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E L E C T R O C H E M I S T R Y

A green and sustainable strategy toward lithium 
resources recycling from spent batteries
Jing Xu1, Yang Jin1*, Kai Liu2*, Nawei Lyu1, Zili Zhang1, Bin Sun1, Qianzheng Jin1,  
Hongfei Lu1, Huajun Tian3, Xin Guo4, Devaraj Shanmukaraj5, Hui Wu6*, Meicheng Li2, 
Michel Armand5*, Guoxiu Wang4*

Recycling lithium from spent batteries is challenging because of problems with poor purity and contamination. 
Here, we propose a green and sustainable lithium recovery strategy for spent batteries containing LiFePO4, LiCoO2, 
and LiNi0.5Co0.2Mn0.3O2 electrodes. Our proposed configuration of “lithium-rich electrode || LLZTO@LiTFSI+P3HT 
|| LiOH” system achieves double-side and roll-to-roll recycling of lithium-containing electrode without destroying 
its integrity. The LiTFSI+P3HT-modified LLZTO membrane also solves the H+/Li+ exchange problem and realizes a 
waterproof protection of bare LLZTO in the aqueous working environment. On the basis of these advantages, our 
system shows high Li selectivity (97%) and excellent Faradaic efficiency (≥97%), achieving high-purity (99%) LiOH 
along with the production of H2. The Li extraction processes for spent LiFePO4, LiNi0.5Co0.2Mn0.3O2, and LiCoO2 
batteries is shown to be economically feasible. Therefore, this study provides a previously unexplored technology 
with low energy consumption as well as high economic and environmental benefits to realize sustainable lithium 
recycling from spent batteries.

INTRODUCTION
Lithium is an essential element for Li-ion batteries (LIBs) owing to 
its low equivalent weight (6.94 g/Faraday) and very cathodic electro-
chemical potential (−3.04 V versus standard hydrogen electrode) 
(1, 2). For the past few decades, LIBs for portable electronics, elec-
tric vehicles, and large-scale energy systems exhibit an exponential 
growth (3, 4), leading to an increasing demand for lithium resources 
(5). As a typical alkali element, lithium is highly active and flammable, 
making it exist only in compounds in nature (6). In general, the 
natural lithium reserves are abundant and can be founded in lithium 
minerals (spodumene), salt lake brines, and seawater on the earth 
(7), but obstacles such as low lithium concentration, high extraction 
costs, and inconsistent product quality pose great difficulties during 
Li mining. For example, Li extraction from a spodumene must be 
specially designed as the mineral varies in chemical composition, 
hardness, and other properties. The present methods to extract Li 
from brines, which have low Li concentrations and range from 
0.017 to 0.15% is based on evaporation and chemical precipitation 
that are highly time intensive (8). Besides, although the lithium 
reserves in the oceans seem unlimited, the low lithium concentra-
tion [0.180 parts per million (ppm)], poor maturity of the extraction 
techniques, and high production cost make seawater extraction 

unlikely in the near future (9). Thereby, sustainable strategies to 
recover Li element from the potentially valuable secondary resources 
is urgently needed to cope with the increasing Li demands.

As estimated, half a million tons of spent LIBs will be accumulated 
in 2025 (10). Considering the lithium content in spent LIBs [5 to 
7  weight % (wt %)] is far higher than that in natural resources 
(8, 11, 12), spent LIBs are regarded as the most promising secondary 
lithium resources for the guaranteed supply of Li. However, according 
to the report of United Nations Environment Programme (13), the 
spent LIB recycling rate in the European Union is less than 5% and 
less than 1% of lithium is recycled. The lithium recycling technologies 
for spent LIBs mainly include pyrometallurgy, hydrometallurgy, 
biometallurgy, and electrochemical extraction (12, 14–17). Pyro-
metallurgy usually applies high temperatures (>700°C) to calcinate 
the pretreated active materials and then dissolve the calcinated 
powders into water or solvent to separate lithium in the form of 
Li2CO3 (18, 19). The shortcoming of this method for lithium recy-
cling is that except for the calcination process, additional steps are 
required to separate Li2CO3. In addition, the pyrometallurgy method 
has high requirement on the calcination equipment and also has 
harmful gas emission, especially HF from the salt of the electrolyte. 
Hydrometallurgy is the most common method for lithium recy-
cling (20). The pretreated active materials are first dissolved into acids 
or bases, followed by leaching to obtain Li+ solutions for further 
lithium extraction. However, the conventional hydrometallurgy for 
lithium recycling requires a large volume of inorganic acids and 
lengthy extraction steps, which are expensive and environmentally 
unfriendly (12, 21). Although some researchers proposed environ-
mentally benign approaches by using organic acids or green 
solvents, these approaches still face their own set of challenges. For 
example, the leaching speed with oxalic acid is low, and it is unable 
to fully dissolve the cathode active materials, restricting its large-scale 
application (22). In contrast, the deep eutectic solvent can act as both 
a leaching and reducing agent for LiCoO2 and LiNi1/3Mn1/3Co1/3O2 
battery recycling, but its lithium recycling efficiency is limited and 
not suitable for the LiFePO4 (LFP) batteries (23). The biometallurgy 
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method uses biodegradable materials to extract Li source materials 
from the spent LIBs. Although this approach is economical, it requires 
a long treatment period using incubating microbes and acids (24). 
In addition, electrochemical extraction methods that separate lithium 
from the pretreated active materials by using a lithium-selective mem-
brane have been reported. For instance, lithium aluminum titanium 
phosphate (LATP) solid membrane (19 mm in diameter and 800 m 
in thickness) has been applied in the lithium extraction at a laboratory 
scale (25), but the reaction processes were complex and the bath 
voltage was high, which raises the overall cost for the system con-
struction. Hence, there is an urgent need for a sustainable and green 
lithium recovery technique for spent LIBs (26). Through this strategy, 
it should be possible to economically achieve high lithium recovery 
efficiency without disturbing the other valuable metal recycling.

