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The skyrocketing production of lithium-ion batteries (LIBs) for electric vehicles por-
tends that tremendous numbers of used LIBs will be generated. However, the recycling
of used LIBs is limited by the complicated separation processes of traditional pyromet-
allurgy and hydrometallurgy methods. Here, we applied a rapid thermal radiation
method to convert spent LiNi; . ,Mn,Co,0, (NMC) cathodes from used LIBs into
highly efficient NiMnCo-based catalysts for zinc-air batteries (ZABs) through acid
leaching and radiative heating processes, which avoids sophisticated separation of differ-
ent metals and can synthesize the catalysts rapidly. The prepared NiMnCo-activated
carbon (NiMnCo-AC) catalyst presents a unique core-shell structure, with face-
centered cubic Ni in the core and spinel NiMnCoOy in the shell, which redistributes
the electronic structure of the NiMnCoOy shell to decrease the energy barrier for oxy-
gen reduction reaction (ORR)/oxygen evolution reaction (OER) processes and ensures
high electrocatalytic activities. The NiMnCo-AC catalyst in ZABs as cathode materials
exhibits a high power density of 187.7 mW cm ™2, low voltage gap of 0.72 V at the ini-
tial three cycles, and long cycling duration of 200 h at the current density of 10 mA
cm ™2, This work provides a promising strategy to recycle spent LIBs to highly efficient
catalysts for ZABs.

spent NMC cathode | rapid thermal radiation | NiMnCo nanoparticles | core-shell structure | zinc-air
batteries

The worldwide trend of developing electric vehicles largely increases the demand for
lithium-ion batteries (LIBs), which causes the price of related metals (e.g., Li, Ni, Co,
and Mn) to soar and generates millions of tons of used LIBs (1-4). The large amount
of LIBs waste leads to serious environmental pollution (5-7). To alleviate the environ-
mental problems and mitigate the shortage of related metals, it is of critical importance
to recycle these metals from spent LIBs (8-11). LiNi;_,,Mn,Co,O, (NMC)-type cath-
odes are largely used in LIBs due to their high energy density and good electrochemical
stability; therefore, bountiful Li, Ni, Mn, and Co metals in spent NMC cathodes can
be recovered (12-14). Transition metals (e.g., Ni, Mn, and Co) usually exhibit promis-
ing bifunctional oxygen reduction reaction (ORR)/oxygen evolution reaction (OER)
performance (15-17). As one of the most promising energy storage devices, zinc-air
batteries (ZABs) need the ORR/OER in the cathode side, which calls for low-cost
bifunctional catalysts as cathode materials (18-20). Thus, converting the NMC scraps
into highly efficient NiMnCo-based catalyst cathodes for ZABs can not only alleviate
environmental pollution, but also significantly reduce the cost of ZABs.

Various strategies have been proposed to recover Ni, Mn, and Co from spent NMC
cathodes, among which typical pyrometallurgy and hydrometallurgy methods are com-
monly used (21-23). Pyrometallurgy smelts the spent cathode materials in a blast fur-
nace at high temperatures to produce transition metal alloys, followed by multistep
purification and separation processes (24, 25). Hydrometallurgy dissolves the metals
through an acid leaching process and separates the transition metals by subsequent
extraction and precipitation steps (26-28). However, both the pyrometallurgy and
hydrometallurgy methods involve multistep separation processes of the transition met-
als, which largely increases the difficulty in recycling the NMC cathode, leading to low
recovery efficiency and high recovery cost (29, 30). To avoid the complicated separa-
tion processes, methods of directly converting cathode scraps into highly efficient cata-
lysts have been pursued (31, 32). It is verified that the layered lithium transition metal
oxides (typical cathode materials in LIBs) exhibit improved catalytic activity of OER
after the delithiation process (33-36). In addition, with the modification of Ni, the
spent LiFePOy cathode presents high OER performance because of the in situ evolu-
tion of Ni-LiFePOy active materials (16). Even though the spent cathode materials can
be used as catalysts after modification, the large particle size limits their applications in
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energy storage devices. However,
it is a great challenge to deal with
the large number of spent LIBs. In
this work, we employ a rapid
thermal radiation method to
convert the spent LIBs into highly
efficient bifunctional NiMnCo-
activated carbon (NiMnCo-AC)
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(ZABs). The obtained NiMnCo-AC
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electrochemical performance in
ZABs due to the unique core-shell
structure, with face-centered cubic
Ni in the core and spinel
NiMnCoOQy, in the shell. This work
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converting them into novel energy
storage devices.
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ORR, and they are rarely studied in ZABs as cathode materials.
Therefore, it is important to directly convert NMC cathodes
into nanosized catalysts to improve the bifunctional ORR/OER
catalytic activities, which makes it possible to use them as cath-
ode materials in ZABs.

