
 
 

Delft University of Technology

Document Version
Final published version

Citation (APA)
Gao, Y., Ma, L., Zhao, S., Hai, C., Chen, T., Zhang, J., Zhao, Y., Sun, Y., Dong, S., He, X., Xu, Q., Wu, X., Quan, C.,
Su, H., & Zhou, Y. (2025). Cost-effective and efficient preparation of FePO4 electrodes from spent LiFePO4 batteries for
enhanced lithium extraction from salt lakes. Materials Today Energy, 50, Article 101848.
https://doi.org/10.1016/j.mtener.2025.101848

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1016/j.mtener.2025.101848


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Materials Today Energy 50 (2025) 101848

Available online 28 February 2025
2468-6069/© 2025 Published by Elsevier Ltd.

Cost-effective and efficient preparation of FePO4 electrodes from spent 
LiFePO4 batteries for enhanced lithium extraction from salt lakes

Yawen Gao a, Luxiang Ma a,* , Shuaifei Zhao b, Chunxi Hai a, Tiandong Chen a, Junyi Zhang a,  
Yan Zhao a, Yanxia Sun a, Shengde Dong a, Xin He a, Qi Xu a, Xiaowang Wu c, Caixiong Quan c,  
Hongli Su b,**, Yuan Zhou a,***

a College of Materials and Chemistry & Chemical Engineering, Cheng Du University of Technology, Cheng Du, 610059, PR China
b Resource & Recycling, Department of Engineering Structures, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, 2628 CN, the 
Netherlands
c Qinghai Zhongxin Guoan Lithium Development Co., LTD, Qinghai Key Laboratory of Comprehensive Utilization of sulfate salt lake resources, Ge Er Mu, 816000, PR 
China

A R T I C L E  I N F O

Keywords:
Lithium extraction
Electrochemical delithiation method
Spent lithium-ion battery
Cost-effective
Salt lake

A B S T R A C T

Cost-effective and efficient lithium extraction technology is vital to foster the growth of lithium industry. This 
paper proposed a novel approach for the high value utilization of spent LiFePO4 (S-LiFePO4) in the field of 
lithium extraction from salt lakes was proposed using spent LiFePO4 (S-LiFePO4) as raw material. The anode, 
made from spent LiFePO4, is prepared via a sintering process, while FePO4, obtained through chemical oxidation, 
is used as the cathode. Compared with commercial LiFePO4, this system not only reduces the cost but also greatly 
shortens the preparation time of FePO4 (only about 10min is required). And the electrochemical extraction 
system had a favorable lithium extraction capacity (29.25 mg/g) from actual brine, reducing the Mg/Li ratio 
from 61.4 to 0.8. This study not only achieved the low-cost preparation of electrode materials and facilitated the 
large-scale implementation of this process, but also proposed a high-value comprehensive utilization strategy for 
lithium-ion batteries recycling.

1. Introduction

Lithium is a critical strategic resource extensively utilized across 
various sectors including energy, chemicals, and electronics [1]. The 
lithium-ion batteries (LIBs) expanded rapidly in the new energy auto
mobile industry, leading to a substantial increase in demand for lithium 
resources. Global lithium resources are primarily found in ores, salt 
brines, and seawater, with approximately 70 % of lithium sourced from 
salt lake brines [2,3]. Compared with the high pollution of lithium 
extraction from ores and the low concentration of lithium resources in 
seawater, lithium extraction from saline lakes offers unique advantages, 
including low cost and environmental friendliness, and is expected to 
become the primary approach of lithium salt production [4,5]. China is a 
major lithium-producing country, with salt lake lithium resources ac
count for 71.89 % of the total reserves [6]. However, most Chinese salt 
lakes are characterized by a high magnesium-to-lithium ratio. In 

addition, the quality of these salt lakes is gradually declining with the 
exploitation of high-quality salt lake resources. Therefore, there is an 
urgent need to develop low-cost and efficient methods for lithium 
extraction from these salt lakes.

