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A contact-electro-catalytic cathode 
recycling method for spent lithium-ion 
batteries

Huifan Li    1,2, Andy Berbille    1,3, Xin Zhao1, Ziming Wang1,3, Wei Tang    1,3  & 
Zhong Lin Wang    1,3,4 

With the global trend towards carbon neutrality, the demand for 
lithium-ion batteries (LIBs) is continuously increasing. However, current 
recycling methods for spent LIBs need urgent improvement in terms of 
eco-friendliness, cost and efficiency. Here we propose a mechano-catalytic 
method, dubbed contact-electro-catalysis, utilizing radicals generated by 
contact electrification to promote the metal leaching under the ultrasonic 
wave. We also use SiO2 as a recyclable catalyst in the process. For lithium 
cobalt (III) oxide batteries, the leaching efficiency reached 100% for lithium 
and 92.19% for cobalt at 90 °C within 6 hours. For ternary lithium batteries, 
the leaching efficiencies of lithium, nickel, manganese and cobalt reached 
94.56%, 96.62%, 96.54% and 98.39% at 70 °C, respectively, within 6 hours. 
We anticipate that this method can provide a green, high efficiency and 
economic approach for LIB recycling, meeting the exponentially growing 
demand for LIB productions.

Lithium-ion batteries (LIBs), widely used in various electronic devices 
and grid-scale energy storage, have become an important actor of 
our personal activities and the energy industry. Amid the rapidly 
growing adoption of portable electronics in communications, trans-
portation and electricity, the demand for LIBs continues to grow. It 
is predicted that the amount of the spent LIBs will exceed 11 million 
tons worldwide by 2030 (ref. 1), representing an enormous source 
of pollution that could greatly threaten the environment and public 
health2. Meanwhile, the constantly increasing demand for LIBs trans-
lates into a growing demand for lithium and cobalt3. The International 
Energy Agency reports that the global battery and minerals supply 
chains need to expand tenfold by 2030, for example, 50 more lithium 
mines, 60 more nickel mines and 17 more cobalt mines need to be 
built4. On the other hand, the contents of lithium and cobalt in LIB 
cathodes are as high as 15 and 7 wt%, respectively, much higher than 
those in mined ores and saline5,6. Therefore, recycling metal elements 

in the cathodes of waste LIBs are of great environmental, social and 
economic importance7.

At present, LIB recycling mainly consists of three steps: pretreat-
ment, metal extraction and metal separation. Pretreatment normally 
refers to disassembly, shredding and comminution. To facilitate LIB 
recycling, battery manufacturers are required to consider rapid, effi-
cient and safe disassembly processes in battery assembly design8,9. In 
the research and development of the metal-extraction step of the recy-
cling process, the usual approach includes pyrometallurgy processes, 
hydrometallurgical recycling methods and direct recycling methods10. 
Although pyrometallurgy is widely used in the industry for its simplicity 
(without the need for pretreatment) and high efficiency, it also presents 
disadvantages, including the need of extreme temperatures (1,400 °C 
or higher) and the generation of toxic gases, leading to high infrastruc-
ture investments11. Direct recycling methods are beneficial because 
it allows batteries to be used directly after regeneration, avoiding a 
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The overall recycling processes
The whole recycling process is depicted in Fig. 1a. We first separated 
LCO from LIBs (as depicted in Supplementary Figs. 1 and 2 and Sup-
plementary Table 1). Then metals are extracted by CEC leaching. In this 
step, we mix LCO and citric acid together, add SiO2 as the catalyst and 
apply ultrasound as the source of mechanical energy. After 6 hours of 
reaction, the solution appears a pink colour, indicating the successful 
leaching of metals contained in the cathode material. The metals are 
then separated by successive precipitation, and the catalyst (SiO2) is 
recycled. During the CEC-leaching process, according to previous lit-
erature23, we proposed the CEC-leaching process as follows (Fig. 1): the 
ultrasonic wave causes the growth and collapse of cavitation bubbles, 
resulting in frequent contact electrification at the interface of SiO2 and 
water. Thus, electrons are transferred from deionized (DI) water to the 
SiO2 surface25,26. This process produces water radical cations that react 
with a water molecule (equation (1)) to form a hydroxyl radical and a 
hydronium ion27. During the collapse of the cavitation bubble, the oxy-
gen present in the bubbles reacts with electrons on the surface of SiO2, 
forming superoxide anions, as described by equation (2). Electrons, 
superoxide and hydroxyl radicals could all potentially participate in 
the leaching process. Finally, the precipitation method is performed to 
separate the mixture of lithium and cobalt ions in solution. Na2C2O4 and 
Na2CO3 are added successively to react with Co2+ and Li+ to form CoC2O4 
and Li2CO3, precursors of LCO synthesis. It is worth noting that SiO2 
used for the whole process can be simply recycled by filtration method.