Recently, Li7La3Zr2O12 (LLZTO)–based Li-stuffed garnet-type 
solid electrolyte materials have attracted wide attention in the field 
of solid-state lithium batteries (27–29). The LLZTO-based solid 
electrolyte materials have many physical and chemical advantages 
including (i) high Li+ conductivity (10−4  to 10−3 S cm−1) at room 
temperature (30); (ii) excellent chemical stability with elemental 
Li (31); and (iii) wide electrochemical window (up to 5 V versus 
Li+/Li) (32). It has superior selectivity for Li+ conduction and can 
simultaneously block other interfering cations in aqueous solutions. 
Therefore, the LLZTO-based solid electrolyte materials have promis-
ing potential to work as a medium to selectively extract lithium ions 
from the spent LIBs. Nevertheless, the applications of LLZTO for 
lithium recycling of spent LIBs have not been reported.

Notably, the stability of LLZTO in aqueous solutions directly 
affects the lithium recovery efficiency of spent LIBs. Spontaneous 
Li+/H+ ion exchange has been reported for LLZTO in aqueous solu-
tions such as LiOH, LiCl, and deionized (DI) water (33, 34). Such 
reactions between Li+ in LLZTO and H+ in aqueous solutions do 
not change the cubic garnet structure of LLZTO but diminish the 
Li+ transport (34, 35). To restore H2O-poisoned LLZTO (H-LLZTO) 
to its original stoichiometry, most studies focus on compensating 
lithium sources by deprotonating and decomposing impurities 
at high temperatures (36). Nevertheless, complete decomposition of 
Li2CO3 usually requires ~1000°C treatment (37). Meanwhile, the 
volatilization of Li2O at such high temperature will inevitably 
cause the formation of La2Zr2O7 (LZO), which has low ionic con-
ductivity (2.64 × 10−7 S cm−2) and will seriously hinder the migra-
tion of Li+ ions (38,  39). Therefore, it is critical to modify the 
surface of pristine LLZTO to be hydrophobic using ionically con-
ducting waterproof materials. This is required to inhibit the proton 
exchange with water molecules, but without affecting the transport 
of Li+ ions in the LLZTO during the recycling process.

In this work, we aim to achieve high-purity lithium recycling 
from spent LIBs. We report a green and nondestructive lithium 
recycling strategy of spent LIBs based on the bis((trifluoromethyl)
sulfonyl)azanide and poly(3-hexylthiophene-2,5-diyl) (denoted as 
LiTFSI+P3HT)–modified LLZTO solid electrolyte. This system can 
realize the high-purity enrichment of lithium in the form of LiOH, 
while blocking interfering ions at an affordable cost without causing 
contamination. This lithium recycling strategy also involves the 
production of H2 gas, which could be collected for green energy 
utilization and partially compensate the total energy cost of the 
recycling processes. The P3HT modification of the LLZTO surfaces 
enables LLZTO to be compatible with aqueous solutions. In general, 
the LiTFSI+P3HT-modified LLZTO realizes roll-to-roll lithium 

extraction, which is different from the existing recycling method for 
spent batteries. This new process does not require pretreatment of 
spent batteries that involves separating cathode materials from their 
Al foil substrates and organic binders. Therefore, our new technique 
will endow better lithium recovery efficiency without causing any 
loss of other valuable metal in spent batteries. Compared with pre-
vious work (40); from another perspective, we proposed a new 
strategy to turn “waste” into the wealth without consuming the 
natural lithium reserves.

RESULTS
Design of lithium recycling system for spent LIBs
We designed a roll-to-roll lithium recycling system for spent LIBs 
as shown in Fig. 1. The detail information about each part of the 
lithium recycling device is presented in fig. S1. The key component 
of this system is the solid ceramic lithium-ion electrolyte tube. By 
comparing the lithium-ion conductivity, density, and stability at 
room temperature of various solid-state electrolyte materials, we 
selected the garnet-type Li6.4La3Zr1.4Ta0.6O12 (LLZTO) ceramic to 
fabricate solid electrolyte tubes in this work. The operating tem-
perature of this system is set to 50°C to maintain high Li+ conduc-
tivity of the LLZTO. The lithium recycling process was conducted 
in a drying box filled with N2 atmosphere.

By charging the system, Li+ ions from the Li-containing electrode 
(anode compartment) wetted by the electrolyte move to the cathode 
compartment and form LiOH. In detail, the hydrolysis of water in 
the cathode compartment leads to the formation of OH− and H+ ions. 
The OH− ions react with the extracted Li+, forming LiOH. Simulta-
neously, H+ ions acquire electrons from the external circuit, resulting 
in the generation of H2 gas. Thereby, this process drives the trans-
port of Li+ from the Li-containing electrode through the selectivity 
of LLZTO@P3HT and then is enriched in the cathode compart-
ment. Figure 1 illustrates the overall reactions and working principle 
of the lithium extraction process, and the details about the H2 gas 
capture design for further green energy utilization is provided in fig. S2. 
A demonstration video about this roll-to-roll lithium recycling pro-
cess of LiFePO4 (LFP) electrode is provided in movie S1. It is clear to 
see that this roll-to-roll setup can achieve double-side and repeatable 
recycling of the lithium-containing electrode without destroying its 
integrity. Because the intact structure of the electrode is preserved by 
this technique, it can also be used for other valuable metal recycling.

Waterproof protection of LLZTO
According to a previous report (33), bare LLZTO experiences a 
rapid and spontaneous Li+/H+ exchange with water molecules after 
exposure to aqueous solutions such as LiOH, LiCl, and DI water. 
As shown in Fig. 2A, the Li+ concentration of a solution of LiOH, 
LiCl, and DI water grows appreciably with the immersion time 
when in contact with bare LLZTO. Although the cubic structure 
of bare LLZTO persists after proton exchange in the aqueous en-
vironment (fig. S3), it still suffers from degradation in the Li+ con-
ductivity (fig. S4) due to the following: (i) the formation of side 
products on the bare LLZTO surfaces and (ii) the slowing of ion 
hopping in the ceramic bulk due to the presence of H+ sites. Obvi-
ously, bare LLZTO is unstable in the water environment, which will 
affect its long-term service and degrade the lithium extraction 
performances. Thereof, it is necessary to improve the stability of 
LLZTO in the aqueous solutions.
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To solve the problem of Li+ dissolution from the LLZTO in the 
aqueous solutions, we conducted surface coating on the outer and 
inner surfaces of a bare LLZTO tube. The surface coating layer is 
required to have excellent water stability and to conduct lithium 
ions at the working temperature of lithium recycling, so as to not 
affect the conduction and enrichment of Li+ through the LLZTO 
tube. As we all know, the proper combination of polymer and lithi-
um salts can form a Li+ polymer electrolyte system, which has good 
Li+ conductivity at room temperature. On the basis of this condi-
tion, we adopted P3HT+LiTFSI as the composition of an LLZTO 
coating layer, where P3HT works as the waterproof material and 
LiTFSI ensures the Li+ conductivity of the coating layer.

