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Note S1. The Working Mechanism of TENG

With the mechanism of contact electrification, PA layer is positively charged and Cu
exhibits negatively when contact (Figure S2a). As the PA layer slides from the left to
the right, the electrons on the left Cu electrode will transfer to the right one (Figure
S2b) till it overlaps with the Cu layer (Figure S2c¢). Later, when another PA film
reaches the left Cu layer, the electrons on the right Cu electrode return to the right
electrode (Figure S2d). Therefore, an alternative signal is generated in the outside

circuit.



Note S2. Activation Energy Calculation According to The Arrhenius Formula

The main factors affecting the leaching efficiency are as follows: (1) diffusion of
reactive ions within the liquid film, (2) diffusion of reactive ions through the product
layer of the particles up to the surface of the inner core, and (3) the chemical reaction
at the surface of inner core. The leaching kinetic model can be divided into three types:
(1) Surface chemical control model (Equation 1),! (2) Diffusion control model

(Equation 2),? (3) Log rate law model (Equation 3),3

1-(1-x)13 = k¢t (1)
1-2/3x-(1-x)?3=k,t )
(-In(1-x))>=k;t 3)

where x is leaching efficiency (%); k;, k> and k; represent the different reaction rate
constant (min-!'); and ¢ refers to the leaching time (min). The leaching efficiency data of
each metal was used to fit the above three formulas respectively under different
experimental conditions.
The activation energy of each metal was obtained by Arrhenius equation (Wu et
al.,2019) (Eq. (4))

Ink =1n4 — Ea/RT (6)
where 4 is the frequency factor; Ea represents the apparent activation energy; R is the

gas constant of 8.3145 J/KZ&Amol; and T (k) is the leaching temperature.



Note S3. Li-ion Diffusion Coefficient of The Regenerated LFP
If the charge transfer at the interface is fast enough and the rate limiting step is the
lithium diffusion in electrode, the relationship of the peak current and the CV sweep
rate is:

ip = (2.69 x 10°)n*24Dy;'*Cv'"? (1)
where ip is the peak current (A), " is the charge-transfer number, # is the contact area
between LFP and electrolyte (here the geometric area of electrode, 2 cm?, is used for
simplicity), Cy; is the concentration of lithium ions in the cathode, and v is the potential

scan rate (V s).



Note S4. Detailed Information for The Cost Assessment of Spent LFP Battery
For the cost assessment of spent LFP battery, consistency and authority are two
important aspects to evaluate the cost of raw material, reagents, products, and energy
consumptions. In order to better compare out work with previous works, we cited two
works below (ref.4 and ref.5) for the prices of the parts of the materials. For the material
or the reagent that did not use before, we checked the price in “Alibaba.com”.

Taking 1.0 kg of spent LFP batteries as an example, the economic assessment for spent
LFP battery recovery is performed based on our proposed process. The details are as
follows (1$ = 6.8 RMB):

i) The separation of LFP pouch battery: 446.7g LFP cathode electrode, 256.5g
graphite anode, 90.9 g casing, and 25.3 g separator are obtained after a manual
dismantling and sorting process. The input cost of 1.0 kg spent LFP battery is $2.326,*
and the profits from the casing and separators, graphite are $0.023 and $0.180,
respectively.

ii) Electrochemical Recycling of LFP cathode material: NMP (500 mL) is used to
dissolve the binder and the obtained LFP cathode material and aluminum foil are 416.1g
and 30.6g. Then LFP cathode material is mixed in 1L NaCl solution for anodic
oxidation, and 198.8g Na,COj is added to precipitate Li* in the solution. The obtained
Li,CO; and FePO, are 97.3g and 397.2g, while the hydrogen obtained in the cathode is
29.3L. Therefore, the input cost of NMP, NaCl, and Na,CO; is $1.60, $0.015 and
$0.048. While the profits from the aluminum foil, and hydrogen are $0.009, $0.023,
respectively.

The operation time for the recycle of LFP is about 2h. The motor for the electrochemical
recycling technology is 0.1k W. The input cost of electricity for 1.0 kg of spent LFP
battery recycling was 2h x 0.1 kW x $0.07/kWh = $0.014.

iii) The generation of LFP: extra 1.0% Li,CO; (0.972g, $0.011), 10 L nitrogen ($0.29)
and 0.38 kWh electricity ($0.027) is input to obtain 416.0 high-performance cathode
material ($5.811).