H2O+ +H2O → •OH +H3O+ (1)

e−(SiO2) +O2 → •O2
− + SiO2 (2)

where e−(SiO2) represents the electron on SiO2 surface.

Characterization of metal extractions by 
CEC-leaching process
We conducted investigations on different factors to optimize the 
CEC-leaching process. Figure 2a illustrates the impact of various dielec-
tric materials on leaching efficiency. It is found that SiO2 shows the best 
performance compared with PTFE (polytetrafluoroethylene), AlN (alu-
minium nitride) and POM (polyoxymethylene) due to the higher radi-
cal content under high temperature. Then we analyse the correlation 
between the quantity of SiO2 and the leaching efficiency, as depicted 
in Fig. 2b. While the leaching efficiency increases from 0 to 80 mg, it 

lengthy and expensive purification step. However, this process requires 
a rigorous sorting/pretreatment process, a clear assessment of the 
charging state and composition of batteries (to consider losses of 
lithium caused by the thickening of the solid electrolyte interface) 
and consistent purification, making it an inflexible technology11,12. 
Hydrometallurgical process is one of the most viable options, owing to 
its high metal-leaching rate and the satisfactory purity of the recovered 
product13. However, techniques employing hydrochloric acid (HCl)14, 
phosphoric acid (H3PO4) (ref. 15) and other mineral acid16 pose dangers 
to both workers and the environment, primarily because of harmful 
by-products (such as Cl2, sulfur oxides and nitrogen oxides)17. There-
fore, organic acids, such as succinic acid18, citric acid19 and malic acid20, 
are now considered as promising alternatives. Nevertheless, organic 
acids also face their own set of challenges17. For example, additional 
reducing agents, such as hydrogen peroxide (H2O2), glucose or others, 
are required to accelerate the process, which, according to the classic 
‘4H principle’21, lowers economic returns. Recently, a deep eutectic 
solvent that acts as an effective leaching and reducing agent has been 
reported, but this process requires long reaction time (>24 h), high 
reaction temperature (>135 °C) and supplementary electrochemical 
processes to recycle the solvent22.

Recently, the concept of contact-electro-catalysis (CEC) has been 
proposed, utilizing the electron transfer during liquid–solid contact 
electrification to generate free radicals to catalyse chemical reactions23. 
For example, Wang et al. utilized the formation of hydroxyl radical to 
degrade methyl orange23 and Zare et al. demonstrated the generation 
of H2O2 by flowing water in glass microchannel24. Here we propose an 
approach by employing CEC to replace traditional reducing agents 
in the organic acid-leaching process. Specifically, in CEC, we provoke 
continuous solid–liquid contact and separation through the cavita-
tion bubbles under ultrasound, thus leading to constant generation of 
reactive oxygen species through contact electrification. SiO2 serves as 
the catalyst, which is recyclable. It is found that for the lithium cobalt 
(III) oxide (LCO), the leaching efficiency of lithium can reach 100% 
and that of cobalt is 92.19% at 90 °C. For the lithium nickel manganese 
cobalt oxide (NMC), the leaching efficiencies of Li, Ni, Mn and Co are 
found to be 94.56%, 96.62%, 96.54% and 98.39% at 70 °C, respectively. 
Because the characteristic of CEC involves recyclable catalysts (pris-
tine dielectric materials) and mechanical-activated reaction region 
(stereoscopic), we anticipate that this method can provide a green, 
high efficiency and economical approach for LIB recycling, meeting 
the exponentially growing demand for LIB production.
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Fig. 1 | Flow chart of lithium battery recovery by CEC leaching. The spent 
lithium batteries are manually disassembled to obtain the electrode powder. 
Then the powder and SiO2 catalyst are put into citric acid solution under 
ultrasonic conditions. After reaction, the catalyst and the leaching solution are 