Compared with adsorption, electrodialysis, nanofiltration, extrac
tion, and other techniques, the electrochemical de-intercalation method 
offers the unique advantages of high selectivity for lithium ions and 
broad applicability to salt lake grades. This method has emerged as a 
prominent new technology for lithium extraction [7,8]. This method 
utilizes lithium-rich material as the anode and lithium-poor material as 
the cathode. By optimizing the applied potential, lithium ions are 
selectively removed from the salt lake brine, thereby facilitating the 
separation and extraction process of lithium ions. At present, the com
mon electrode materials in this system include LiMn2O4, LiFePO4, 
LNMO, etc. [9–11]. In contrast, LiFePO4 is the preferred as electrode 
material for electrochemical delithiation due to its suitable working 
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potential, structural stability, and high lithium-ion adsorption capacity 
[12,13]. For example, Yin et al. [14] prepared a porous LiFePO4 elec
trode using PEG, which not only reduced electrode polarization and 
enhanced lithium diffusion within the electrode but also improved the 
selectivity and lithium extraction capacity of the system. In the LiFePO4| 
supporting electrolyte anion exchange membrane|brine|FePO4 system, 
The FePO4 cathode used must have an olivine structure similar to that of 
LiFePO4 to effectively separate and extract Li+. The traditional LiFe
PO4/FePO4 electrode system employs commercial LiFePO4 as the anode 
and produces FePO4 with an olivine structure similar to LiFePO4 as the 
cathode through electrochemical electrolysis [15]. However, this 
method is characterized by a complex process, lengthy electrode prep
aration times, low efficiency, and high costs, making it difficult to scale 
up. In recent years, Camille et al. [16] have prepared olivine structure 
FePO4 with an olivine structure from sarcopside using a direct thermal 
oxidation method. Similarly, Xiong et al. [17] directly prepared FePO4 
with an olivine structure from commercial LiFePO4 through chemical 
oxidation, which addressed key issues such as the complex electrode 
preparation process and long preparation times to some extent. How
ever, both commercial LiFePO4 and olivine-like FePO4 are relatively 
expensive as electrode materials, highlighting the need for the devel
opment of low-cost and high-efficiency alternatives for industrial ap
plications. As a by-product of the rapid development of the new energy 
industry, The market price of S-LiFePO4 powder is about 41 % lower 
than that of commercial LiFePO4 [18]. Moreover, studies have shown 
that most LiFePO4 failures are due to loss of active lithium or electrolyte 
degradation [19,20], while the olivine-like crystal structure of LiFePO4 
remains. Thus, utilizing S-LiFePO4 material for electrochemical deli
thiation to extract lithium can significantly reduce costs. Du et al. [21] 
used unmodified S-LiFePO4 as the cathode and platinum (Pt) as the 
anode to investigate lithium extraction from salt lakes. However, this 
approach faces several challenges. Firstly, the high cost of precious 
metals makes the process expensive. Secondly, the specific capacity of 
lithium extraction achieved by electrochemical lithium extraction in 
their study is relatively low.

Therefore, a new concept of high value utilization of S-LiFePO4 in the 
field of lithium extraction in salt lakes is proposed in this paper, which 
not only realizes the low-cost preparation of olivine-like FePO4 electrode 
materials, but also promotes the large-scale promotion and production 
of this process. Moreover, it can realize the ecological, environmental 
protection and sustainable development route of lithium extraction from 
the salt lake, to the power battery, to the positive electrode of the waste 
lithium battery, and then to the lithium extraction from the salt lake. 
This paper proposed a new concept of high-value utilization of S- 
LiFePO4 in the field of lithium extraction from salt lakes, that is, all 
electrode materials are from S-LiFePO4. The process flow of the R- 
LiFePO4/FePO4 system is shown in Fig. 1, The high-efficiency adsorp
tion of lithium ions in salt lake brine was achieved by using repaired 
LiFePO4 (as an anode), and olivine FePO4 (as a cathode) prepared by 
Na2S2O8 (as an oxidant). The electrochemical extraction system had a 
favorable lithium extraction capacity (29.25 mg/g) for actual brine, 

with Mg/Li ratio decreasing from 61.4 to 0.8. Compared with the 
commercial R-LiFePO4/FePO4 system, the process not only reduces the 
cost, but also greatly improves the electrode preparation efficiency, 
which has certain reference significance for the low-cost and high- 
efficient preparation of electrode materials in the later electrochemical 
delithiation method.