First, to prove the waterproof ability of P3HT, we prepared a 
pure P3HT film as shown in Fig. 2B. The thickness of the as-prepared 
film can be well controlled on the basis of the amount of the poly-
mer solution applied. Notably, once immersed into water, the pure 
P3HT film floats on the surface without being wetted (fig. S5). 
Figure 2C and fig. S6 show the dynamic water contact angle of pure 
P3HT film to be 108.5o, demonstrating its hydrophobic nature. 
Moreover, the pure P3HT film can remain freestanding and struc-
turally stable for a relatively long period of time (6 months) without 
additional treatment (fig. S7). Thermogravimetric analysis of P3HT 
demonstrates its stability in the working temperature (50°C) of 
lithium recycling system as it begins to thermally degrade at 420°C 
(fig. S8).

Second, to further prove that the LiTFSI+P3HT coating layer 
can realize waterproof and Li+ conduction, we designed the experi-
ments in the H-type container as shown in Fig. 2D; the LiTFSI+P3HT 
film was placed in the middle of an H-type container to separate 
different amounts of water on each side. At the beginning, we added 
a drop of red ink into the left side, which has the highest liquid level; 
after 12 hours, neither color changes nor an increase in the liquid 
level was observed on the right side of the container, showing that 
the LiTFSI+P3HT film has perfect compact structure without any 
porosity to allow water penetration. On the basis of this excellent 

compactness, we then respectively used a rubber mat, a P3HT+LiTFSI 
film, and no separator to part equal amounts of LiOH solution on 
each side of the H-type cell; Pt electrodes were used as the cathode 
and anode current collectors. The electrochemical impedance spec-
troscopy (EIS) was provided in Fig. 2E. Because the rubber mat is an 
ionic insulator, lithium ions cannot diffuse through it in the LiOH solu-
tion, so its EIS spectrum is erratic and at high Z values (fig. S9). While 
the LiTFSI+P3HT film exhibits the typical property of ion-conducting 
polymers, we see a single semicircle at high frequencies and a capaci-
tive tail at low frequencies in the EIS. The detailed parameter iden-
tification was provided in fig. S10 and table S1. Thereof, the above 
analysis identifies the waterproof and Li+ conduction features of the 
prepared LiTFSI+P3HT film.

Figure 2F shows the cross-sectional view of the LLZTO tube 
after LiTFSI+P3HT coating; we can observe that the coating layer is 
around 5 m in thickness with evenly distributed C and S elements 
(Fig. 2G). Compared with the hydrophilic nature of bare LLZTO 
(water contact angle, 26.9°), the LiTFSI+P3HT- modified LLZTO 
surface exhibits hydrophobicity property with the dynamic water 
contact angle of 106.5° (fig. S11). To examine the waterproof effec-
tiveness of LiTFSI+P3HT coating layer on the LLZTO surface, we 
soaked bare LLZTO and LLZTO@LiTFSI+P3HT ceramic electrolyte 
tubes in DI water, 1 M LiOH solution, and saturated LiCl solution, 
respectively, and then sealed them to reduce water evaporation loss. 
Samples (1 ml) were taken out every 7 days, and the Li+ concentra-
tion was measured by inductively coupled plasma optical emission 
spectrometry (ICP-OES) as illustrated in Fig. 2A. Although LiCl and 
LiOH solution slightly reduce the H+/Li+ ion exchange with bare 
LLZTO, the Li+ dissolutions are still slowly progressing and reaches 
150 ppm within 30 days. In contrast, as for the LLZTO@LiTFSI+P3HT 
tube, whatever it is soaked in (1 M LiOH solution, saturated LiCl 
and DI water for 1 month), the Li+ concentration remained stable 
and the value change is less than 15 ppm. This identifies that the 
LiTFSI+P3HT coating layer effectively protects the LLZTO from 
water corrosion. Therefore, water molecules cannot penetrate 

Fig. 1. Schematic procedure for a green and nondestructive lithium resource recycling system for spent LIBs. The working principle of this system relies on the 
current driven Li+ diffusion through a high-selectivity LLZTO tube.
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into the bulk garnet LLZTO and Li+ diffusion from LLZTO can be 
notably suppressed. Moreover, fig. S12 presents digital photos of 
the LLZTO@LiTFSI+P3HT tube after immersion in 1 M LiOH solu-
tion for 2 months. We can see that the LiTFSI+P3HT layer closely 
adheres to the LLZTO tube, and no notable surface changes were 
observed. On the other hand, given that 1.2 wt % Al2O3 was added to 
the synthesis precursors of LLZTO, the grain boundary of LLZTO 
contains LiAlO2 phase which is unstable in water (34), the impurity 
Al(OH)3 often formed on the bare LLZTO when exposed to water 
(Fig. 2, I and J, and figs. S13 and S14), impeding Li+ transport 
across the grain boundaries. Now, after P3HT modification, the 
impurity Al(OH)3 with flake morphology does not appear in 
the LLZTO@LiTFSI+P3HT tubes immersed in 1 M LiOH solution 
for 1 month (fig. S15). Because LiOH is formed on the cathode of 

our lithium recycling system, the above alkaline condition is 
closer to the practical application, indicating that the LiTFSI+ 
P3HT-modified LLZTO tubes are stable in the lithium recycling 
environment.