separated by centrifugation. The obtained catalyst is used for the next-round 
leaching reaction, and the targeted metal ions in the leaching solution are 
separated by precipitation methods.
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drops obviously between 80 and 100 mg. Indeed, an excessive amount 
of catalyst may induce the ultrasound waves to scatter, resulting in a 
reduction in efficiency28,29. And Supplementary Fig. 3 shows the effect of 
particle size of SiO2 on leaching efficiency. Figure 2c shows the leaching 
efficiency increases as the solid/liquid ratio (S/L), namely the weight of 
LCO over the volume of the solution, until it saturates. Subsequently, 
we examine the influence of citric acid (CA) concentrations, as illus-
trated in Fig. 2d. We observed that the leaching efficiency of lithium 
increases when the concentration increases from 0.1 to 0.3 mol l−1, 
owing to the promotion of the reaction between protons and lithium 
ions, until the lithium is released from the LCO framework7. While that 
of cobalt decreases to 73.12%, the increase of CA concentration results 
in higher ion concentration in the solution, thus impeding charge trans-
fer between the water and the particle interface, due to the screening 
effect30. Therefore, there is a trade-off. The leaching time is shown in 
Fig. 2e, indicating that the leaching efficiency tends to be saturated 
when the time is over 6 h. Finally, Fig. 2f illustrates the influence of 
temperature. Because the metal-leaching process is endothermic, 
higher reaction temperatures create thermodynamically favourable 
conditions for leaching31, so the highest efficiency is observed at 90 °C. 
In light of those results, we selected SiO2 as the catalyst, and the CA 
concentration is 0.2 mol l−1, SiO2 dosage is 80 mg, the S/L is 10 g l−1 and 
the reaction temperature and time is set at 90 °C and 6 h. On this condi-
tion, the Li and Co leaching efficiency recorded as 100% efficiency for 
Li and 92.19% for Co. Moreover, we test the recycling performance of 
CEC leaching on NMC, as shown in Supplementary Fig. 4. The leaching 
efficiencies for Li, Ni, Mn and Co are achieved at 94.56%, 96.62% and 
96.54%, respectively, demonstrating the excellent recycling ability of 
the CEC-leaching process for a ternary lithium battery.

Mechanism investigations of the CEC-leaching 
process
Afterwards, we investigate the mechanism of the CEC leaching. Figure 
3a shows the trapping experiments. The leaching efficiency of Co2+ 

after 1 h obviously varied after different trapping agents were added. 
Specifically, when AgNO3 is added into the solution, the leaching effi-
ciency is drastically lowered, indicating that electrons are important 
active species in the leaching process, which implies CEC can gen-
erate electrons capable of participating in the reduction of Co3+ to 
Co2+, as shown in equation (3). Moreover, the addition of tert-butanol 
as a scavenger for hydroxyl radicals also resulted in obviously lower 
leaching efficiency, indicating the important role of hydroxyl radi-
cals in CEC leaching. This may be attributed to that hydroxyl radicals 
favour the break of the Co–O bond, which helps Co dissociate from 
the LCO skeleton. As a result, the Co cations are more readily avail-
able to interact with electrons at the surface of SiO2, leading to an 
improved Co recovery efficiency. Additionally, capturing superoxide 
radicals with p-benzoquinone also dampens the leaching efficiency. 
We speculate that on one hand, ·O2

− could contribute directly to the 
reduction of metal, as shown in equation (4)32,33. On the other hand, 
·O2

− can obtain protons to produce H2O2 under acidic conditions, as 
depicted in equation (5)34, so as to leach metals with hydrogen peroxide 
behaving as in the acid-leaching reaction (equation (6)). Moreover, 
to further confirm the generation of hydroxyl radicals and electrons, 
electron spin-resonance spectroscopy (ESR) has been employed. At 
first, to detect hydroxyl radicals, the spin-trapping reagent DMPO 
(5,5-dimethyl-1-pyrroline N-oxide) is utilized. As shown in Fig. 3b, 
after adding DMPO trapping agent under CEC reaction conditions, 
we can find the typical quadruplet peak of DMPO-OH (1:2:2:1), indi-
cating that the catalytic process of CEC results in the production of 
hydroxyl radical. In addition, the presence of electrons in the reaction 
system was assessed by adding a spin-trapping reagent 2,2,6,6-tetra
methylpiperidine-1-oxyl(TEMPO), as shown in Fig. 3c. An obvious triple 
ESR signal peak with an intensity of 1:1:1 decreased during the reaction 
time, indicating the generation of electrons, which participate in the 
valence-changing reaction of cobalt35.