2. Materials and methods

2.1. Reagents and materials

Sodium persulfate (Na2S2O8), lithium chloride (LiCl), sodium chlo
ride (NaCl), potassium chloride (KCl), calcium chloride (CaCl2), and 
magnesium chloride hexahydrate (MgCl2⋅6H2O) were purchased from 
Inokai Technology Co., Beijing, China. Polyvinylidene fluoride (PVDF) 
and Super P (C) were acquired from Kejing Material Technology Co., 
Hefei, China. N-methyl pyrrolidone (NMP) was purchased from Aladdin 
Biochemical Technology Co., Shanghai, China. deionized water. Spent 
lithium iron phosphate powder was artificially recycled by dismantling 
after discharging used LiFePO4 batteries from the laboratory in a satu
rated NaCl solution. Deionized (DI) water with a resistivity of ~1.6 ×
10− 4 s/m was prepared by a Milli-Q ultrapure water purification system 
(Merck).

2.2. The preparation of FePO4 electrodes

After preheating deionized water (500 mL) heated in a thermostatic 
water bath 40 ◦C, Na2S2O8 (0.1 M) was added and stirred until 
completely dissolved. Then, spent LiFePO4 powders (10 g) were added 
into the Na2S2O8 solution to react for 10 min. After the reaction is 
completed, filter the product, wash it at least three times, and dry it at 
80 ◦C for 8 h to obtain FePO4 powder. Next FePO4 powder, PVDF, and 
Super P were mixed evenly at a mass ratio of 8:1:1, and NMP was used as 
the solvent and stirred to obtain FePO4 slurry, which was then coated, 
dried, and cut into pieces to obtain FePO4 electrode.

2.3. Repair of S-LiFePO4

The S-LiFePO4 powder was placed in a tubular furnace under an Ar 
atmosphere. Using two-stage heating, the furnace temperature was first 
heated to 450 ◦C for 4 h, and then heated to 700 ◦C for 6 h, heating and 
cooling rates are 5 ◦min− 1, cooled to room temperature to obtain R- 
LiFePO4 powder.

2.4. Preparation of R-LiFePO4 electrode

The R-LiFePO4 powder, PVDF, and Super P were added at a mass 
ratio of 8:1:1 for sufficient mixing. Then, the solvent NMP was added 
and stirred for 5 h to obtain the electrode slurry. After coating, drying, 
and cutting, the R-LiFePO4 electrode was obtained. The S-LiFePO4 
electrode was prepared by the same method as above.

Fig. 1. Diagram of the preparation process of R-LiFePO4/FePO4 system.
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2.5. Sample structure characterization

The crystal structure and lattice parameters of the three samples 
were analyzed using X-ray diffractometry (Rigaku Mini Flex 600, Japan) 
with a scanning range of 10◦–80◦ and a scanning speed of 1◦/min. The 
micromorphology was examined by scanning electron microscopy (FE- 
SEM, FEI Quantum 650, USA). The microstructure, element distribution, 
crystal phase, and lattice information of the electrode were character
ized using field emission transmission electron microscopy (JEOL JEM 
2100F). The types and valence states of elements on the surface of the 
three samples were determined by X-ray photoelectron spectroscopy 
(Shimadzu/Krayos AXIS Ultra DLD, Japan). The functional groups pre
sent in the samples were identified using infrared spectroscopy (Thermo 
Fisher Scientific Nicolet iS20, USA). The element content and compo
sition of the materials were measured via inductively coupled plasma 
atomic emission spectrometry (ICP-AES Thermo Fisher, USA), while 
molecular vibration and carbon composition were analyzed using 
Raman spectroscopy (Horiba LabRAM HR Evolution, Japan).

2.6. Electrochemical performance testing

The electrochemical properties of electrode materials and devices 
were characterized using the Autolab PGSTATs electrochemical work
station in Switzerland. A three-electrode system was employed for 
testing in a 0.5M LiCl aqueous solution, with the working electrode 
being LiFePO4, the counter electrode being platinum, and the reference 
electrode being K/KCl. The characterization included cyclic voltamme
try (CV) with a test voltage window of − 0.99 to 0.99 V and a scanning 
rate of 0.2 mV/s, as well as multiple tests and electrochemical imped
ance spectroscopy (EIS) with a scanning frequency range of 0.001 
Hz–100 kHz.