Properties of P3HT on LLZTO surface based on density 
functional theory calculations
To investigate the interaction between P3HT and water, we dissolve 
single P3HT unit in water molecules, as shown in Fig. 3A, in which 
a clear boundary between a hydrophobic alkyl group and the sur-
rounding water has been observed and shown with a dashed green 
line. Following this result, it is reasonable to expect that P3HT- 
protected surface may present hydrophobic feature and thus offers 
excellent stability in an aqueous environment. The computational 

Fig. 2. Physical characterizations of P3HT+LiTFSI-modified LLZTO. (A) Li+ concentration changes of different solutions after immersion of LLZTO, LLZTO@
P3HT+LiTFSI and DI water. (B) Pure P3HT film. (C) Dynamic water contact angle of pure P3HT film. (D) Compactness evaluation of P3HT+LiTFSI film. (E) EIS of the H-type 
cell based on the different separators (the effective test area of each separator is fixed with diameter of 12 mm). (F) Scanning electron microscopy (SEM) image and 
(G) the corresponding EDS of LiTFSI+P3HT-modified LLZTO. Scale bars, 10 m. (H) Schematic illustrating the waterproof nature of LLZTO@LiTFSI+P3HT. (I) SEM image 
and (J) the corresponding EDS of bare LLZTO after immersion in water for 2 weeks. Scale bars, 10 m. (K) Schematic illustrating the H+/Li+ ion exchange between 
bare LLZTO and H2O.
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model of LLZTO bulk and (010) surface is provided in fig. S16. To 
investigate water adsorption, we introduce 12 water molecules to 
the LLZTO (010) surface. Given that water-water hydrogen bonding 
plays a key role, our investigation starts with a water cluster away 
from the surface as the reference [Fig. 3B, relative energy (RE) = 
0 eV]. When water molecules get close to the LLZTO (010) surface, 
some prefer to adsorb as shown in Fig. 3C, showing slightly lower 
energy (RE = −0.18 eV). When more molecules reach the surface 
(Fig. 3D), a stable water layer is generated as determined by water- 
water hydrogen bonds and water/LLZTO interfacial interaction. 
Such adsorption is energetically favorable, as highlighted by the large 
RE = −2.97 eV, which clearly identifies strong water adsorption on 
bare LLZTO surface.

Second and more importantly, we turn to the discussion of 
P3HT adsorption and its protection for LLZTO surface. Starting 
with a bare LLZTO (010) surface as shown in Fig. 3E, a single P3HT 
unit has been introduced and stable adsorption geometry has been 
achieved as presented in Fig. 3F, which shows typical physical adsorp-
tion with an adsorption energy Eads = −0.35 eV, with polarized sulfur 
termination pointing to Li/La sites. Over such P3HT-preadsorbed 
surface, water cluster (H2O)12 has been introduced as shown in 

Fig. 3G; however, further adsorption to the surface (Fig. 3H) is not 
energetically favorable. Specifically, an energy increment of 0.54 eV 
resulted when the geometry changes from that in Fig. 3G to that in 
Fig. 3H, which is remarkably different from water adsorption on 
bare LLZTO (010) surface, as demonstrated in Fig. 3D. This is not 
unexpected because pre-adsorbed P3HT is dominated by a hydro-
phobic alkyl group, which protects the surface from water adsorp-
tion. As vividly demonstrated in Fig. 3H, a clear boundary between 
P3HT and water molecules has been observed, as labeled by the 
dashed green line. Overall, pre-adsorbed P3HT can protect LLZTO 
surface from water adsorption due to the repulsion between the 
hydrophobic alkyl group and water.

Lithium recycling performance for spent LiFePO4 batteries
Beyond fundamental studies in the working principle of our roll-to-roll 
lithium recycling system, we envision this concept to be applicable 
to the selective recovery of lithium from spent LIBs, providing a 
sustainable pathway for lithium recycling of spent LIBs. To provide 
a proof of feasibility, we pretreated commercial 18650 1.2 Ah LiFePO4 
battery through discharging, dismantling, and then undergoing the 
roll-to-roll lithium recycling processes as shown in Fig. 4A. For the 

Fig. 3. Protection mechanism of P3HT on the LLZTO surface. (A) Geometry of P3HT dissolved in water. The green circle shows a notable gap between P3HT (ball-and-stick) 
and water molecules (stick). (B to D) Density functional theory (DFT) calculation of water adsorption on bare LLZTO surface. (B) Water cluster being away from the surface, 
serving as a reference state with relative energy (RE) = 0.00 eV. (C) Partially adsorbed water with RE = −0.18 eV. (D) Stable water layer on the surface with RE = −2.97 eV. 
(E) Bare LLZTO (010) surface. (F to H) DFT calculation of water adsorption on P3HT-protected LLZTO surface. (F) P3HT adsorption. (G) Water cluster being away from 
P3HT-adsorbed surface, serving as a reference with RE = 0.00 eV. (H) Water adsorbed around P3HT and LLZTO surface with RE = 0.54 eV. Li, La, and O are shown as purple, 
aquamarine, and red balls, respectively; H2O as stick; and ZrO6 and TaO6 units as aquamarine and blue polyhedrons, respectively.
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details of the lithium recycling process, an 8.0 g LiFePO4 electrode 
that includes 7.11 g LiFePO4 materials (Qactual = 155 mAh/g) and 0.89 g 
Al foils were loaded on the anode compartment, and LiTFSI+P3HT- 
treated LLZTO tubes filled with 1 M LiOH solution work as the 
cathode part of the roll-to-roll setup. For comparison, the bare 
LLZTO–based roll-to-roll setup was prepared with the same condi-
tions. Both of setups were charged at a current of 1 mA/cm2 until the 
voltage increased to 3.5 V. During the lithium recycling process, the 
H2 gas was continuously detected by gas chromatography (Fig. 4B). 

Specifically, when 1 mol of Li+ ions is extracted, 0.5 mol of H2 gas 
(corresponding to about 11.2 liters of H2 gas at T = 273.15 K and 
P = 101.325 kPa) will be produced, the produced H2 can be collected 
for green-energy utilization. In addition, the x-ray diffraction (XRD) 
pattern of the LFP electrodes in both groups after lithium extraction 
exhibits FePO4 phase (PDF#34-0134), confirming the successful 
extraction of lithium from the pristine LiFePO4 electrode under the 
imposed current (Fig. 4C). Moreover, time-of-flight secondary ion 
mass spectrometry (TOF-SIMS) was also performed to visually illustrate 