e− (SiO2) + LiCoO2(III) + 4H+ → Li++Co2+ + 2H2O + SiO2 (3)
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Fig. 2 | Metal extraction by CEC leaching. a–f, Influences of the choice of 
dielectric materials at 70 °C (a), SiO2 dosage at 70 °C (b), S/L ratio at 70 °C (c), 
citric acid (CA) concentration at 70 °C (d), leaching time at 70 °C (e) and reaction 

temperature on the leaching efficiency of Li and Co for LCO batteries (f). Data are 
presented as mean values of three replicate data. The black diamond symbols 
correspond to the leaching efficiency of individual samples.
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O2
− + LiCoO2 (III) + 4H+ → Li++Co2+ + 2H2O +O2 (4)

e− (SiO2) + •O2
− + 2H+ → H2O2 + SiO2 (5)

H2O2 + LiCoO2 (III) + 3H+ → Li++Co2+ + 5/2H2O + 3/4O2 (6)

Considering the effect of temperature on the acid-leaching pro-
cess and on charge transfers in contact electrification, we measured 
the amount of ·OH and ·O2

− generated at different temperatures. First, 
we evaluated the concentration of hydroxyl radical generated in the 
CEC-leaching process by THA-OH fluorescent probe method. Figure 3d 
shows the change of ·OH concentration with temperature and control 
experiments exhibited in Supplementary Fig. 5a–e. The ability to form 
·OH increases at 70 °C due to the enhancement of CE. As the tempera-
ture increases, the number of transferred electrons will increase36 so 
that ·OH content increases with temperature37. Then we also tested 
the ability to generate ·OH of different dielectric materials at different 
temperatures (Supplementary Fig. 5f–k), which indicated that elec-
tronegative materials possess a higher capacity to generate hydroxyl 
radicals at suitable temperatures. On the other hand, to detect super-
oxide radicals, nitro blue tetrazolium (NBT) was employed38 (Fig. 3e), 
and control experiments are shown in Supplementary Fig. 6a,b. It can 
be found that the content of superoxide free radicals increases gradu-
ally from 30 °C to 70 °C and decreases at 80 °C. The observed increase 
in superoxide free-radical generation from 30 °C to 70 °C may arise 
from the enhanced charge transfers as the temperature increases37. 
However, the dropping concentration of superoxide radicals at 80 °C 
could owe to the decreasing solubility of air in water as temperature 

increases39, thus counterbalancing the benefits of enhanced charge 
transfers in this condition. As a result, the reactions presented in equa-
tions (4) and (5) are suppressed. Supplementary Fig. 6c–f displays the 
performance outcomes of alternative materials. More importantly, 
H2O2 is widely used in hydrometallurgy. And Zare et al. has reported 
that H2O2 can be spontaneously produced from the hydroxyl groups on 
the solid surface when water–solid contact occurred24. So we test the 
generation of H2O2 during the CEC-leaching process as shown in Fig. 3f. 
With the extension of reaction time, the intensity at 350 nm gradually 
increased, indicating the continuous generation of hydrogen peroxide. 
Furthermore, to evaluate the performance of contact electrification at 
the water–SiO2 interface, we designed a single-electrode triboelectric 
nanogenerator (SE-TENG), made up of SiO2 and electrode layers. Upon 
removing the SiO2 and electrode from DI water, a potential differ-
ence is created between the electrode and the ground, thus causing 
electron flow detected by the electrometer40,41. Supplementary Fig. 7 
demonstrates the amount of transferred charge to be approximately 
1.41 nC, thereby confirming the occurrence of charge transfer during 
contact electrification.

Therefore, we summarize the mechanism of the CEC-leaching pro-
cess. Ultrasonic conditions induce the generation and collapse of cavi-
tation bubbles. Simultaneously, they produce a high-pressure microjet 
of water molecules that collide with SiO2, thus causing electron transfer 
from water to SiO2. The water radical cation will quickly react with a water 
molecule to form a hydroxyl radical and a hydronium, as shown in equa-
tion (1), and ·OH will break the Co–O bond and promote the reactions 
described by equations (3), (4) and (6). Electrons on the SiO2 surface will 
reduce Co3+ to Co2+ (equation (1)) to realize the metal leaching. Oxygen in 
the cavitation bubbles can grab electrons from the SiO2 surface, forming 
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superoxide anions (equation (2)), and leaching metal from LCO can be 
described using the reaction equation from equations (4)–(6).