Thus, the total cost (Cyyar) and profit (Py.1) of whole process for regeneration of LFP

cathode material can be calculated below.



total
= raw material + reagents + energy = $2.326 + $1.964 + $0.041 = $4

P, = new LFP + reagents + hydrohen = $5.811 + 0.212 + 0.023 = $6.046

tota
In summary, the total profit of whole process is $1.715 when dealing with 1.0 kg of
spent LFP batteries. Where, for the cost part, the raw material is spent LFP batteries.
reagents are NMP, NaCl, and Na,CO;_extra Li,COs, nitrogen. Energy is the electricity
needed for separation and regeneration of LFP. For the profit part, reagents are the
casing and separators, graphite, aluminum foil.

It is notable that the NMP can be repeatedly use to dissolve the cathode material after
a distillation process. And we assume that the attrition rate is 10% when distilling. Thus,
the total cost can be saved 90% of the cost of the NMP from $4.331 to $2.891. The
profit can be enhanced from $1.715 to $3.155.

The prices for the parts are as follows: spent LFP battery ($2.326/kg), spent LFP
cathode material ($0.306/kg), graphite anode material ($0.7/kg), spent casing/separator
($0.2/kg), new separator ($18.2/kg), new aluminum-plastic film ($18.2/kg), electrolyte
($5.51/kg), hydrogen ($8.82/kg), Cu foil (§7.0/kg), NMP ($3.2/kg), NaCl ($0.015/kg),
acid ($0.05/kg), Na,CO; ($0.24/kg), Al foil ($0.3/kg), Li,CO; ($11.5/kg), FP precursor
($1.0/kg), nitrogen ($29.4/m?), electricity ($0.07/kWh), new LFP cathode material
($13.97/kg).



Note SS. Detailed Information for The Cost Assessment of Direct recycling

We take the “A recrystallization approach to repairing spent LiFePO, black mass, J.
Mater. Chem. A,2023, 11, 9057” as a case study to investigate the cost assessment of
direct recycling.’ The repairing procedure are as follows,

1 g of the spent LFP powder was mixed with 0.08 g LiNO; and 0.02 g anhydrous
glucose (AR) by ball-milling at 300 rpm for 30 min, noted as the mixture. Then the
powder mixture was placed inside an alumina porcelain boat and then heated in a muffle
furnace at 300 °C and maintained for 30 min in air (this process may release nitric
oxides such as NO,, and the tail gas should be filtered by using an alkaline solution).
The LFP powder which was just heated was quickly quenched by pouring ~10 ml of
DI water into the porcelain boat, and washed with DI water and ethanol via suction
filtration to remove the unreacted LiNO; and other solvable residues. Then the powder
was placed in a 10 ml centrifuge tube filed with 5 ml saturated ZnCl, aqueous solution
and centrifuged for 5 min at a differential speed of 30006000 rpm (peak centrifuge
force: ~122 G). Typically, ~0.74 g repaired LFP (~92% of LFP from the black mass)
can be collected from the sediment in the centrifuge tube (after washing with DI water
to remove residual ZnCl,), and the powder floating on top can be collected as spent
graphite.

The main material, reagent, and energy for recycling 1 kg spent LFP batteries in this
procedure is listed (supposing the same yield as our work with 447g LFP cathode
material when recycling 1kg spent LFP battery):

1. 1kg spent LFP battery, $2.326/kg

. ~35.76g LiNO;, $33.8/kg

. ~8.94 g anhydrous glucose, $6.17/kg

B~ W

.~41.5g NaOH in alkaline solution for filtering NO, (NaOH/NO,=2:1, $0.66/kg,)

5. saturated ZnCl, ($1.323/kg, solubility, 432g/100g, 21.6g/5mL)

6. yield: 74%,

7. The energy for this procedure is $0.07/kWh

Therefore, the total cost of recycling lkg spent LFP is material ($2.326) + reagent
($1.209 +$0.055 + $0.027) + energy (~$0.021) without considering the cost of ZnCl,.



The profit is new LFP ($4.621) and spent graphite ($0.081). In summary, the total profit
of whole process is $1.06 when dealing with 1.0 kg of spent LFP batteries without
considering the cost of ZnCl,. The results also indicate that although the direct recycling
is favorable due to the simplified procedure and low energy input, the additives are

pricey.
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Figure S1. Output performance of PA/Cu pair and PP/Cu pair. (a) The transferred
charge, (b) current, and (c) voltage of PA/Cu pair and PP/Cu pair.



Figure S2. The working mechanism of TENG. (a) The contact of PA and Cu, (b) PA
layer slides from the left to the right, (c) PA layer overlaps with the Cu layer, (d) another
PA film reaches the left Cu layer.
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Figure S3. The output of TENG. (a, c, e, g) The transferred charge, current, voltage and
peak power of OR-TENG, (b, d, f, h) The transferred charge, current, voltage and peak
power of IR-TENG.