Fig. 4. Application of the roll-to-roll system for potential use in lithium recycling of spent LiFePO4 battery. (A) Lithium extraction processes for spent LiFePO4 battery 
based on the P3HT-treated LLZTO recycling systems. (B) H2 gas was captured during the Li extraction process through the automatic gas chromatography detection. 
(C) XRD patterns of the LiFePO4 electrode before and after Li extraction. (D) TOF-SIMS of the LiFePO4 electrode before and after Li extraction. Scale bars, 1 m. (E) The Li extraction 
profiles for the untreated and P3HT-treated LLZTO based roll-to-roll setups under the current driven. (F) ICP-OES measured Li increasement in the LiOH catholyte and the corresponding 
Faradaic efficiency during cycles. (G) ICP-OES measured Li extraction amount from the LiFePO4 electrode and the corresponding Li selectivity during cycles.
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the lithium content and elemental distributions in the LFP electrodes 
(Fig. 4D). The TOF-SIMS spectra were collected over time from the 
ejected secondary ions sputtered by Ar ions. After sputtering, a 
relatively uniform distribution of secondary ions of Li− and FePO4

− 
species was observed on the surface of the pristine LFP electrode, 
while for the LFP electrode after Li extraction, the signal of Li− spe-
cies is almost absent and FePO4

− species remains unchanged. These 
results visually elucidated that lithium has been extracted from the 
LiFePO4 electrode by using our lithium recycling device. The cor-
responding lithium extraction profiles for the untreated/P3HT-treated 
LLZTO–based setups are presented in Fig. 4E, in which the circulated 
charge capacity recorded by the battery test machine were 1113 and 
1124 mAh, respectively. Then, ICP-OES was applied to character-
ize the elemental changes in the catholyte and the LFP electrode 
before and after Li extraction. After lithium extraction, no Fe ele-
ment in the LFP electrode was detected in both catholytes (figs. S17 
and S18). Meanwhile, the Li element in both LFP electrodes de-
creased from 42.72 to 0 mmol, while the Li element in catholytes in-
creased from 70 to 111.83 mmol and 110.75 mmol for the LLZTO@
LiTFSI+ P3HT and bare LLZTO tubes, respectively. This result ver-
ifies that LLZTO ceramic electrolyte has a unique selectivity for 
Li+ while blocking the migration of other interfering ions. In addi-
tion, the circulated charge recorded by the battery test machine is 
calculated to be around 43.03 and 44.26 mmol for the LLZTO@
LiTFSI+P3HT- and P3HT-based setups, respectively. Thus, the 
Faradaic efficiency determined by the ratio of Li increase (mmol) 
in the catholyte to the circulated charge was 97.19% (LLZTO@
LiTFSI+P3HT) and 92.05% (LLZTO). Meanwhile, the Li selectivity 
evaluated as the ratio between the Li increase (mmol) in the catholyte 
and the Li extraction from the LFP electrode was 97.92% (LLZTO@
LiTFSI+P3HT) and 95.41% (LLZTO). Therefore, it is clear that the Li 
selectivity for the untreated and P3HT-treated LLZTO tubes do not 
show substantial differences in their initial state, and the small gap 
(5.14%) in the Faradaic efficiency is ascribed to the side reaction of 
bare LLZTO in the aqueous solution, which causes extra consump-
tion of electrical energy.

Furthermore, to better evaluate the performances of the untreated 
and P3HT-treated LLZTO in the roll-to-roll setups, especially in 
terms of the long-term stability, selectivity, and electric energy 
consumption, we conducted cycling performance tests. Both the 
untreated and P3HT-treated LLZTO tubes were filled with 1 M 
LiOH solution as the started catholyte and the fresh LFP electrode 
with 800 mAh actual capacity as the anode. This time, the lithium 
extraction processes were conducted at a constant current of 1 mA/cm2 
until the accumulated charge capacity reaches 500 mAh (equal to 
20 mmol accumulated charge), and then the recycling stops and the 
LFP electrode and the catholyte are changed to the fresh condition. 
This procedure is repeated 50 times to obtain 50 samples of LFP 
electrode and catholyte after lithium extraction, numbered from 
1 to 50 in sequence. The cycling performance of the untreated and 
P3HT-treated LLZTO are provided in Fig. 4, F and G. We can see 
that the P3HT-treated LLZTO roll-to-roll setup shows excellent 
stability in both the Li increment in the catholyte and the Li extraction 
from the LFP electrode. After 50 cycles, its Faradaic efficiency that 
represents the utilization rate of electric energy remains at 97.12%, 
and the Li selectivity is stable at 98.11%. In contrast, the performance 
at the start of the bare LLZTO–based recycling system is satisfac-
tory, but because of the lithium dissolution from bare LLZTO in 
the LiOH catholyte and other side reactions, it shows serious 

degradation in the Faradaic efficiency and the Li selectivity beyond 
cycle 10. Therefore, from the perspectives of long-term stability, 
selectivity, and electrical energy utilization, the P3HT-treated 
LLZTO exhibits excellent Li recovery performances based on our 
roll-to-roll setup.

The inset of Fig. 4A illustrates the enrichment of the LiOH solu-
tion after lithium extraction from the LFP electrode. White powder 
was obtained by evaporating the concentrated LiOH solution after 
the recycling was completed. The collected white powder was charac-
terized by XRD (fig. S19), whereby the XRD pattern fits well with 
the standard pattern of anhydrous LiOH (PDF#32-0564) without 
any impurity signals being detected. Further quantitative elemental 
analyses show that the purity of LiOH was 99.94 ± 0.03%, and the 
weight percentages of Fe, La, Zr, and Ta in the product were 
0.93 ± 0.03, 0.99 ± 0.02, 2.16 ± 0.02, and 3.18 ± 0.01 ppm, respec-
tively. All the above results reveal that our roll-to-roll lithium ex-
traction setup with the configuration of “lithium-rich electrode 
(anode)||LLZTO@P3HT||LiOH” is feasible, and the enriched LiOH 
solution obtained is pure enough to be applied for further industrial 
processing.

However, in practice, this system seems could not operate only 
on the condition that the liquid electrolyte is sufficiently buried in 
the waste electrode. Sometimes, the waste Li-containing electrodes 
usually already dry when dismantled from the spent batteries. To 
solve these difficulties caused by the contact resistance, we separated 
the dry LFP electrode from the spent battery and wetted it with DI 
water in the air atmosphere and then conducted the lithium ex-
traction test in the air based on our system. The corresponding lithium 
extraction profile for waste LFP battery is shown in fig. S20, and we 
can see that our system can still work in the air even when the dis-
assembled electrode was dry. As for reasons, there are still plenty of 
lithium salt attached on the surface of the dry electrode; when 
wetting its surface with DI water, this lithium salt dissolves in the 
DI water and helps the Li+ transfer. To prove that the working 
principle of our work is feasible, we previously conducted the lith-
ium extraction tests and characterizations in the drying box with N2 
atmosphere, which helps to avoid all the possible disturbances in the 
air. In this part, we further consider the practical condition; instead 
of applying organic electrolyte, we used DI water to wet the elec-
trode and conducted the lithium extraction processes in the air, 
which proves to be feasible and confirms the practicability of our 
lithium extraction system.