2.7. Lithium extraction

The R-LiFePO4 electrode was used as the anode, FePO4 prepared 
from S-LiFePO4 was used as the cathode, saturated KCl was used as the 
reference electrode, and IONAC MA-3475 was used as the anion- 
selective membrane, and 0.1 M LiCl and simulated brine were added 
to the cathode compartment, while 0.1 M NaCl and KCl were added to 
the anode compartment and 0.8 and 0.3 V were applied, respectively. At 
the end of each cycle, 1 mL of solution was taken in the anode chamber 
for dilution, and the amount of Li+ removed from the solution was 
analyzed by inductively coupled plasma optical emission spectrometer 
(ICP, Thermo Fisher, USA). Afterward, the positions of the cathode and 
anode electrodes were reversed, and the electrolysis continued for the 
next cycle.

2.8. Study of the effect of impurity ions on Li + selectivity in real brines

The West Taijinar old brine was used as the research subject. The 
West Taijinar old brine (1:1) was added to the anode chamber and KCl 
was added to the cathode chamber. The anode consisted of R-LiFePO4 
electrode, while LiFePO4 was used as the cathode. A voltage of 0.3 V was 
applied, and the concentrations of Li+, Na+, Mg2+ and K+ were analyzed 
using ICP.

3. Results and discussion

3.1. Structure and morphology characterization of materials

Fig. S1 shows the oxidation of S-LiFePO4 in Na2S2O4 solution. The 
figure demonstrates that the oxidation rate is rapid, with the lithium 
removal process completed within 10 min. The lithium deficiency of S- 
LiFePO4 (Table S1) accelerates the delithiation reaction with the 
oxidizer. Compared to previous research on the electrolysis of com
mercial LiFePO4 to prepare FePO4, our method is approximately six 

times faster [22], demonstrating that the efficiency of FePO4 prepara
tion can be significantly enhanced by using waste materials. Addition
ally, the crystal structure characteristics of S-LiFePO4, R-LiFePO4, and 
FePO4 were further analyzed via X-ray diffraction (XRD). As shown in 
Fig. 2a, through the Pnma space group index JCPDS No.81-1173 
LiFePO4, it was observed that the diffraction peaks of S-LiFePO4 and 
R-LiFePO4 were essentially identical, indicating that the olivine-like 
structure of LiFePO4 exhibited good structural stability and crystal 
structure [23]. Also, as Li was removed, the characteristic peaks on the 
(200), (210), and (020) crystal faces shifted to the right, and the cor
responding Pnma space group (JCPDS No.34-0134FePO4) appeared 
obvious FePO4 characteristic peaks, with no other impurity peaks were 
found. This indicates that Li+ was removed from LiFePO4, yielding 
FePO4. To verify this result, the XRD patterns of S-LiFePO4 and FePO4 
were subjected to Rietveld refinement, as depicted in Fig. 2b–c, and the 
lattice parameters are given in Table S2. Compared with S-LiFePO4, the 
lattice of FePO4 contracted along [100] and [010], and slightly elon
gated along [001], which was consistent with the conclusions reported 
in the literature [24], further indicating that the sample obtained by 
oxidation was FePO4.

The surface morphologies of S-LiFePO4, R-LiFePO4, and FePO4 were 
analyzed using scanning electron microscopy (SEM). Fig. 2d–f illustrates 
irregular small particles for S-LiFePO4 and R-LiFePO4 with a particle size 
from approximately 0.2 to 1 μm. This suggests that the particles of S- 
LiFePO4 remained intact after multiple cycles, and the calcination did 
not alter its morphology. Similarly, the structure of FePO4 remained 
unchanged and largely consistent with R-LiFePO4, indicating that the 
use of oxidants did not affect the fundamental morphology of the ma
terial. Additionally, transmission electron microscopy (TEM) was 
employed to further investigate the microstructure of S-LiFePO4, R- 
LiFePO4, and FePO4. The magnified image in Fig. 2g and the Fast Fourier 
Transform (FFT) image in Fig. 2h–i revealed a carbon-coated surface of 
S-LiFePO4 with gradually appearing disordered areas indicating struc
tural degradation. The lattice spacing of 0.42 nm in the upper right area 
corresponded to the (101) crystal plane of olivine-type LiFePO4. The 
Energy-dispersive X-ray spectroscopy (EDS) element mapping 
confirmed the even distribution of C, O, P, and Fe elements in the S- 
LiFePO4 powder (Fig. S2). In contrast, R-LiFePO4, exhibited no unnec
essary areas post-sintering, with a lattice spacing of 0.43 nm corre
sponding to the (210) lattice surface of olivine-type LiFePO4, indicative 
of good crystallinity (Fig. 2j). This suggests that sintering enhances the 
regularity of S-LiFePO4 structure. Moreover, TEM enlargement in Fig. 2k 
demonstrated the regular microstructure of FePO4 with high crystal
linity, where the measured crystal plane spacing is 0.34 nm, corre
sponding to the (210) crystal plane of FePO4 further confirming the 
successful preparation of FePO4.

