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a b s t r a c t

Due to the serious imbalance between demand and supply of lithium, lithium extraction from brine has

become a research hotspot. With the demand for power lithium-ion batteries (LIBs) increased rapidly,

a large number of spent LiFePO4 power batteries have been scrapped and entered the recycling stage.

Herein, a novel and efficient strategy is proposed to extract lithium from brine by directly reusing

spent LiFePO4 powder without any treatment. Various electrochemical test results show that spent

LiFePO4 electrode has appropriate lithium capacity (14.62 mgLi/gLiFePO4
), excellent separation performance

(αLi-Na =210.5) and low energy consumption (0.768Wh/gLi) in electrochemical lithium extraction from

simulated brine. This work not only provides a novel idea for lithium extraction from brine, but also

develops an effective strategy for recycling spent LIBs. The concept of from waste to wealth is of great

significance to the development of recycling the spent batteries.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the extensive application of lithium-ion batteries (LIBs) in

portable devices, electric vehicles, smart grid and so on, the serious

imbalance between demand and supply of lithium (Li) resources is

becoming more pronounced [1,2]. The proportion of lithium con-

sumed in batteries is predicted to increase from 43% in 2017 to

65% in 2025 [3], and residual lithium reserve on land will be

depleted by 2080 as the demand for lithium resources increases

sharply in the future [4,5]. It is clear that the existing lithium re-

sources on land cannot satisfy ever-growing demands [6,7]. There-

fore, making full use of existing lithium resources to extract and

recycle lithium has important research prospect and significance

[4]. Generally, commercial lithium products are obtained mainly

from lithium minerals (e.g., spodumene, lepidolite, petalite, ambly-

gonite) and Salt Lake brine (e.g., Qarhan Salt Lake, West Taijinar

Salt Lake, Atacama Salt Lake) [1,8]. According to statistics, lithium

resources in Salt Lake brine account for 83% of global proven [6].

Among them, China provides about 12% of the global brine lithium

resources, which is more than 80% of the total domestic lithium re-

sources [9]. Compared to lithium minerals, the Salt Lake brine with

the characteristics of abundant reserves, high lithium content and

low extraction cost. Therefore, extracting lithium from brine has
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become one of the best choices to solve the imbalance between

limited supply and surging demand of lithium resources.

Normally, the brine contains different concentrations of Li+,
K+, Ca2+, Na+, Mg2+ and other metal ions, and the hydration ra-

dius and chemical properties of Li+ and Mg2+ are similar, so it

is more difficult to separate and extract lithium from salt lakes

[1]. Various techniques have been developed for lithium extraction

from brine, including chemical precipitation [10], solvent extrac-

tion [11,12], ion exchange adsorption [13,14], membrane separa-

tion [15,16] and electrochemical lithium extraction method (ELEM)

[17,18]. Among them, ELEM with the advantages of high selectiv-

ity, friendly environment, simple operation, and non-requirement

of additional chemical reagents is suitable for lithium extraction

from salt lakes with different characteristic systems, arousing the

widespread attention in recent years [19,20]. Various materials

have been applied to electrochemical lithium extraction, for ex-

ample, Kanoh et al. reported firstly the feasibility of electrochem-

ical lithium extraction by λ-MnO2/Pt, and proved that only Li+

could de-intercalate/intercalate in λ-MnO2/Pt three-electrode sys-

tem through cyclic voltammograms curves. Moreover, LiFePO4 type

and LiMn2O4 type materials with Li+ intercalation/de-intercalation

mechanism are mainly used materials under the consideration of

the pH and working potential. LiFePO4 system has been widely

studied in electrochemical lithium extraction due to its stable crys-
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tal structure, excellent adaptability to different brine, higher avail-

ability and friendly environment [21–24].

As one of the ideal cathode materials for commercial LIBs,

LiFePO4 had been applied in new energy fields, especially in the

field of electric vehicles, due to its high stability, cost-effective

and high thermal safety [25–27]. Usually, the average age of

LIBs is about 5–8 years, and the early industrial application of

LiFePO4 cathode material will face earlier scrap problem [28–30].