Figure S4. The circuit diagram of TENG. (a) without and (b) with TFs.
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Figure S5. The output of TENG rectified with TFs. (a) The transferred charge, (c)
current and (e) voltage of OR-TENG after rectification with TFs, (b) The transferred

charge, (d) current and (f) voltage of IR-TENG after rectification with TFs.
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Figure S6. The transferred charge of OR-TENG and IR-TENG after rectification with

TFs.
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Figure S7. The application of TENG. TENG as a power supply to (a) charge capacitors,
(b) 48pcs of hygrothermographs according to (c) the circuit diagram. (d) the voltage of
the hygrothermographs powered by TENG and the (e) the circuit diagram of powering
a wireless temperature and humidity sensor (T & H sensor), a wireless vibration sensor

and a wireless light sensor.
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Figure S8. The application of TENG. The fabricated TENG powers (a) a wireless
temperature and humidity sensor, a wireless vibration sensor and a wireless light sensor.
(b) The App of the sensors and (c) the working conditions when driving the relevant

SENSOors.



Figure S9. The generation of hydrogen in the cathode.
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Figure S10. The working conditions of electrochemical reactor. (a) The quantity of

transferred charge and (b) pH varies with time.
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Figure S11. UV-Vis spectra test. (a) UV-Vis spectra of NaCl, KI and I,-KI solution

and (g) the standard curve of KI solution for calibrating C1O- concentration.



Figure S12. The color of the electrochemical leaching under 0.7 mol L-! NaClO in 1

hour.
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Figure S13. The characterization of regenerated LFP cathode material. (a) SEM of the

regenerated LFP cathode material and the (b) energy dispersive x-ray (EDX) test.
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Figure S15. The working conditions of fabricated self-powered spent LIB recovery
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voltage of the electrochemical LIB reactor.



Table S1. The summary of LFP cathode materials recycled from spent LIBs in the literature and this study.

Item Recycling Procedure Material Performance Energy Input | Reference
methods consumption
1 Direct Solution relithiation treatment LiOH, citric 162,144, 102 mAh g at Yes 6
regeneration (180°C 5h), annealing (600 °C acid, Li,CO; 0.2,2,and 10 C
2h)
2 Direct Relithiation in Ar (300 °C 6 h), | LiNOs3, FeC,0,, 145 mAh g'at0.5C Yes 7
regeneration annealing in Ar (600 °C for 6 h) sucrose,
3 Direct Sintered in Ar/H, (800 °C for 6 Li,DHBN, 127 (2C), 111 (5C), 97 Yes 8
regeneration h) (10C) mAh g at 2, 5,
10 C, 90% at 1 C after
300 cycles
4 Electrochemical Preparing prelithiation Li,C,04, CMK- 159.0 (0.1C),161.4 Yes 9
Regeneration Separator 3, PVDF, PP (0.2C), 158.4
separator, (0.5C),139.4 (1C) mAh
g1, 90.7% after 292
cycles
5 Direct Heating (300 °C, 30min), Glucose, LiNOs, | 162 mAh g at 1C, 97% Yes 3
regeneration alkaline solution | at 0.5 C after 500 cycles




6 Direct Hydrothermal treatment (180°C | Ethanol, PVP, 146 mAh g'!at 0.3 C, Yes 10
regeneration 5h), sintered in argon (700 °C CH;COOLi 95.7% at 0.5 C after 230
for 5 h) cycles
7 Direct Hydrothermal treatment (200°C | LiOH, tartaric 165.9 (0.1C), 151.9 Yes 1
regeneration 3h), sintered in argon (700 °C acid (0.5C), 145.9 (10),
for 2 h) 133.1 (2C) and 114.9
(5C) mAh g1, 99.1%
after 200 cycles at 1 C
8 Electrochemical | Discharging, annealing (600 °C Li,SO, 147.5 (0.1C),150.0 Yes 12
regeneration 2h) (0.2C), 124.7 (2C), 70.6
(10C) mAh g!, 95.30%
and 84.68% after 500
cycles at 1C and 5C.
9 Oxidation oxidation leaching, thermal H,0,, LiOH, 144 (1C), 133 (5C), 120 Yes 13
leaching annealing at 350 °C for 1 h, citric acid (10C) mAh g!, 99.0 %
calcinated at 650 °C for 10 h in after 300 cycles at 5C.
argon
10 Electrochemical Electrochemical separation, NaCl 167.8 mAh g! (0.1C), Partly This
regeneration annealing at 350 °C for 2 h, Li1,CO; 161.1 mAh g! (0.2C), powered by Work




sintered at 650 °C for 6 h

(1C), 142.4 mAh g!
(2C), 125.5 mAh g!
(5C), 108.6 mAh g!
(10C), 94.0 % after 300
cycles at 5C.

fabricated
TENG.
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