To verify the results above, X-ray photoelectron spectroscopy (XPS) 
was employed to analyze elemental compositions and valence states of 
S-LiFePO4, R-LiFePO4, and FePO4, to further verify the success of the 
oxidation of S-LiFePO4. The mechanism diagram of the oxidation of S- 
LiFePO4 by Na2S2O8 is shown in Fig. 3a. Under room temperature 
conditions, the oxidation rate of the oxidant sodium persulfate is rela
tively low. Therefore, thermal activation is employed. When the tem
perature is elevated to above 30 ◦C, the peroxy bond in Na2S2O8 
undergoes cleavage, generating highly oxidizing persulfate radical an
ions (SO4⋅-). The possesses a lone pair of electrons, exhibits strong 
electron-accepting ability, and has a high oxidation capacity [25](The 
comparison of the oxidizing properties of persulfates can be found in the 
supporting information). It is capable of oxidizing Fe2+ in S-LiFePO4 to 
Fe3+.The olivine structure of LiFePO4 will not be changed while lithium 
is removed, resulting in FePO4 in the under-lithium state. The reaction 
equation is shown in equations 2-1 and 2-2. 

S2O8
2− → 2SO4⋅− (3-1)

SO4⋅− +S- LiFePO4 →FePO4 + Li+ + SO4
2− (3-2)
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The full spectrum diagram (Fig. S3) revealed the presence of five 
elements: Li, Fe, P, O, and C in S-LiFePO4. Notably, characteristic peak 
binding energies at 726.3 eV and 711.7 eV in Fe 2P spectrum correspond 
to the Fe3+ states of Fe 2p1/2 and Fe 2p3/2, respectively (Fig. 3b). 
Furthermore, elemental composition and relative content of S-LiFePO4 
were determined using inductively coupled plasma atomic emission 
spectroscopy (ICP-AES), revealing a lower relative content of Li (42.819 
mg/g) compared to the theoretical value (44 mg/g), suggesting lithium 
loss in the S-LiFePO4 material. Further evidence that the loss of lithium 
was associated with the formation of Fe3+ within the LiFePO4 crystal 
structure [26]. Following calcination in an argon atmosphere, a signif
icant increase in Fe2+ content accompanied by a decrease in Fe3+ con
tent indicated effective repair of S-LiFePO4 (Fig. 3c). In addition, 
oxidation with Na2S2O8 led to a shift in the Fe 2P3/2 characteristic peak 
of S-LiFePO4 from 709.51 eV to 711.81 eV, indicating oxidation of Fe2+

to Fe3+ (Fig. 3d). However, alongside Fe3+, the presence of a small 
amount of Fe2+ in FePO4, indicating that there is a small amount of 
LiFePO4 existed due to the rapid oxidation reaction and incomplete 
delithiation, resulting in the presence of residual LiFePO4. Through the 
determination of the lithium content, it is found that 98 % has been 
oxidized to FePO4. Although a small amount of Li + exists, as shown in 
the XRD pattern of Fig. 2a, it does not affect the preparation of FePO4. 
Most of the Fe2+ in LiFePO4 was converted to Fe3+ in FePO4, demon
strating the successful preparation of FePO4. Additionally, the ratio of 
C-O-C to C-C peak area in the C 1s spectrum was found to be smaller in 
R-LiFePO4 (0.15) compared to S-LiFePO4 (0.18) (Fig. 3e). According to 
previous research, a smaller ratio of peak area indicates fewer defects in 
the carbon layer [27], suggesting that R-LiFePO4 exhibited improved 
structural integrity and confirming the effectiveness of S-LiFePO4 repair.

Raman spectroscopy further evaluated the degree of carbon graphi
tization in the samples (Fig. 3f). The ID/IG value of S-LiFePO4 (1.036) 
exceeded that of R-LiFePO4 (0.973) and FePO4 (0.843), indicating a 
higher degree of defects in the original sample. Additionally, the degree 
of carbon graphitization increased in the repaired samples, providing 
additional evidence for the efficacy of S-LiFePO4 repair. Moreover, 
infrared spectra analysis (Fig. 3g) revealed similar wavelengths of 
functional groups in S-LiFePO4, R-LiFePO4, and FePO4, further sup
porting the stable olivine-like structure of LiFePO4.