At present, China’s first power batteries for new energy vehicles

have come into decommissioning period, moreover, with the ar-

rival of the retirement peak of LiFePO4 batteries, recycling prob-

lems of spent batteries are to follow. If untreated/treated incom-

plete, hazardous substances of spent power batteries can enter the

environment, which can cause heavy metal pollution and generate

toxic chemical gasses, harming the environment and human health

[31]. However, traditional recycling processes of spent LiFePO4 bat-

teries are not economically feasible due to the tedious procedures,

high cost and high energy consumption [32]. Therefore, the real-

ization of efficient spent LiFePO4 batteries recovery and forming a

virtuous cycle can not only save resources and alleviate the short-

age of Li, but also help solve the problem of environmental pollu-

tion.

Considering that the phosphate material has stable structure,

and the main problem of spent LiFePO4 is lithium loss, there is

no obvious impurity except LiFePO4 and FePO4 phases. Herein,

we propose firstly the strategy of extracting lithium from brine

by spent LiFePO4, realizing the direct reuse of spent LiFePO4. The

three electrodes system with spent LiFePO4 as working electrode

has an appropriate lithium extraction performance, and the maxi-

mum lithium capacity is 14.62 mgLi/gLiFePO4
at 17mA, the separa-

tion coefficient can reach up to 210.5, and the energy consumption

in a complete lithium extraction process is only 0.768Wh/gLi. In

this work, a novel and effective strategy for directly reusing low

cost spent LiFePO4 is proposed, which not only broadens the hori-

zons of LIBs recovery, but also provides a new avenue for lithium

extraction from Salt Lake brine.

Recovery of spent LiFePO4 powder: At first, the spent LiFePO4

battery pack is pretreated and disassembled, and then the LiFePO4

cathode obtained from the spent LiFePO4 battery after discharge

and disassembly. Finally, after ultrasonic vibration, washing, filtra-

tion and drying, the spent LiFePO4 powder can be obtained for

lithium extraction from simulated brine.

The crystal structure of spent LiFePO4 powder is determined

by X-ray diffraction (XRD, Rigaku D/MAX-2500). The valence

states are analyzed by X-ray photoelectron spectroscopy (XPS, ES-

CALab220iXL). Carbon content and elemental composition of ma-

terial are performed by elemental analysis (EA3000) together with

inductive coupled plasma atomic emission spectrometer (ICP-AES,

Seiko Instruments). Raman spectroscopy (HORIBA) is used to char-

acterize molecular vibration and carbon composition. As for mor-

phology and the surface configuration, they are examined by scan-

ning electron microscope (SEM, HITACHI SU8010) and transmission

electron microscope (TEM, JEOL-2100F).

All the electrochemical properties are tested in electrolytic cell

with three electrodes, where reusable Pt and saturated calomel

electrode (SCE) are used as counter electrode (CE, 2.5 × 2.5 cm2)

and reference electrode (RE), respectively. The major metal ions

component (Li+, Na+, K+, Ca2+ and Mg2+) of real Zabuye Salt Lake

brine is listed in Table S1 (Supporting information). Based on Na+

has the major effect, to clearly investigate the effect of Na+ on

the extraction of Li+, the same as the previous reports [33,34],

we extract lithium from the simulated brine (4.5mol/L NaCl and

0.2mol/L LiCl) by ELEM, which are corresponding to the concen-

trations of real Zabuye Salt Lake (South Lake). The solvent uses in

the electrolyte is ultrapure water. The LiFePO4 working electrode

(WE, 2.5 × 2.3 cm2) is prepared by mixing spent LiFePO4 powder,

acetylene black and polyvinylidene fluoride at the mass ratio of

8:1:1 into N-methyl-2-pyrrolidones, and the coating area of slurry

on carbon cloth is about 2.5 × 1.8 cm2. Finally, the electrodes

are dried in vacuum oven at 120 °C for 24h. The simulated brine

(40mL) is composed of 4.5mol/L NaCl and 0.2mol/L LiCl, and the

recovery solution (30mL) is 0.05mol/L KCl. The cyclic voltammo-

grams (CV) and chronopotentiometry (CP) tests in different voltage

range are collected on the electrochemical workstation (CHI 660e).

Before every experiment, the electrolyte resistance is tested by

electrochemical impedance spectroscopy (EIS) in the range of 106-

0.01 Hz, and it is conducted on PMC2000 from Princeton Applied

Research. After extracting lithium from brine, wash the electrodes

and put them into the recovery solution. When the de-lithiation

is completed, wash the electrodes again and put them back into

the original brine to start the next cycle. Before each electrochem-

ical test, pumped Ar into the sealed electrolytic cell for 40min to

remove oxygen.