Precipitation after CEC leaching
After the leaching process, we obtain a leaching solution that contains 
a mixture of Li and Co ions that need to be separated and recovered 
from the solution for further use. Hence, we add Na2C2O4 into the leach-
ing solution and obtained the CoC2O4 pink precipitate. Figure 4a–c 
shows the properties of obtained CoC2O4. Figure 4a shows the X-ray 
diffraction (XRD) peaks are consistent with the standard card of CoC2O4 
(PDF#25-0251), which indicates the formation of CoC2O4. Moreover, the 
Fourier-transformed infrared spectroscopy (FTIR) shows obvious char-
acteristic peaks of CoC2O4 and confirms the same results as XRD. Nota-
bly, the peak at 1,605.84 cm−1 is assigned to asymmetric vibration of the 
C–O bond, and the closely spaced bands at 1,356.46 and 1,308.24 cm−1 
are assigned to symmetric vibration of the C–O bond, illustrating the 
presence of bridged oxalates with all four oxygen atoms in coordina-
tion with the metal atom. Scanning electron microscopy (SEM) image 
shows the cobalt oxalate precipitate presents a lamellar structure42. 
After removing cobalt ions from the solution by precipitation method, 
saturated sodium carbonate was added to the lithium-rich solution to 
produce lithium carbonate precipitation. Figure 4d–f illustrates the 
XRD pattern, FTIR spectra and SEM image of the obtained Li2CO3. The 
XRD pattern of the Li precipitate corresponds to that of Li2CO3. Moreo-
ver, the peaks of the FTIR at 1,152.78 cm−1 attributed to the vibration of 
the symmetric C–O (ref. 43) and the band located at 1,388.75 cm−1 and 
1,585.45 cm−1 assigned to antisymmetric stretching vibrations of the 
C–O bond of Li2CO3 (ref. 44) confirm the precipitate is Li2CO3.

Recyclability of the catalyst
Afterwards, we assessed the recyclability of the catalysts. We tried dif-
ferent methods to recover SiO2 as shown in Fig. 5a. Method O, A and B 

are chemical treatment methods, employing aqua regia, HCl (50%) and 
NaOH (10%), respectively. It appears using these treatments is detri-
mental to the leaching efficiency and require two or three steps. If we 
do not recycle by chemical method but directly add the precipitation 
after the reaction to the next batch (Method C), the leaching efficiency 
is higher. And the leaching performance has no obvious decrease after 
recycling the powder five times, as seen in Fig. 5b. The infrared spectrum 
shows both pure silica and recycled silica present obvious antisym-
metric stretching vibration peaks of Si–O–Si at 1,021.17 cm−1 and obvi-
ous characteristic absorption peaks of silica at 439.11 and 796.41 cm−1, 
indicating no obvious changes of chemical structure. In addition, SEM 
imaging (Fig. 5d–f) shows the microspheres morphology of SiO2 and 
recycled SiO2. More importantly, we evaluated the economics of this 
process, as shown in Supplementary Note 1 and Supplementary Fig. 
845. The input cost is US$73.975 kg−1 spent LiCoO2 powders, and the 
revenues are US$82.961 kg−1 spent LiCoO2 powders, so this method 
has a profit of US$8.986 kg−1 spent LiCoO2 powders, which is excellent, 
as shown in Supplementary Table 2, compared to other acid-leaching 
methods. Therefore, the proposed process for recycling spent LCO bat-
teries appears promising at the current scale. And it produces a small 
amount of waste (such as wastewater and exhaust gas) throughout 
the recycling process.