Lithium recycling performance for spent 
LiNi0.5Co0.2Mn0.3O2 batteries
To confirm the universal application of our lithium recycling system, 
we further evaluate the lithium recycling performance for the spent 
LiNi0.5Co0.2Mn0.3O2 (NCM523) battery with the actual specific 
capacity of 554 mAh/g. As shown in Fig. 5A, Li0.06Ni0.5Co0.2Mn0.3O2 
phase (PDF#85-1977) was obtained after lithium extraction, which 
can be further identified by the x-ray photoelectron spectroscopy 
(XPS) results (fig. S21). This XRD result also corroborates the elec-
trochemical Li extraction behaviors of NCM523 electrode as shown 
in Fig.  5B. Meanwhile, the element intensity variations in the 
NCM523 electrode before and after lithium extraction were detected by 
TOF-SIMS (Fig. 5, C and D and fig. S22). The signals of Ni−, Co−, and 
Mn− in the electrode after lithium extraction remain almost unchanged 
in the three-dimensional imaging (Fig. 5C) and depth profiles of 
the TOF-SIMS (Fig. 5D). In contrast, the signal of Li− diminishes 
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with depth, demonstrating that the lithium extraction from the 
NCM523 electrode is uniform and homogeneous. Furthermore, 
during different lithium extraction stages, the corresponding Faradaic 
efficiency determined by the ratio of transmembrane Li+ flux (mmol) 
to the circulated charge was provided in Fig. 5E. The former was 
obtained by measuring the Li+ increment in catholyte, for which the 
catholyte was taken from the LLZTO@P3HT tube for ICP-OES 
measurement. The stepwise increase in the circulated charge nearly 
equals the amount of Li+ accumulation in the catholyte across the 
LLZTO@P3HT tubes, and the overall Faradaic efficiency is above 
98.2%. Such a high Faradaic efficiency is ascribed to the negligible 
side reactions. As a result, the catholyte in essence consists of pure 
LiOH solution, whose concentration increases with time upon con-
tinuous operation.

Lithium recycling performance for spent LiCoO2 batteries
To further prove the feasibility of the lithium recycling system, we 
extended it to the LiCoO2 (LCO) electrode with the actual capacity 
of 450 mAh. The corresponding recycling profile is shown in 
Fig. 5F. For the delithiated Li1−xCoO2 electrode, there is no clear 
difference in XRD patterns compared with the pristine LiCoO2 
electrodes (fig. S23). A slight shift of the (003) plane to lower 2 
angles is noticeable in the delithiated electrode because of a lower 
Li/Co atomic ratio (41). Figure 5G shows the Co 2p XPS core peaks of 
the Li1−xCoO2 electrode during lithium recycling. To our knowledge, 
the precise energy position and the relative intensity of the satellite 
characteristics of Co4+ ions in an oxygen environment have not 
been reported previously. However, when Li+ was deintercalated 
from LiCoO2, the full width at half-maximum of the Co 2p3/2 main 

Fig. 5. Characterizations and electrochemical performance of lithium recycling from spent LiNi0.5Co0.2Mn0.3O2 and LiCoO2 batteries. (A) XRD patterns of the 
LiNi0.5Co0.2Mn0.3O2 electrode before and after Li extraction. (B) The Li extraction profiles of LiNi0.5Co0.2Mn0.3O2 electrode under current driven. (C) TOF-SIMS three-dimensional 
images of an LiNi0.5Co0.2Mn0.3O2 electrode before and after lithium extraction. (D) TOF-SIMS depth profile of LiNi0.5Co0.2Mn0.3O2 electrode before and after lithium 
extraction. (E) ICP-OES measured Li increasement in the LiOH catholyte and the corresponding Faradaic efficiency during LiNi0.5Co0.2Mn0.3O2 electrode recovery. 
(F) The Li extraction profiles of an LiCoO2 electrode under current driven. (G) Co 2p XPS core peaks of Li1−xCoO2 (0<x<1) electrode during lithium extraction. (H) The 
voltage-time profiles for the lithium extraction of LiCoO2 electrodes with the surface mass densities of 16.53, 22.03, 28.47, and 32.15 mg/cm2. (I) The Faradaic efficiency for 
LiCoO2 electrodes with different areal loadings.
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peak increased from 1.8 to 3.1 eV, and the relative satellite peak area 
decreases from 9.0 to 4.6% (table S2). Similarly, as shown in the Co 
3p XPS core peaks of the same samples (fig. S24), we observed a 
strong broadening of the main peak toward higher binding energies 
upon lithium extraction. All these observations are consistent with 
previous reports, which can be attributed to the oxidation process 
of Co3+ (42). These XPS results are consistent with the electrochemical 
Li extraction behavior of the LCO electrode.

Given that high areal loading of the electrode is crucial to the 
energy density of batteries in practical application, we further evaluated 
the lithium recycling performance of the LCO electrodes (300 mm 
in length × 55 mm in width) with different areal loadings (16.53, 
22.03, 28.47, and 32.15 mg/cm2) based on the P3HT-treated roll-
to-roll setup. As shown in Fig. 5H, the voltage-time profiles for the 
LCO electrode with the areal loading of 16.53, 22.03, 28.47, and 
32.15 mg/cm2 show the charge potentials of 1.69, 1.85, 2.02, and 
2.33 V, respectively. Among these four sets, we calculated the Faradaic 
efficiency determined by the ratio of Li+ increment in catholyte 
(mmol) to the circulated charge as shown in Fig. 5I. Notable varia-
tions do not show up in the Faradaic efficiencies for these LCO elec-
trodes with different areal loadings. Even with the areal loading of 
32.15 mg/cm2, the Faradaic efficiency of 97.1% can still be achieved, 
demonstrating that our roll-to-roll recycling system is feasible for 
electrodes with high active material loading.