The lithium capacity could use the Eqs. 1 and 2 to calculate:

CCP = t

3.6 × 104
× 44 (1)

CICP = CICP ×V

mLiFePO4

× 103 (2)

where CCP and CICP are the lithium capacity (mgLi/gLiFePO4
) calcu-

lated according to the CP and ICP-AES test results, respectively; t

is the time of releasing Li+ in the recovery solution (s); cICP is the

concentration of Li+ in the recovery solution (mol/L); V is the vol-

ume of recovery solution (L); mLiFePO4
is the mass of LiFePO4 on

WE (g).

The rejection rate of Na+ could be calculated by Eq. 3 [35]:

RNa = cBVB − cRVR
cBVB

(3)

where RNa is the rejection rate of Na+, cB and VB are the concen-

tration and volume of Na+ in the brine, cR and VR are the concen-

tration volume of recovery solution.

The separation coefficient could be calculated by Eq. 4 [35]:

aLi-Na = cLi-R/cNa-R
cLi-B/cNa-B

(4)

where α is the separation coefficient of Li+ and Na+, cLi-R and cNa-R
are the concentration of Li+ and Na+ in the recovery solution, cLi-B
and cNa-B are the concentration of Li+ and Na+ in the brine.

The energy consumption and ohmic losses of extracting and re-

leasing Li+ are calculated by Eqs. 5 and 6 [36].

W = U × I × t

3.6 × 103 × mLiFePO4
×Ccp

(5)

WR = Rs × I2 × t (6)

where W stands for the electrical energy consumption (Wh/gLi),

WR is ohmic losses (Wh/gLi), U is the average voltage (V), I is elec-

trolysis current (A), Rs is solution resistance (�).

The energy consumption (W=W1 +W2) for a complete lithium

extraction process is composed of two parts, extracting Li+ from

brine (W1) and releasing Li+ to recovery solution (W2). Both of W1

and W2 are calculate by Eq. 5, W is the energy consumption of

extracting 1.0 g Li+. The ohmic losses (W�) is calculated by Eq. 6.

Fig. 1 is the schematic diagram of recycling process for spent

LiFePO4 powder. Firstly, the spent LiFePO4 battery pack was disas-

sembled into individual LiFePO4 batteries. Then the spent LiFePO4

battery was discharged to 2V and disassembled to get the cath-

ode electrode. Finally, the LiFePO4 electrode was treated by ul-

trasonic processing, washing, filtration and drying to obtain the

spent LiFePO4 powder [37,38]. After three ICP-AES parallel exper-

iments, the elemental composition and relative content of LiFePO4
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Fig. 1. Schematic diagram of recycling process for spent LiFePO4 powder.

was shown in Table S2 (Supporting information). The ICP-AES re-

sults show that the relative content of Fe (1.000±0.09) in the spent

powder material is higher than that of Li (0.979 ± 0.07), which

indicates that there is lithium loss in spent powder (LixFePO4).

Therefore, we conclude that there may be FePO4 in spent powder

material, which may be caused by conversion of part LiFePO4 [32].

Based on the relative content of Fe and Li, we determined that Fe is

0.021 more than Li and spent powder material (LixFePO4) may con-

tain about 97.9% LiFePO4 and 2.1% FePO4. The recovered LiFePO4

powder was directly reused to prepare LiFePO4 electrode applied

in electrochemical extracting lithium without any processing. The

strategy of directly reusing the spent LiFePO4 greatly reduces the

cost of lithium extraction and lays a solid foundation for the in-

dustrialization of lithium extraction from brine.

A variety of basic characterizations were conducted on the

structure, composition and morphology of spent LiFePO4 powder.