3.2. Characterization of electrochemical properties and the lithium 
intercalation and deintercalation performance of the R-LiFePO4/FePO4 
system

To further investigate the lithium intercalation and deintercalation 
capabilities of S-LiFePO4 and R-LiFePO4, the electrochemical perfor
mance of S-LiFePO4 and R-LiFePO4 was evaluated. Fig. 4a illustrates the 
performance rate of the electrodes within the range of 0.1–3C. The 
discharge capacity of both materials decreased with an increasing rate. 
However, R-LiFePO4 maintained a higher discharge capacity than S- 
LiFePO4 at each rate. Even at a high rate of 3C, R-LiFePO4 performed a 
significantly higher discharge specific capacity (75.5 mAh/g) compared 
to S-LiFePO4 (46 mAh/g). Additionally, when the rate is reduced back to 
0.1C, the R-LiFePO4 electrode showed a substantial recovery of its initial 
capacity (120.5 mAh/g), indicating superior reversibility [28]. 
Furthermore, as illustrated by the EIS and the high frequency region of 
the two electrodes, S-LiFePO4 exhibits a greater charge transfer resis
tance than R-LiFePO4, at 6.26Ω and16.8Ω, respectively (Fig. 4b). In 
addition, the ion transport resistance of S-LiFePO4 is higher during ion 

Fig. 2. Phase analysis and morphological characterization of samples. (a) XRD patterns; Refinement XRD comparison of (b) S-LiFePO4, (c) FePO4;SEM images of (d) 
S-LiFePO4, (e) R-LiFePO4, (f) FePO4; TEM images of (g–i) S-LiFePO4, (j and j1) R -LiFePO4, (k and k1) FePO4.
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transport. This indicates that the repair of S-LiFePO4 not only enhances 
the electron transport capacity of the material, but also increases the 
transmission rate of Li+ into the electrode in the electrolyte [29].

The charge/discharge curves of the S-LiFePO4 and R-LiFePO4 were 
also tested (Fig. 4c), a relatively stable voltage plateau appeared around 
0.15 V. Moreover, the R-LiFePO4 (51 mV) exhibited lower polarization 
and larger charge/discharge capacity compared with the S-LiFePO4 (78 
mV), which further indicated that Li+ in the R-LiFePO4 migrated faster 
and had a good electrochemical power performance. In addition, the 
long cycle performance of LiFePO4/FePO4 in 0.1 M LiCl was further 
measured (Fig. 4d), After 40 cycles, the initial discharge capacity of S- 
LiFePO4 (85.1 mAh/g) was much lower than that of R-LiFePO4 (143 
mAh/g), and the capacity retention rate of S-LiFePO4 (84.6 %) was 

reduced compared to that of R-LiFePO4 (86.9 %), indicating that the 
repair of LiFePO4 increased the cycle stability of the electrode.

Based on the electrochemical performance, the feasibility and 
lithium extraction capability of the R-LiFePO4/FePO4 system in elec
trochemical delithiation method for lithium extraction from salt lakes. 
Firstly, the lithium extraction performance in 0.1 M LiCl was investi
gated. As shown in Fig. 4e and f, after 5 cycles, the capacity of each 
lithium release did not change much, and the average lithium capacity 
(34.32 mg/g) and lithium efficiency (77.99 %) were much higher than 
the average lithium capacity (23.25 mg/g) and lithium efficiency (52.84 
%) of S-LiFePO4. This means that the R-LiFePO4/FePO4 system had good 
lithium extraction performance. After high-temperature calcination, its 
structure was more regular and the deintercalation ability of Li+ was 

Fig. 3. XPS and Infrared spectra of the samples. (a) Mechanism diagram of FePO4 preparation by oxidation reaction; high-resolution spectra of (b–d) Fe 2p and (e) C 
1s; (f) Raman spectra of the samples; (g) Infrared spectra of the samples.
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improved. In addition, compared with the lithium extraction perfor
mance of commercial LiFePO4 in pure lithium solution, the two methods 
had similar lithium extraction efficiency, and the new method was 
simple to operate and more cost-saving [15]. Furthermore, the viability 
of utilizing waste battery materials for lithium extraction through 
electrochemical de-intercalation method has been demonstrated.