Conclusions
Here we demonstrate the feasibility of leaching metals from LIB 
cathode materials using contact-electro-catalysis. The CEC-leaching 
efficiency of Li and Co reached 100% and 92.19% for LCO in 6 hours 
at 90 °C, respectively, whereas those of Li, Ni, Mn and Co for NMC 
attained 94.56%, 96.62%, 96.54%, and 98.39% at 70 °C, respectively. 
To further enhance the leaching efficiency, further work needs to be 
focused on improving the catalyst or the reaction solution. For example, 
we could consider using micro/nanoengineering to achieve a higher 
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electrification ability for SiO2, replacing SiO2 by other dielectric mate-
rials with good temperature resistance or changing aqueous solution 
to organic solution for obtaining a higher reaction temperature. In 
this work, we also demonstrate that the compounds obtained by pre-
cipitation could be used as precursors for the synthesis of valuable 
products. Moreover, we verified that the SiO2 as a catalyst can be suc-
cessfully recycled. The CEC-leaching approach present in this work 
provides a promising solution to the sustainable recycling of LIBs with 
eco-friendliness, economic effectiveness and high efficiency. Mean-
while, we anticipate that it could also be noteable for recycling of noble 
metals such as silver and gold from electronic waste.

Methods
Chemical reagents
Two μm silicon dioxide (SiO2, Aladdin, 99.95%), aluminium nitride (AlN, 
Macklin, 99.5%), fluorinated ethylene propylene (Dupont), Nylon-6,6 
(C12H22N2O2)n, Dupont), Polyoxymethylene (POM,(CH2O)n, Dupont), 
p-phthalic acid (PTA, C8H6O4, Macklin, 99%), p-Benzoquinone (C6H4O2, 
Macklin, ≥99.5%), 2-hydroxybenzene-1,4-dioic acid (C8H6O5, Macklin, 
≥98.0%), Citric acid monohydrate (C8H6O7ˑH2O, Sinopharm Chemi-
cal Reagent Co.), trisodium phosphate anhydrous (Na3PO4, Aladdin, 
99.99%), ethylenediaminetetraacetic acid disodium salt (C10H14N2 
Na2O8·2H2O, Aladdin, 99%), tert-butanol (C4H10O, Sinopharm Chemical 
Reagent Co., 98.0%), silver nitrate (AgNO3, 99.8%, Sinopharm Chemical 
Reagent Co.), nitrotetrazolium blue chloride (C40H30N10O6ˑCl2, Macklin, 
98.0%), sodium carbonate (Na2CO3, Sinopharm Chemical Reagent Co.), 
sodium oxalate (C2Na2O4, Sinopharm Chemical Reagent Co.) were used.

Pretreatment of spent LIBs
Discarded cell phone batteries were purchased from a Beijing, China, 
battery-recycling company. To recover the metal in spent lithium bat-
tery, it is necessary to pretreat the battery to get the electrode powder 
for recovery. The pretreatment mainly includes the following steps.

Discharging: to prevent spontaneous combustion and short cir-
cuiting during disassembly, the battery must be discharged first. It is 

immersed in a NaCl solution (10%, w/v) for 12 hours to complete the 
discharge, then rinsed four times with ultrapure water and dried for 
12 hours in an oven at 60 °C. Disassembly: in the fume hood, the battery 
shell is removed with pliers and scissors. We then manually disassemble 
the aluminium film and separate the anode, cathode and diaphragm. 
Treatment of cathode film: the cathode film should be rolled out and cut 
into small pieces (2 cm × 2 cm), then placed into a crucible and heated 
in a muffle furnace at 500 °C for 30 minutes to remove cross-linking 
agents (PVDF and others). LCO is then stripped off the aluminium film. 
The material obtained is then ground to a powder with a mortar for the 
leaching experiment as illustrated in Supplementary Fig. 1.

Metal leaching using contact electrocatalyst
For the metal-recovery experiments, 80 mg of SiO2 powder was added 
into a beaker containing 40 ml citric acid solution and then magneti-
cally stirred at 550 r.p.m. for 1 h. 400 mg SLCO is added into the solu-
tion, and the beaker is placed into the ultrasonic bath (40 kHz, 120 W) 
for 6 h at 70 ± 3 °C. After ultrasonic treatment, the aliquots are cen-
trifugated at 10,689 × g for 3 minutes. The concentrations of lithium 
and cobalt ions in the filtrate were measured by inductively coupled 
plasma optical emission spectrometer (ICP-OES).

The leaching efficiency (η) of LCO under different conditions was 
calculated by equation (7).

η = CtVt
mw% × 100% (7)

where η is the leaching efficiency of metal (%), Ct is the metal concentra-
tion of Li or Co ion in the solution (mg l−1), Vt is the volume of leaching 
solution (l); m is the mass of LCO powder; w% is the mass fraction of 
metals in the spent LCO powder.