Firstly, XRD pattern of LiFePO4 is shown in Fig. 2a, all the diffrac-

tion peaks correspond to the standard card of LiFePO4 (Pnma,

PDF#81–1173), it shows that the main peaks of the powder mate-

rial are olivine-LiFePO4. This result also indicates that the LiFePO4

has good structural stability and the crystal structure, which has

no obvious change after a long cycling. The elemental composition

and valence state of spent LiFePO4 were studied by XPS. According

to the full spectrum (Fig. S1 in Supporting information), there are

six elements of Li, Fe, P, O, F and C in powder. The detected F ele-

ment may be mainly from electrolyte and binder added during the

preparation of LIBs due to direct recovery of LiFePO4 material with-

out any treatment. Fig. 2b shows the XPS spectrum of Fe 2p, it can

be seen that two characteristic peaks of Fe 2p3/2 at 711.2 eV and

Fe 2p1/2 at 724.8 eV correspond to valence state of Fe2+. Moreover,

the binding energy of characteristic peaks at 714.4 eV and 727.8 eV

represent the Fe3+ of Fe 2p3/2 and Fe 2p1/2, the two main peaks

may be attributed to Fe3+ indicative of FePO4 in the spent pow-

der, which further proves the existence of FePO4 in spent powder

material [32]. Raman result shows in Fig. 2c, the band at about

945 cm−1 correspond to the symmetric stretching of PO4
3−. There

are two obvious strong peaks at about 1350 cm−1 and 1594 cm−1,

which are attributed to the D-band (disorder carbon peak) and G-

band (graphitic carbon peak), and the value of ID/IG is 0.71, illus-

trating that the recovered materials have appropriate graphitiza-

tion. In addition, the inset in Fig. 2c shows the mass ratio of four

elements in spent LiFePO4 powder. And based on the test result

of elemental analysis, the carbon content of spent LiFePO4 mate-

rial is about 8.40 wt%. According to the ICP-AES results, the mass

fractions of Fe together with Li are 28.76 wt% and 3.50 wt%. It cor-

responds to the results in Table S2 (Supporting information), the

molar ratio of iron and lithium is higher than 1, indicating the ex-

istence of FePO4.

SEM and TEM were employed to reveal the morphology and mi-

crostructure of spent LiFePO4. As shown in Fig. 2d, spent LiFePO4

is irregular particles with a wide size observed ranging from 100–

500nm. Besides, EDX elemental mapping is used to characterize

the element distribution (Fig. S2 in Supporting information), show-

ing that the elements C, O, F, P and Fe are evenly distributed

in LiFePO4 powder. TEM was carried out to further study the

microstructure of spent LiFePO4. As shown in Fig. 2e, the spent

LiFePO4 is nanomaterial, and the result is consistent with SEM im-

age. In Fig. 2f and the inset, the high resolution TEM indicates the

spent LiFePO4 material has good crystallinity, and the lattice spac-

ing is 0.25nm, corresponding to the (311) lattice plane of olivine-

type LiFePO4. The coating layer on the surface of LiFePO4 particles

may be carbon layer or cathode electrolyte interface [39]. In short,

the recovered LiFePO4 powder is dominated by olivine LiFePO4,

with relatively complete structure and normal morphology, which

can be used for lithium extraction from brine by ELEM in the late-

stage.

Fig. 3a shows the schematic diagram of the electrolytic cell

for extracting lithium from simulated brine. The LixFePO4 (0 <

x < 1) electrode was obtained by cycling LiFePO4 electrode for

1.5 cycles at 0.1 C in the three electrodes system of 0.25mol/L

Li2SO4. In the lithium extraction process, the WE changes be-

tween LixFePO4 and LiFePO4. In left, the lithium extraction stage,

Li+ in brine will be selectively intercalated into LixFePO4 electrode

Fig. 2. Characterization results of spent LiFePO4. (a) XRD pattern. (b) XPS spectra in Fe 2p region. (c) Raman spectrum (inset: mass fractions of Fe, P, C and Li). (d) SEM

image. (e, f) TEM images under different magnifications.

3



M. Du, J.-Z. Guo, S.-H. Zheng et al. Chinese Chemical Letters 34 (2023) 107706

Fig. 3. (a) Schematic diagram of three-electrode system for extracting lithium from brine (left) and enriching lithium in the recovery solution (right). CV tests of LiFePO4

electrode in (b) 0.2mol/L LiCl and (c) 4.5mol/L NaCl. (d) Simulated brine of 0.2mol/L LiCl and 4.5mol/L NaCl.

(LixFePO4 + Li+ + e− → LiFePO4) during discharging process. In con-

trast, in the recovery solution (right), the LiFePO4 electrode re-

leases Li+ and generates LixFePO4 (LiFePO4 → LixFePO4 + Li+ + e−),
which can be used directly for the next cycle after washing and

drying. By repeating this process, the continuous extract lithium

from brine and the enrich lithium in the recovery solution can be

realized.

