Fenton system possesses a higher standard redox potential (~ 2.8 V) [37],
enabling rapid oxidation of Fe(II) in LFP to Fe(III). According to the classical Fenton mechanism, Fe²⁺
activates H₂O₂ to generate •OH, which then oxidizes LiFePO₄ to Li⁺ and FePO₄[37]. This pathway allows
for the selective and efficient recovery of aqueous Li⁺ and solid FePO₄ from spent LFP, in agreement with
our experimental results.

3.4 Visible light effects and circulating leaching
The conventional Fenton reaction rapidly consumes Fe(II), leading to Fe(III) accumulation and iron
sludge formation [44]. According to photo-Fenton principles, ultraviolet (UV) light can promote the
reduction of Fe³⁺ to Fe²⁺ and enhance •OH generation. In this study, UV irradiation was introduced to
facilitate the dissolution and reduction of iron species, enabling Fe²⁺ regeneration (Figure S3). As
illustrated, Fe²⁺ is oxidized to Fe³⁺ after the Fenton reaction but can be photoreduced back to active Fe²⁺
under UV light for use in subsequent cycles.

Cyclic leaching tests (Figure S4) showed that lithium leaching efficiency remained above 90% for the first
three cycles, declining to 41% by the sixth cycle. Concurrently, the lithium concentration in solution
accumulated to approximately 1.1 g/L, indicating sustained •OH generation and selective lithium
leaching even without fresh Fe(II) addition.

during the reaction

Figure 5 shows a schematic representation of the proposed mechanism underlying the photo-Fenton
process. The process is initiated by the generation of highly oxidative hydroxyl radicals (•OH) through
dual pathways: (i) the homogeneous Fenton reaction (Fe²⁺/H₂O₂) and (ii) a heterogeneous Fenton-like
reaction involving H₂O₂ and surface Fe(II) species on the LFP particles. These •OH radicals subsequently
attack the LFP structure, oxidizing Fe(II) to Fe(III) and leading to the formation of insoluble FePO₄, which
retains the olivine framework, while Li⁺ ions are concomitantly released into the solution. A key feature of
this system is the role of UV light, which promotes the photo-reduction of Fe(III) back to Fe(II), thereby
enabling effective catalyst regeneration and reducing the consumption of FeSO₄ by over 70%.
Nevertheless, prolonged operation over multiple cycles results in the gradual accumulation of insoluble
Fe(III) species, which ultimately contributes to a decline in process efficiency.

3.5 Characterization of Regenerated LiFePO₄ Cathode
Materials
XRD patterns of the recovered FePO₄ and Li₂CO₃ (Figures S2 and S5) matched well with their standard
reference patterns, indicating high phase purity. The recovered FePO₄ and Li₂CO₃ was used to
resynthesize LiFePO₄ via a solid-state roasting method at 750°C [37]. The regenerated LFP exhibited an
orthorhombic olivine structure with a honeycomb-like morphology, as confirmed by SEM and XRD (Figure
S6).
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The regenerated LFP cathode was assembled into coin cells for electrochemical evaluation at 25°C.
Cyclic voltammetry (Figure S8(a)) showed characteristic redox peaks at approximately 3.26 V (Fe³⁺/Fe²⁺
reduction) and 3.57 V (Fe²⁺/Fe³⁺ oxidation), corresponding to Li⁺ insertion and extraction, respectively
[45].

The regenerated LiFePO₄ cathode not only delivered a superior initial discharge capacity of 156.87
mAh/g at 0.2C with an average coulombic efficiency of 98.52% (Figure S8(b)), but also exhibited
outstanding cycling stability. Remarkably, it retained 88.10% of its initial capacity after 200 cycles at 0.5C
(Figure S8(c)), underscoring its potential for longterm application.

4. Conclution
In this study, a novel selective lithium leaching system based on a photo-Fenton process was
successfully developed. Under optimal conditions (30°C, 30 min, 800 mmol/L H₂O₂, 100 mmol/L FeSO₄,
50 g/L slurry density), the system achieved a lithium leaching efficiency of 99.3% with complete
selectivity. A key advantage of this process is the reusability of the FePO₄ residue, which remained
effective for up to six cycles, thereby substantially minimizing iron sludge generation. The leaching
residue and the lithium-containing solution were processed to yield relatively pure FePO₄ and Li₂CO₃,
respectively, as confirmed by XRD, SEM, and XPS analyses. These intermediates were then successfully
employed as precursors to resynthesize LiFePO₄ via a solid-state roasting method. The regenerated
LiFePO₄ cathode material exhibited excellent electrochemical performance, delivering an initial
discharge capacity of 156.87 mAh/g at 0.2C and retaining 88.1% of its capacity after 200 cycles at 0.5C.
Overall, this photo-Fenton approach offers an efficient, low-energy, and environmentally benign strategy
for the selective recycling of lithium from spent LiFePO₄ batteries.
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Figures

Figure 1

Effect of (a) H₂O₂ concentration, (b) FeSO₄ concentration, (c) slurry density, and (d) reaction temperature
and time on lithium leaching efficiency. Standard conditions (unless specified): 800 mmol/L H₂O₂, 100
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mmol/L FeSO₄, 30°C, 30 min, 50 g/L slurry density.

Figure 2

Arrhenius plot of lnk−1/T
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Figure 3

XPS spectra of the spent LiFePO₄ cathode powder and leaching residue
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Figure 4

SEM images of (a) the spent LiFePO₄ cathode powder and (b) the leaching residue.
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Figure 5

Schematic illustration of the detailed transformation of different products during the reaction
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