Moreover, the lithium extraction efficiency of the system in the brine 
was studied with the artificial brine, and the concentration of each ion in 
the brine was simulated (Table S3) [30]. The lithium extraction per
formance is shown in Fig. 4g the average lithium removal capacity of the 
anode is 24.08 mg/g, and the lithium removal efficiency is 54.73 %. The 
first lithium removal capacity is 26.38 mg/g, which is higher compared 
with the other several times because part of the first lithium removal 
capacity is Li+ from the LiFePO4 electrode itself. Fig. 4h shows that 
Mg/Li decreased from 37 to 0.77, indicating that the R-LiFePO4/FePO4 
system has good applicability in brine with a high magnesium-lithium 
ratio.

3.3. Study on the selectivity of R-LiFePO4/FePO4 system to impurity ion 
in brine

Most of Chinese salt lakes have a high viscosity, a high Mg/Li ratio, 
and a low lithium concentration. In addition, the brine composition is 
complicated by the presence of a large number of impurity ions, such as 
Na+, K+, and Mg2+ will have a certain effect on the extraction of Li+. 
Therefore, it is crucial to study the separation effect of this system on Li+

and different impurity ions. Firstly, the electrochemical behavior of the 
prepared FePO4 electrode was studied in various solutions with a certain 
concentration of 0.5 M, including LiCl, NaCl, KCl, and MgCl2 (Fig. 5a–d). 
When the cations are intercalated in the process of FePO4, the interca
lation potentials and the degree of difficulty of each type of cation are 
different. The order of their intercalation potential is: Li+ (0.04 V) < Na+

(− 0.23 V) < Mg2+ (− 0.61 V) < K+ (− 0.74 V). Since the more positive 
the intercalation potential, the easier it is to intercalate, indicating that 
Li+ is the easiest to intercalate in FePO4, and K+ is the most difficult to 
intercalate [31]. Besides, in the process of cation removal, there are no 
obvious oxidation peaks for other cations except for Li+ and Na+. This 
indicates that due to the electronegativity or larger ionic radius of K+

Fig. 4. Electrochemical tests of S-LiFePO4 and R-LiFePO4 electrode. (a) Discharge capacity of S-LiFePO4 and R-LiFePO4 at different rates in 0.1 M LiCl; (b) EIS in 0.5 
M LiCl; (c) The charge/discharge curves of S-LiFePO4 and R-LiFePO4 in 0.1 M LiCl; (d) Long-cycle performance of S-LiFePO4 and R-LiFePO4 in 0.1 M LiCl. The 
Extraction of lithium properties at LiFePO4/FePO4 electrode. (e) Li+ de-intercalation capacity of S-LiFePO4 and R-LiFePO4 as the anode in 0.1 M LiCl; (f) detachment 
efficiency; (g) repair the circulating Li+ de-intercalation capacity of R-LiFePO4/FePO4 system and lithium extraction efficiency; (h) Mg/Li of R-LiFePO4/FePO4 system 
in 0.1 M LiCl.
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and Mg2+, they are embedded in FePO4 at a negative voltage, which 
makes them lose their electrochemical activity, hindering the removal of 
K+ and Mg2+. To further demonstrate the selectivity of this electrode 
system towards Li+, the electrochemical behaviors of R-LiFePO4 in so
lutions containing different impurity ions are presented in Fig. S4. It can 
be observed that the intercalation potentials are substantially consistent. 
This indicates that both R-LiFePO4 and FePO4 exhibit superior selec
tivity for Li+. Therefore, the potential can be controlled to achieve the 
de-intercalation of lithium ions by the ease of intercalation and dis
lodging of each cation.