Firstly, to verify the influence of current collector (carbon cloth),

CV test was carried out on the carbon cloth in 0.2mol/L LiCl. As

shown in Fig. S3 (Supporting information), the current density is

ignorable, which indicates that the carbon cloth has no effect on

the experimental results. It was reported that Na+ has great in-

fluence on lithium extraction and high concentration of Na+ can

increase the viscosity of brine, leading to inferior lithium extrac-

tion performance and capacity degradation [33,40–42]. Therefore,

to verify the high selectivity and broad feasibility, we simulate the

brine containing nearly saturated impurity Na+ (4.5mol/L NaCl and

0.2mol/L LiCl). LiFePO4 is a selective electrode for lithium ions just

under the premise of within a suitable voltage range, Na+ also

can be de-intercalated/intercalated in LiFePO4 [43,44]. Thus, in or-

der to determine the optimal voltage range of Li+ intercalation/de-

intercalation, CV tests were carried out in three different solutions.

The CV of LixFePO4 electrode in different solution were measured

in the voltage range from −0.8V to 0.8V vs. SCE. As shown in

Fig. 3b, the redox peaks of LiFePO4 electrode in 0.2mol/L LiCl are

located at 0.22V and 0.018V. The CV curves in 4.5mol/L NaCl are

shown in Fig. 3c, the oxidation peak of the first cycle is at 0.32V,

corresponding to the release of the Li+. Compared to Fig. 3b, the

potential of Li+ extraction is higher, which may be caused by the

higher concentration of NaCl. And the reduction peak locates at

about −0.22V, which is correspond to the Na+ intercalation. In

the second cycle, the oxidation peaks at 0.04V and 0.22V, and

the reduction peak locates in −0.15V. Fortunately, LiFePO4 in the

LiCl solution has a higher reduction peak potential and a lower ox-

idation peak potential than in NaCl solution, so it is determined

that the voltage range of extracting lithium from simulated brine

is −0.02 ∼ 0.4V. As shown in Fig. 3d, consistent with the in-

tercalation/deintercalation of Li+, there is only a pair of redox

peaks at 0.22V and 0.1V, meaning that there is no Na+ intercala-

tion/deintercalation from simulated brine in this range. After five

cycles, the redox peaks have no obvious change, indicating that

the LiFePO4 electrode has appropriate reversibility even if the elec-

trolyte contains high concentration of Na+ impurity. In addition,

compared to the second cycle, the intensity of the oxidation peak

increases in the third cycle, which indicates LiFePO4 electrode has

an activation process due to the high loading mass.

CP curves of LiFePO4 electrode is shown in Fig. 4a, LixFePO4

electrode was obtained after 1.5 cycles, and this process not only

activates the WE electrode, but also avoids initial irreversible re-

action. In the process of preparing LixFePO4 electrode, the re-

covered Li+ is enriched in Li2SO4 solution, which can also be

used to prepare commercial lithium products. To obtain the maxi-

mum productivity, WE with different areal densities were explored

to determine the optimum loading mass. As shown in Figs. 4b

and c, LiFePO4 electrodes with 5 and 10mg/cm2 have similar de-

lithiation duration in the recovery solution, and the lithium ca-

pacity of the latter is slightly higher than the former (14.67 vs.

14.46 mgLi/gLiFePO4
). Compared with 5mg/cm2, the LiFePO4 elec-

trode with areal density of 10mg/cm2 has higher loading mass

and can obtain higher capacity. When the loading mass reaches

15mg/cm2, WE cannot work properly, indicating that the areal

density of 10mg/cm2 is the optimal loading mass, and 1g LiFePO4

can extract 14.67mg Li+ with appropriate performance.

CP tests of LiFePO4 electrode with the areal density of

10mg/cm2 were performed in the voltage range of −0.02 ∼ 0.4V.

Fig. 4d shows the charging curves of LiFePO4 electrode in recov-

ery solution for initial first five cycles. The lithium release time of

the first cycle is close to 104 s, corresponding to lithium extraction

capacity of about 12 mgLi/gLiFePO4
, and the maximum extraction ca-

pacity is 14.62 mgLi/gLiFePO4
at third cycle. Then the release time of

the fourth and fifth cycles are close to the first one. Obviously, the

lithium release time of the first three cycles increase successively,

indicating that the LiFePO4 electrode has an activation process due

to the high loading mass, which is consistent with the result of

Fig. 3d. The result of lithium extraction from brine at 13th cycle

is shown in Fig. 4e, and the lithium release time is approach to

6 × 103 s, which is equivalent to the lithium extraction capacity of

about 7 mgLi/gLiFePO4
. To further verify the lithium capacity, we cal-

culate the lithium extraction capacity of third cycle by both CP and

ICP-AES results, respectively (the insert of Fig. 4d). The calculation

4
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Fig. 4. CP results of LixFePO4/LiFePO4 lithiation/de-lithiation processes. (a) 1.5 cycles in Li2SO4 solution. (b, c) CP curves and lithium extraction capacity of LiFePO4 electrode