Herein, we report a rapid thermal radiation method to syn-
thesize NiMnCo-activated carbon (NiMnCo-AC) catalysts
from spent NMC cathodes efficiently. The NiMnCo nanopar-
ticles are determined to be a core-shell structure with face-
centered cubic (fcc) Ni in the core and spinel NiMnCoOQy in
the shell, which delivers competitive ORR/OER performance
in alkaline solutions. Density functional theory (DFT) calcula-
tions elucidate that the Ni core induces the redistribution of
the electronic structure of the NiMnCoQ, shell, and the
NiMnCoOQy shell provides efficient active sites for the ORR/
OER processes; therefore, the synergistic effect between the Ni
core and the NiMnCoQy lowers the energy barrier of the rate-
determining step. Based on the unique core-shell structure of
the NiMnCo-AC cathode, the ZAB exhibits a high discharge
capacity of 779 mAh g~ at the high current density of 50 mA
cm ™, the low voltage gap of 0.72 V at the initial three cycles,
superior cycling stability for 200 h at the current density of 10
mA cm 2, and excellent flexibility to power the light-emitting
diode (LED) at a bending state.

Results and Discussion

The NiMnCo-AC catalyst was fabricated by the recycling of
NiMnCo from a spent NMC cathode and a following rapid
thermal radiation process, as shown in Fig. 1. The spent NMC
cathodes were collected from spent LIBs (S Appendix, Fig. S1)
and dissolved into nitric acid to obtain a mixed NiMnCo solu-
tion. The concentrations of the mixed NiMnCo solution were
detected to be 1.73, 0.97, and 0.68 g L™" for Ni, Mn, and Co,
respectively, by inductively coupled plasma optical emission
spectrometer (ICP-OES), as shown in SI Appendix, Fig. S2.
The mixed NiMnCo salt was loaded on an active carbon
support, and then the obtained NiMnCo-AC precursor was
transferred to a carbon cloth and quickly moved across a high-
temperature radiative heating zone, as shown in Fig. 1B. The
rapid thermal radiation process induces the formation of
NiMnCo nanoparticles, while the limited heating time prevents
the nanoparticles from growing. Thus, a NiMnCo-AC catalyst
was obtained after the rapid thermal radiation, and the NiMnCo
nanoparticles were uniformly dispersed on the active carbon. The
recovery of NiMnCo mixed solution from NMC scraps com-
bined with the fast radiative heating method promotes the facile
and efficient production of NiMnCo-AC catalysts.

The NiMnCo-AC catalyst can be largely produced as black
powders with the mass loading of 1.39 wt%, 0.80 wt%, and
0.57 wt% for Ni, Mn, and Co, respectively, and the ratio is
consistent with the concentrations of mixed NiMnCo solution
(Fig. 2A4 and SI Appendix, Fig. S3). As shown in SI Appendix,
Fig. S4, the ratio of defective carbon peak to graphitic carbon
peak (Ip/Ig) is 1.77 for AC material due to the disordered
structure of AC. The NiMnCo-AC sample shows a higher
Ip/Ig of 1.95, illustrating that the introduction of metal nano-
particles produced more defective sites on the activated carbon
support. According to the Brunauer-Emmett-Teller (BET)
analysis in SI Appendix, Fig. S5, the specific surface area of
NiMnCo-AC catalyst was calculated to be 760 m* g™, which
is beneficial to the exposure of active sites on NiMnCo-AC
samples. As shown in Fig. 2 B and C, the NiMnCo nanopar-