Economic evaluation for our lithium recycling strategy
As acknowledged, a sustainable recycling method is generally charac-
terized by minimal water and electricity usage, as well as prevention 
of the release of polluting gases and waste residues to the environ-
ment. However, beyond this, the economic assessment is also 
necessary to guarantee the sustainability of such recycling methods. 
If the income is lower than the recycling cost, then recycling would 
not be economically appropriate or viable. Thereof, we carried out 
a technoeconomic analysis by considering the market prices of the 
reagents, products, and energy consumptions involved in the lithium 
recycling process of spent batteries. For example, the lithium 
recycling process from the spent LiFePO4 batteries was divided into 
three parts including the separation of LiFePO4 electrode, lithium 
extraction process (LiOH enrichment), and the regeneration of Li 
in the form of Li2CO3. As shown in Fig. 6 and note S1, taking the 
recycling of 1.0 kg of spent LiFePO4 batteries as an example, the 
input costs are composed of the raw materials for spent LiFePO4 
batteries ($1.0) and LLZTO@P3HT membrane ($1.41), the initial 
anode solution ($3.02), chemical for the precipitation recovery of 
Li ($0.57), and electricity cost ($0.17). Meanwhile, the product H2 
($0.014), the disassembled battery units ($0.257), and the final 
product Li2CO3 ($11.06) can well compensate for the input cost of 
recycling 1.0 kg of LiFePO4 batteries. On the basis of this condition, 
the calculated profit for the entire process is $5.16, ensuring the eco-
nomic sustainability of the lithium extraction for LiFePO4 batteries. 
Moreover, we also further calculated the profit for recycling lithium 
from 1 kg of spent LiNi0.5Co0.2Mn0.3O2 battery and 1 kg of spent 
LiCoO2 battery based on our lithium recycling system, which are 
estimated to be $11.47 (fig. S25) and $11.01 (fig. S26), respectively.

DISCUSSION
In summary, we have demonstrated a nondestructive, green, and 
high-purity lithium recycling strategy for various spent LIBs including 

LiFePO4, LiCoO2, and LiNi0.5Co0.2Mn0.3O2 based on the proposed 
“lithium-rich electrode(anode)||LLZTO@P3HT||LiOH(cathode)” 
system. During the recycling process, the Li+ from the Li- enriched 
electrode can be extracted by the high selectivity of LLZTO solid-state 
electrolyte under the current driven, which can be recovered in the 
form of LiOH along with the generation of H2 gas. In addition, 
modifying LLZTO with LiTFSI+P3HT also successfully extends 
the range of LLZTO’s service environments, particularly in the 
aqueous solution. LiTFSI+P3HT coating prevents H+/Li+ exchange 
between H2O and LLZTO. Our rationally designed lithium recycling 
device has been confirmed to achieve repeatable lithium extraction 
from various spent LIBs with a recovery rate of 97%. It realizes a 
technology with low energy consumption and high economic and 
environmental benefits.

Our approach is completely different from the traditional re-
cycling strategies using hydrometallurgical, pyrometallurgical, and 
biometallurgy methods (table S4). It achieves high-purity (99%) 
LiOH enrichment while maximally preserving the electrode integrity 
for other valuable metal recovery. Our lithium recycling strategy is 
proven to be a green and sustainable method. The green aspects of 
our lithium recycling strategy mainly reflect in the following points: 
(i) The recovery strategy is eco-friendly without using chemicals 
such as acids and alkalis and eliminates the emission of wastewater 
and polluting gas. (ii) Our approach directly recycles the waste 
Li-containing electrode without any pretreatment that require 
separating cathode materials from the Al foil substrates and organic 
binders, which avoids the using of organic solvents and additional 
calcining process to burn off the residues such as carbon and 
polyvinylidene difluoride, reducing the contamination to the envi-
ronment. On the other hand, the sustainable features of our lithium 
recycling method can be traced from the following points: (i) Our 
method is characterized by minimal water and electricity usage, as 
well as prevention of the release of polluting gases and waste resi-
dues to the environment. (ii) The proposed Li extraction process for 
spent LiFePO4, LiCoO2, and LiNi0.5Co0.2Mn0.3O2 batteries is proven 
to be economically feasible, guarantying the sustainability of this 
strategy. (iii) From the perspective of reuse and recycling activities, 
the excellent mechanical and thermal stability and good lithium 

Fig. 6. Cost assessment of the lithium recycling process for spent LiFePO4 bat-
tery based on the roll-to-roll system. 
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selectivity of the LLZTO tube improve the overall sustainability and 
reduce production costs. (iv) Instead of restricting to a certain kind of 
spent battery, our approach is applicable to various Li- containing 
cathodes such as LiFePO4, LiCoO2, and LiNi0.5Co0.2Mn0.3O2, which 
lays a solid foundation for the sustainable development of our 
approach for future large-scale applications. Therefore, this technique 
could lead to the development of a promising method to secure the 
supply of lithium for future energy uses.

MATERIALS AND METHODS
Preparation and characterization of garnet-type 
LLZTO tubes
The cubic garnet-type Li6.5La3Zr0.5Ta1.5O12 (LLZTO) was obtained 
by the solid-state reaction of Li2CO3 (99.99%, with 30% excess; 
Sinopharm Chemical Reagent Co. Ltd.), La2O3 (99.99%; Sinopharm 
Chemical Reagent Co. Ltd.), ZrO2 (99.99%; Aladdin), and Ta2O5 
(99.99%; Ourchem) powders in stoichiometric ratio. After being 
fully ground with an agate mortar and pestle, the as-prepared mate-
rials were heated at 900°C for 6 hours to decompose the metal salts. 
Following ball milling with 1.2 wt % of Al2O3 for 12 hours, a tube 
with one closed end was obtained by cold isostatic pressing at 
330 MPa for 2 min and then annealed at 1140°C for 16 hours under 
normal atmosphere while being covered by the same mother powder.