with different areal densities. (d) The CP curves of first five cycles in recovery solution at the areal density of 10mg/cm2 (inset: lithium capacity measured by CP and ICP in

third cycle). (e) The CP curves of the 13th cycle (inset: lithium capacity in 13th cycle). (f) The lithium capacity and the corresponding capacity of first 13 cycles.

formulas for lithium extraction capacity are shown in Eqs. 1 and

2. The capacity obtained by releasing time (14.62 mgLi/gLiFePO4
) is

basically consistent well with the acquired by measuring lithium

concentration in the recovery solution (14.18 mgLi/gLiFePO4
). The

lithium capacity of 13th cycle measured by two ways are shown

in the insert of Fig. 4e, and two results are also similar. As shown

in Fig. 4f, the lithium extraction capacity and corresponding capac-

ity are shown in detail. The capacity changing trend and value of

each cycle can be clearly observed by the bar chart and line chart.

After 13 cycles, the capacity retention is close to 60%, it shows that

the recovered LiFePO4 from spent LIBs can be directly used as WE,

and has appropriate lithium extraction capacity and capacity reten-

tion rate is comparable to the previous reports [5,36]. In addition,

the lithium extraction capacity will be improved after calculated

the mass of active material accurately, because the all component

of spent LiFePO4 powder are regarded as active material includ-

ing binder and acetylene black. The capacity and stability of the

working electrode can be improved from two aspects: the first is

the electrode fabrication technology, and the electrochemical per-

formance of the thick electrode with high loading cannot be fully

used [45]; the second is the modification of the spent LiFePO4 ma-

terial, such as carbon coating [46], nanocrystallization, etc. In the

subsequent work, we will improve the capacity and stability of

the material by above various strategies. The spent LiFePO4 pow-

der is expected to achieve large-scale application in lithium ex-

tracting from brine after improvement. Considering the economic

benefits, the spent LiFePO4 is one of the best materials for lithium

extraction from brine because of its large amount, low price and

especially proper lithium extraction capacity. To further meet the

practical application, in the subsequent work we will explore in

depth the content related to lithium extraction from natural brine

by using spent LiFePO4.

In order to verify the purity of the recovery solution, we mea-

sured the concentration of Na+ and Li+ in the recovery solution by

ICP-AES test, and calculated the mass ratio of Na/Li in brine and re-

covery solution at the first cycle. As shown in Table 1, the concen-

tration of Na+ and Li+ in recovery solution are 6.79×10−3 g/L and

1.92×10−2 g/L, respectively. The Na/Li mass ratio decreases sharply

from 74.43 of brine to 0.35 of recovery solution, which decreased

by about 213 times, indicating that the purity of Li+ in the recov-

ery solution is greatly improved. The purity of Li+ in recovery solu-

tion is 73.9%. Although there is still room for further improvement,

the purity of the recovery solution has been significantly improved

compared to the simulated brine (lithium purity is 1.3%). In the

following work, we will work to further improve the purity of re-

covery solution.

The rejection rate of Na+ calculated by Eq. 3 is greater than

99.99%, and the separation coefficient calculated by Eq. 4 can reach

up to 210.5, showing that the LiFePO4 electrode still has good Li+

selectivity even in high Na+ concentration brine. And these sep-

aration parameters about Na+ are significantly better than previ-

ous reports [40]. All the results show that lithium extraction from

brine by ELEM can well separate Na+ and Li+ to obtain high-purity

lithium.