ticles are well dispersed on the AC, with an average particle size
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of 6.38 nm. To determine the electronic structure and local
structure of the nanoparticles, X-ray absorption fine structure
(XAFS) analysis was carried out on the Ni K edge, Mn K edge,
and Co K edge. As displayed in Fig. 2 D-F, the white line
intensity and adsorption edge energy of the NiMnCo-AC are
higher than those of Ni, Mn, and Co foil, indicating a high
valence of Ni, Mn, and Co in the NiMnCo-AC, which results
from the formation of metal oxides on the sample. In the Ni K
edge R-space extended XAFS (EXAFS), the NiMnCo-AC
exhibits a broad scattering peak at ~2.11 A, which is close to
the scattering peak of Ni foil (Fig. 2G). This result suggests
that, in addition to Ni oxide, there are many metallic Ni in the
sample. By contrast, in the Mn K edge and Co K edge R-space
EXAFS (Fig. 2 H and 1), the main scattering peaks are located
at ~1.63 A and ~1.56 A, respectively, which are typical to
Mn-O and Co-O scattering, indicating that the main chemical
states of Mn and Co species are metal oxides. The kz—weighted
R-space EXAFS of the sample were further fitted. In the Ni K
edge fitting results (S7 Appendix, Table S1 and Fig. S6 A-O),
the Ni-Ni coordination number is 4.9 with a bond distance at
2.50 A, while the Ni-O coordination number is only 2.8 with a
bond distance at 2.03 A. By contrast, in the Mn K edge fitting
results (87 Appendix, Table S2 and Fig. S6 D—F), the Mn-O coor-
dination number reaches 4.5, while there are only a small number
of Mn-M (Ni, Co, Mn) bonds in the first shell. The small num-
ber of Mn-M (Ni, Co, Mn) bonds could be attributed to the
strong interaction between metal oxides and metallic Ni in the
interface. Similar results are also observed in the Co K edge fit-
ting results (S Appendix, Table S3 and Fig. S6 G-I). The Co-O
coordination number is 5.1, while the Co-O-M (Ni, Co, Mn)
coordination number is only 0.6 in the first shell. In the second
shell, the Mn-O-M (Ni, Co, Mn) and Co-O-M (Ni, Co, Mn)
bond distances are very close (~3.0 A), which could be attributed
to the formation of the trimetallic NiMnCoO, phase in the
NiMnCo-AC sample. These results are also confirmed by the
wavelet transform (WT). As shown in Fig. 2 /-L, the intensity
maxima of the Ni K edge is close to Ni-Ni scattering, confirming
the chemical states of Ni species are mainly metallic Ni, while the
intensity maxima of Mn K edge and Co K edge are close to
Mn-O and Co-O scattering, respectively. The XAFS results indi-
cate that there are two phases existing in the NiMnCo nanopar-
ticles, including metallic Ni and NiMnCoO.

To further reveal the distribution of Ni and NiMnCoO, in
the nanoparticles, the aberration corrected-scanning transmis-
sion electron microscopy (AC-STEM) images of the NiMnCo-
AC catalyst were acquired. As shown in Fig. 3 A and B, the Ni,
Mn, and Co are well dispersed on the nanoparticles. By analyz-
ing the element distribution of one nanoparticle, the Mn and
Co atoms are concentrated in the shell, while Ni atoms are
located over the entire nanoparticle, which reveals the fact of
the Ni core as well as the NiMnCoO, shell (Fig. 3C). The
core-shell structure could be attributed to the easy reduction of
Ni species, while Mn and Co species are very difficult to
reduce. In the high-resolution TEM (HRTEM) images (Fig. 3
D and E), the NiMnCo nanoparticles are dispersed on the AC,
and the crystal structure in the particle center is confirmed to
be Ni (111) orientation. To determine the long-range order
structure of the Ni@NiMnCoO, core-shell nanoparticle, we
simulated the X-ray diffusion (XRD) patterns of Ni and NiMn-
CoO, based on the identified local structure from EXAFS anal-
ysis. As shown in Fig. 3F the structure type of Ni is fcc, while
the NiMnCoO, is spinel structure (NiMnCoOy). The esti-
mated size of Ni is ~7.6 nm according to the Debye-Scherrer

method (87 Appendix, Table S4). Combined with XAFS,
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A NiMnCo recycling

Spent Li-ion battery

Spent NMC cathode

B Rapid synthesis of NiMnCo-AC catalyst

NiMnCo-AC precursor

Mixed NiMnCo
solution
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Fig. 1. Schematic of the fabrication process of the NiMnCo-AC catalyst from spent LIBs. (A) Recovery of the NiMnCo from spent LIBs. A mixed NiMnCo solu-
tion was obtained by dissolving a spent NMC532 cathode in nitric acid. Then, the NiMnCo salt was loaded on AC to prepare a NiMnCo-AC precursor.
(B) Schematic of the rapid thermal radiation method to synthesize the NiMnCo-AC catalyst continuously. The NiMnCo-AC precursor was driven by a conveyor
and moved through a radiative heating zone. After that, NiMnCo nanoparticles were formed and uniformly dispersed on the surface of AC support.