Furthermore, the cation de-intercalation behavior in West Taijinar 
old brine was investigated, and the concentration of each cation in West 
Taijinar old brine was shown in Table S4 [32]. The cyclic voltammetry 
tests were first carried out on iron phosphate and lithium iron phosphate 
(Fig. 5e–f). Although the ionic environments in the old brine were very 
complicated, there was only one oxidation peak and reduction peak in 
the prepared FePO4 and R-LiFePO4 electrodes, respectively, and the 
oxidation-reduction potentials were 0.25 V and 0.08 V; 0.26 V and 0.11 
V, which are consistent with the dislodging and intercalation potentials 
of Li+. This indicates that the electrode material has an efficient Li+

selectivity in the old brine. The de-intercalation potential was optimized 
at 0.3 V and conducted electrochemical de-intercalation method ex
periments in old halogen by observing the electrochemical behaviors. 
Relative results are shown in Fig. 5g–i. Fig. 5g shows the lithium 
extraction capacity of this system in the old brine after five cycles. It 
shows that the capacity of five cycles is relatively stable, and the average 
capacity can reach 29.25 mg/g. Fig. 5h shows the efficiency of the four 
ions in old brine to be de-intercalated in this system, and the 
de-intercalation of K+ in this system is less, and it doesn’t have much 
effect on this system. However, a certain amount of Na+ still undergoes 
de-intercalation in this system. When the concentrations of Na+ and Li+

are of the same order of magnitude, due to the difference in the ionic 
radii between Na+ and Li+ and based on the electrochemical behaviors 
of their intercalation into the LiFePO4 electrode, there also exists a 
discrepancy in their intercalation potentials. As a result, the LiFePO4 
electrode exhibits favorable selectivity towards Li+. Nevertheless, in 
brine, the concentration of Na+ is considerably high while that of Li+ is 
extremely low. During the intercalation process into the LiFePO4 elec
trode, a fraction of Na+ will, under the influence of kinetic forces, 
intercalate into the material, which exerts a certain impact on the 

Fig. 5. Circular voltametric test curve of the FePO4 electrode prepared by oxidation method at 0.2 mV/s (a) 0.5 mol/L LiCl, (b) 0.5 mol/L KCl, (c) 0.5 mol/L NaCl; (d) 
0.5 mol/L MgCl2; (e) old halogen; (f) cyclic voltammetric test curve of R-LiFePO4 electrode in old brine; (g) circulating lithium extraction capacity of R-LiFePO4/ 
FePO4 system in old brine; (h) removal efficiency of R-LiFePO4/FePO4 system in Li, Na, K and Mg in old brine; (i) Na/Li ratio to Li ratio of Mg/Li ratio in old brine.
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selectivity of the electrode for Li+ [12].The efficiency of Li+ removal is 
higher than all other cations, which indicates that the system has a high 
selectivity for lithium ions. Although the removal efficiency of Mg2+ is 
higher than that of other impurity ions, the magnesium-lithium ratio 
decreased from 61.7 to 0.8 and the sodium-lithium ratio decreased from 
3.42 to 0.545 in five cycles of the system (Fig. 5i). The above study 
shows that electrochemical de-intercalation of lithium in this system not 
only has good lithium extraction efficiency but also has good lithium-ion 
selectivity.

The above work has proved the feasibility of using waste electrode 
material in the positive electrode and FePO4 material prepared by 
oxidation in the negative electrode to extract lithium by electrochemical 
stripping method. Not only that, the use of S-LiFePO4 also has great 
advantages in terms of cost and efficiency in preparing FePO4. In terms 
of cost, the use of S-LiFePO4 is about 56 % less than commercial LiFePO4, 
and in terms of efficiency, the use of S-LiFePO4 chemical oxidation 
process to prepare FePO4 is 24 times faster than traditional methods. 
This gives S-LiFePO4 a great advantage in the extraction of lithium from 
salt lakes. (Please refer to supporting information for specific data).

4. Conclusions

In summary, this study proposed a new electrochemical strategy for 
lithium extraction from salt lake brine using the LiFePO4/FePO4 system 
based on the materials from spent lithium-ion batteries. Compared to the 
traditional LiFePO4 systems, this system not only has excellent deli
thiation capacity, efficiency, and lithium-ion selectivity, but also offers 
lower preparation costs. It takes only about 10 min to delithium from 
LiFePO4 to FePO4, and this system has a lithium extraction capacity of 
34.32 mg/g in pure lithium solution, with a delithiation efficiency of 
77.99 %. In addition, it has a delithiation capacity of 29.25 mg/g for 
actual brine, with an efficiency of 66.5 %. The Mg/Li ratio decreased 
from 61.4 to 0.8. Considering cost, efficiency, and selectivity, the use of 
S-LiFePO4 for lithium extraction from brine is promising for large-scale 
industrial applications. This study not only provides a new approach for 
lithium extraction from brine, but also develops an effective strategy for 
recycling spent lithium-ion batteries.
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