In addition, energy consumption is also one of parameters to

be considered during the lithium extraction from brine progresses,

which refers to large scale industrial production. Based on this,

we discuss energy consumption in this section. Take the first cycle

as an example, the energy consumption of extracting and releas-

ing 1 g Li+ are assessed by Eq. 5, and they are 0.309Wh/gLi and

0.459Wh/gLi, respectively. Therefore, the total energy consumption

in a complete lithium extraction process is 0.768Wh/gLi, which is

lower than that of some previous reports [47,48]. It is worth not-

ing that the comparison of energy consumption with the previous

literature is based on the premise of extracting lithium from brine

by electrochemical method and the energy consumption of all the

comparison is to extract 1 g Li+. Table 2 shows the comparison of

electrochemical Li+ extraction system with reported systems. It is

noteworthy that this experiment is the first to use spent LiFePO4

in lithium extraction from brine. Under the condition of low Li+

Table 1

The concentration of Na+ and Li+ and mass ratio of Na+ and Li+ in the brine and recovery solution.

Cycle Simulated brine Recovery solution

Na (g/L) Li (g/L) Mass ratio (Na/Li) Na (g/L) Li (g/L) Mass ratio (Na/Li)

1st 103.46 1.39 74.43 6.79× 10−3 1.92×10−2 0.35

5
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Table 2

Comparison of electrochemical Li+ extraction system with reported systems.

Entry Working electrode Counter electrode Feed solution Capacity (mg/g) Energy (Wh/gLi) Selectivity Reference

1 LiFePO4 Ag 1mol/L Li+ – 0.622 Depends on current [49]

2 LiFePO4 AC 5mmol/L Li+ + 50mmol/L Na+ 18 0.886 – [5]

3 LiFePO4 FePO4 0.42mol/L Li+ + 1.46mmol/L Mg2+ 9 – Mg/Na= 0.32 [50]

4 λ-MnO2 Ag 50mmol/L Li+ + 50mmol/L Na+ 14 – α(Li-Na)= 38.78, [51]

5 LiMn2O4 Ag 30mmol/L Li+ , Na+ , K+ , Mg2+ , Ca2+ – 0.596 – [52]

6 Spent LiFePO4 Pt 0.2mol/L Li+ +4.5mol/L Na+ 14.62 0.768 α(Li-Na)= 210.5 This work

AC: activated carbon

The dash symbol (–) indicates that no exact value was reported.

Fig. 5. Potentiostatic electrochemical impedance spectroscopy. (a) In brine. (b) In

recovery solution. (c) Equivalent circuit diagram.

Table 3

According to equivalent circuit, the fitted and tested values of lithiation/de-lithiation

in brine and recovery solution, and the corresponding ohmic energy consumption.

Electrolyte Rs (�) X2 W� (Wh/gLi)

Brine 0.84 1.61 × 10−4 2.44×10−5

Recovery solution 12 1.02× 10−4 3.48×10−6

concentration and close to saturation Na+ concentration, we obtain

excellent separation performance, appropriate capacity and energy

consumption. This further shows that the scheme is expected to

achieve large-scale application.

Before each experiment, the solution resistance (Rs) was tested

by potentiostatic EIS to evaluate ohmic energy consumption (W�).

As shown in Figs. 5a and b, the Nyquist plots consist of two semi-

circles in the high and medium frequency and an inclined line in

the low frequency, and Fig. 5c shows the equivalent circuit diagram

fitted by EIS. W� is calculated by Eq. 6, the results of W� and fit-

ting results are shown in Table 3. W� in the brine and the recovery

solution are 2.44 × 10−5 and 3.48 × 10−6 Wh/gLi, respectively. Such

small values indicate that lithium extraction from brine by ELEM

has commendable feasibility. In the recovery solution, Rs value is

significantly larger than that of in brine, because of its lower con-

centration [53]. Moreover, the W� in the recovery solution is lower

than that of in brine due to the shorter time of lithium release

than extraction.

In summary, we propose a novel ELEM for lithium extraction

from brine by directly reusing spent LiFePO4 powder. According to

CV and CP tests, it is proved that spent LiFePO4 powder has ap-

propriate lithium capacity and excellent separation performance

in lithium extraction from brine. The maximum lithium capac-

ity is 14.62 mgLi/gLiFePO4
at 17mA and the rejection rate of Na+

and separation coefficient can reach up to 99.99% and 210.5, re-

spectively. The energy consumption in a complete lithium extrac-

tion process is only 0.768Wh/gLi. Electrochemical lithium extrac-

tion from brine by directly reusing spent LiFePO4 is expected to

be used in large-scale industry from the perspectives of resource

abundance, cost, selectivity, productivity and energy consumption,

which not only provides a new strategy for the recovery of spent

LIBs, but also develops a new avenue for lithium extraction from

brine.
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