AC-STEM, and XRD analysis, the precise structure of the
NiMnCo nanoparticles is identified, which shows a Ni@NiMn-
CoOy core-shell structure, including fec-structured Ni in the
core and spinel NiMnCoOy in the shell (Fig. 3G).

The ORR performance of the Ni@NiMnCoOy catalyst
(named NiMnCo-AC) was evaluated by linear sweep voltam-
metry curves with the Co-AC, NiMnCoQOy4-AC, and 5Pt-AC
control samples, which were measured on a rotating disk elec-
trode in O,-saturated 0.1 M potassium hydroxide (KOH) solu-
tion at a rotating speed of 1,600 revolutions per minute (rpm).
The NiMnCo-AC catalyst exhibits an onset potential (Ey) of
0.97 V and a half-wave potential (E;/;) of 0.82 V, revealing
competitive ORR catalytic activity to the 5% Pt-AC catalyst
(Fig. 4A). The Tafel plots of the Co-AC, NiMnCo-AC, NiMn-
Co04-AC, and 5Pt-AC in Fig. 4B were derived from the corre-
sponding ORR curves. The NiMnCo-AC catalyst delivered the
low Tafel slope of 68.79 mV dec™', illustrating the fast cata-
lytic kinetics. As shown in Fig. 4C, with the increasing rotating
speed from 400 to 2,025 rpm, the limited current densities of
the NiMnCo-AC catalyst are gradually increased due to the
high ORR efficiency and the faster diffusion of O, and OH™
at higher rotating speed. According to the rotating ring disk
electrode (RRDE) measurements in Fig. 4 D and E, the
NiMnCo-AC catalyst shows the lowest ring current of 0.11
mA cm ™%, which corresponds to a low H,O, yield below
~10% at the potential range of 0.2 to 0.7 V, indicating the
high efficiency of ORR. Additionally, the average electron
transfer number of the NiMnCo-AC catalyst was calculated to
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be 3.8, showing a four-electron pathway during the ORR pro-
cess. The OER process was conducted in a N,-saturated 1 M
KOH solution at the rotating speed of 1,600 rpm. As shown in
Fig. 4F, the NiMnCo-AC exhibits a low potential of 1.57 V at
the current density of 10 mA cm ™2, lower than those of com-
mercial IrO, (1.58 V), NiMnCoO4-AC (1.61 V), and Co-AC
(1.63 V) and illustrating the high OER activity of the
NiMnCo-AC catalyst.

First-principle DFT calculations were conducted to investigate
the enhancement of the catalytic mechanism in OER/ORR for
the NiMnCo-AC catalyst (Fig. 4 G-J). Based on the analysis
results of TEM and XRD, a Ni(111)@NiMnCoO4(110) model
was constructed (see S/ Appendix, Experimental Section for more
details). The electronic structure calculations were conducted to
show the interlayer electronic-coupling effect between Ni(111)
and NiMnCoOy(110). As shown in Fig. 4G, after coupling
NiMnCoO4(110) with Ni(111), the charge density in the
hybrid’s interlayer was redistributed with the apparent electrons
of conductive Ni(111) transferring to NiMnCoO,(110), leading
to an electron-rich region in the NiMnCoO,4(110) layer. The
localized electron accumulation leads to the appearance of elec-
tron states at the Fermi level for the spin-down density of states
(DOS), as demonstrated in Fig. 4H. This change in DOS for
Ni(111)@NiMnCoQO4(110) indicates an enhanced electron
mobility, which is significant to improve the electrocatalytic per-
formance in ORR/OER. More importantly, on the surface layer
of the Ni(111)@NiMnCoQOy(110), electrons are primarily local-
ized in Mn atoms and Co atoms, which infers that the Mn and
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Fig. 2. Morphology and XAFS results of the NiMnCo-AC catalyst. (A) The digital image of the NiMnCo-AC catalyst powders. (B) High-angle annular dark field
image of the NiMnCo-AC catalyst. (C) Particle-size distribution of the NiMnCo nanoparticles in the NiMnCo-AC catalyst. (D-F) X-ray absorption near-edge spec-
troscopy curves of the NiMnCo-AC catalyst. (G-/) k*-weighted R-space EXAFS curves of the NiMnCo-AC catalyst. ()-L) WT of Ni foil, Mn foil, Co foil, NiO, MnO,

Co0, and NiMnCo-AC catalyst (Ni, Mn, and Co).