Metal separation
Cobalt precipitation: 500 mg Na2C2O4 was added to the leaching solu-
tion, stirred at room temperature for 30 minutes, then centrifuged to 
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obtain a sodium oxalate precipitate and a lithium solution. Lithium 
precipitation: the lithium-ion solution obtained in the previous step 
was reacted with saturated sodium carbonate and then stirred at 95 °C 
for 2 hours. The white lithium carbonate precipitate is then extracted 
from the solution by centrifugation.

SiO2 recovery
We demonstrated it with three methods. In the first approach, the 
sonicated solution was centrifuged to obtain a mixture of residue 
and silica. Then, the residue was immersed into 30 ml 50% HCl and 
stirred at 70 °C for 1 hour. Next, the reaction solution was centrifuged 
to recover the silica, which was repeatedly cleaned with water and dried 
under vacuum for 5 h at 50 °C. In the second method, 10 wt% NaOH was 
used to dissolve SiO2 and then precipitated with dilute hydrochloric 
acid to obtain SiO2. The solution after the reaction was separated by 
centrifugation at 10,689 × g for 5 min to obtain precipitation and clear-
ing. Then, the precipitate was added to 10% NaOH, heated at 90 °C for 
1 hour, centrifuged, and the pH of obtained supernatant was adjusted 
to 7 with dilute HCl. Next, the precipitate was cleaned with water and 
dried under vacuum for 5 h at 50 °C. In the third method, the ultrasonic 
solution was centrifuged to obtain precipitation and clear liquid. The 
clear liquid is used for metal separation, and the precipitation is dried 
in a drying oven at 50 °C for 5 hours.

Free-radical test
The active species during the leaching reaction at 1 h were investi-
gated by additionally dissolving 0.1 mM trapping agents including 
ter-butanol, p-benzoquinone, AgNO3 and EDTA-2Na, which could 
capture ·OH, ·O2

−, electron and hole, respectively. Then, 6,840 mg 
trisodium phosphate was added into 450 ml DI water and stirred to 
dissolve. Then, 2,991.6 mg terephthalic acid (THA) was added into 
the solution to obtain the buffered THA solution. 80 mg silica was 
added into 40 ml THA solution and sonicated for 1 h. Next, the fluo-
rescence spectrum of the solution was tested under 312 nm excitation. 
NBT solution of 15 mg l−1 was prepared. 80 mg of silica was weighed 
and added to 40 ml NBT solution, and the mixture was sonicated for 
30 minutes. The absorbance of the solution was measured with a UV–vis 
spectrophotometer.

Fabrication of SE-TENG
Before the experiment, the SiO2 glass was rinsed with ethanol and 
dried in the oven. SiO2 glass (6 × 5 cm2) was carefully attached onto 
smooth copper tape and the glass was wrapped with waterproof 
tape. Smooth and clean PMMA plates (6 × 5 cm2) were used as the 
substrates. The electric output of this SE-TENG device when repeat-
edly immersed in DI water stands for the intensity of contact electri-
fication at the water–SiO2 interface46. As the SiO2 and electrode are 
pulled out of the solution, a potential difference is formed between 
the electrode and the ground, thus causing electron flow detected 
by the electrometer40,41.

Characterization
Xpert3 powder XRD was used to characterize the structures of  
cobalt oxalate, lithium carbonate and silica powder before and  
after recycling. The scanning speed is set at 5° min−1, and the scanning 
range is 5–90°. The morphology of cobalt oxalate, lithium carbonate 
and silica powder before and after recycling was obtained by SU8020 
scanning electron microscopy. Lithium and cobalt ion concentra-
tions were measured by Agilent ICP-OES 730. The absorption spec-
trum of NBT solution was analysed in an UV–vis spectrophotometer  
(Cary 3500 and Shimadzu UV-3600). The fluorescence spectra of  
THA and THA-OH are measured by full-function fluorescence spec-
trometer (FLS980-S2S2-stm). Electron spin-resonance spectrum 
(Bruker A300) recorded the changes of hydroxyl radicals and elec-
trons over time.

Data availability
The data supporting the findings of this study are available within 
the paper and its Supplementary Information files. Source data are 
provided with this paper.
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