Preparation of pure P3HT film
P3HT polymer with an average molecular weight of 30,000 to 
60,000 (CAS: 156074-98-5) were purchased from Xi’an Polymer 
Light Technology Inc. P3HT powder (30 mg) was dissolved into 3 ml 
of CS2 solution (in an airtight container) and stirred for 3 min, 
and then the mixed solution was dropped onto a glass slide. During the 
CS2 evaporation process, P3HT molecules could effectively self- 
assemble into well-ordered structures through intermolecular interac-
tions. Afterward, immersing the P3HT-coated glass slide into water for 
30 min, a pure P3HT film will float on the surface of water because 
of its hydrophobic nature. The thickness of the yielded film can be well 
controlled on the basis of the amount of the polymer solution applied.

Preparation of LLZTO@LiTFSI+P3HT
All these processes were conducted in a hooded fume cupboard. 
Solutions of P3HT and LiTFSI were respectively prepared by dis-
solving the materials in anhydrous chloroform and anhydrous 
acetonitrile with a concentration ratio of 8:1 and stirred overnight. 
P3HT solution was then mixing with LiTFSI solution to achieve 
P3HT+LiTFSI mixed solution. Then, the LLZTO tube was soaked in 
the mixed solution for 5 min. Afterward, the LLZTO@LiTFSI+P3HT 
tube was vertically hung overnight until the solvent volatilized. The 
thickness of the yielded film is easily controlled on the basis of 
the amount of the P3HT solution applied. By adjusting the mass of 
P3HT and LiTFSI in each group, we can obtain the P3HT+LiTFSI 
films with different thickness.

Preparation of lithium recycling system
LiOH solution (1 M) was placed in the two LLZTO@LiTFSI+P3HT 
electrolyte tubes as the initial solution for the enrichment and collec-
tion of lithium ions. Two platinum electrodes were inserted into the 
initial solution as the cathode current collectors, which are connected 
to the negative terminal of the battery test instrument. Copper wire 
is introduced into the rotating shaft of the motor as the current 

collector, which is connected with the positive terminal of the 
battery test machine. The hollow LLZTO is used to selectively ex-
tract lithium ion from the spent electrode into the DI water. The 
wetting lithium- ion electrode passes over the two LLZTO ceramic 
tubes, so as to ensure the design of double-sided and bidirectional 
recycling of spent electrode. The operating temperature of this 
system is set to 50°C to guarantee the excellent Li+ conductivity of 
LLZTO. The Li extraction was carried out in the dry box filled with 
N2 atmosphere.

The working principle of lithium recycling system
First, valve 1 was opened while valves 2 and 3 remain closed, and 
the DI water was pumped into the LLZTO@LiTFSI+P3HT solid 
electrolytes as the initial solution for lithium-ion enrichment. After-
ward, valves 2 and 3 were opened, while valve 1 was kept closed. 
Driven by external electric field, the Li+ was extracted from the 
LiFePO4 electrode at the anode side accompanied by the formation 
of FePO4. Meanwhile, at the cathode, the deionized water is electro-
lyzed into OH− and H+ ions. OH− combines with the extracted Li+ 
to form LiOH. At the same time, H+ capture electrons from the 
external circuit, resulting in the generation of H2 gas, which drives 
the Li+ from the spent electrode to be enriched in the cathode com-
partment through the selectivity of LLZTO@LiTFSI+P3HT. Last, 
when the charging voltage reached 4.1 V, the battery test machine 
is stopped. At this moment, valve 2 was opened while valve 1 was 
closed, and the LiOH reaction liquid in the hollow LLZTO ceramics 
is effectively recovered into the container under the action of pump.

Materials characterizations
XRD patterns were obtained on a film XRD system (Panalytical 
X’celerator multielement detector with Cu K radiation source, 
 = 1.54056 Å). The dynamic water contact angles were measured 
with a DSA100 instrument. A droplet volume of 3 l was used for 
each measurement. The morphologies of the materials were charac-
terized by scanning electron microscopy (ZEISS Ultra 55) with 
Energy Dispersive Spectrometer mapping. XPS measurement was 
performed on an ESCALAB250Xi (Thermo Fisher Scientific) with 
a monochromatic Al K source. The lithium content in the elec-
trodes and enriched solution was measured by ICP-OES measure-
ments (Agilent ICP-OES 725 ES). Liquid samples for ICP-OES were 
diluted with a 1% aqueous nitric acid where necessary, while solid 
samples were initially dissolved in a small amount of a 70% aqueous 
nitric acid solution using a digester and then diluted to the required 
concentration range using a 1% aqueous nitric acid solution. The 
TOF-SIMS measurements were performed on a PHI nano TOF II 
with a bismuth liquid metal ion source, and the pressure of the 
chamber was around 10−7 Pa. Sputtering with an Ar ion beam (1 kV 
and 100 nA) was applied for depth profiling analysis, corresponding 
to sputtering areas of 400 m by 400 m. EIS was conducted on a 
Bio-Logic VMP3 workstation.

Density functional theory calculations
The first-principles calculations based on the density functional 
theory were performed using the CASTEP (43, 44). The Perdew- 
Burke-Ernzerhof exchange-correlation functional within the 
generalized gradient approximation was used to describe the 
exchange-correlation energy (45). The projector-augmented-wave 
method was adopted for the pseudopotentials (46). The energy 
cutoff for the plane wave basis expansion was set to 450 eV. The 
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convergence criteria for total energy and force on each atom were 
set as 10−4 eV and 0.02 eV/Å, respectively. A slab model was con-
structed with a vacuum layer of 15 Å in the z direction to avoid the 
interaction between layers. Brillouin zone for LLZTO was set with 
3 × 3 × 1 by the Monkhorst-Pack method (47), but it is extended to 
4 × 4 × 4 for bulk case. The van der Waals interaction has been 
considered using the Grimme dispersion scheme (48). LLZTO 
was model with a cubic cell a = b = c = 12.92 Å, with a formula 
Li51.20O96Zr11.20La24Ta4.80 through factional occupancy, which results 
in an atom ratio Li6.4La3Zr1.4Ta0.6O12. P3HT was simulated with 
single-unit C10H16S, which is dominated by hydrophobic alkyl. 
Water adsorption was modeled with (H2O)12 adsorbed on the 
surface with and without P3HT protection. LLZTO surface was 
modeled by the 1 × 1 slab of (010) surface, with a thickness of 
~10 Å. Specifically, the slab model contains Li39O72Zr9La18Ta3, 
leading to an atomic ratio Li6.5La3Zr1.5Ta0.5O12, being close to ex-
perimental result Li6.4La3Zr1.4Ta0.6O12.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq7948
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