Co atoms might be the reactive sites. In ST Appendix, Figs. S7
and S8, the adsorption calculations results show that O, prefers

to bond with Mn and Co atoms in a bridge style on the surface
of Ni(111)@NiMnCoQOy(110), and the adsorption Gibbs free
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energy of both O, and OH— become lower, indicating that
Ni(111)@NiMnCoO4(110) is a potential bifunctional ORR/
OER catalyst. According to the adsorption Gibbs free energy
(AG) diagrams (Fig. 4 7 and J and SI Appendix, Fig. S9), Mn
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NiMnCo-AC

10 nm

Core-shell Ni@NiMnCoO,

Fig. 3. Morphology and structure analysis of the NiMnCo-AC catalyst. (A-C) STEM image, energy dispersive spectrometer mapping images, and line-scan
profiles of the NiMnCo-AC catalyst. (D and £) HRTEM images of the NiMnCo-AC catalyst. (F) XRD pattern of the NiMnCo-AC. (G) Identified core-shell structure
of the NiMnCo nanoparticle.

sites show lower overpotential for both ORR and OER than
that of Co sites; therefore, the Mn sites are the main active sites
for the Ni(111)@NiMnCoOy4(110) catalyst. The desorption of
OH is the rate-determining step for the ORR process, while the
formation of *OOH is the rate-determining step for the OER
process. Combined with the experimental and calculation results,
the NiMnCo-AC catalyst with unique core-shell structure
presents excellent bifunctional electrocatalytic performance.

To evaluate the electrochemical performance of the NiMnCo-
AC catalyst in ZABs, a primary ZAB was assembled with the
NiMnCo-AC as air-cathode and the zinc plate as anode, as
shown in SI Appendix, Fig. S10A. The electrolyte of 6 M KOH
and 0.2 M ZnAc, mixed solution was filled into the battery and
cycle driven by a peristaltic pump, and the ZAB with NiMnCo-
AC shows a high open-circuit voltage (OCV) of 1.43 V (Fig.
5A, Inset). As shown in Fig. 54, the OCV of NiMnCo-AC is
stable at 1.42 V at the initial 3 h, higher than that of the control
samples Co-AC (1.40 V), NiMnCoO4AC (1.40 V), and PtC/
IrO, (1.41 V), which is attributed to the high ORR/OER cata-
lytic activity of the NiMnCo-AC. As depicted in Fig. 5B, the
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NiMnCo-AC delivers the highest discharge voltages of 1.33, 1.
32, 1.30, 1.27, 1.23, 1.14, and 1.02 V at the current densities of
1, 2, 5, 10, 20, 50, and 100 mA cm ™2, respectively. When the
current densities are recovered to 5 and 2 mA cm 2, the dis-
charge voltages of NiMnCo-AC are recovered to 1.28 and 1.31
V, respectively, illustrating excellent rate performance and good
stability of the ZAB with NiMnCo-AC cathode. A blue LED
was powered with two or three primary ZABs in series, display-
ing the potential applications of ZAB with NiMnCo-AC (Fig.
5C and SI Appendix, Fig. S10B). In Fig. 5D, the ZAB with
NiMnCo-AC delivers stable discharge voltages of 1.19, 1.16,
and 1.05 V after long discharges of 281, 151, and 57 h at the
current densities of 10, 20, and 50 mA cm 2, respectively,
which is attributed to the high catalytic activity and good stabil-
ity of the NiMnCo-AC catalyst. The specific discharge capacities
of ZAB with the NiMnCo-AC cathode were calculated to be
794, 784, and 779 mAh g~ at the current density of 10, 20,
and 50 mA cm ™, respectively, which are 96, 95, and 94% of
the theoretical specific capacity (SI Appendix, Fig. S11). The
comparison of long discharge curves of ZABs with NiMnCo-
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Fig. 4. The electrocatalytic performance of the NiMnCo-AC catalyst. (A) ORR polarization curves of the Co-AC, NiMnCo-AC, NiMnCoO,4-AC, and 5Pt-AC cata-
lysts. (B) Tafel plots derived from the ORR curves. (C) ORR curves of the NiMnCo-AC catalyst in 0.1 M KOH with increasing rotating rates from 400 to 2,025
rpm. (D) RRDE curves of the Co-AC, NiMnCo-AC, NiMnCoO4-AC, and 5Pt-AC catalysts. (E) Percentage of peroxide production and the electron transfer number
based on the RRDE results. (F) OER polarization curves of the Co-AC, NiMnCo-AC, NiMnCoO4-AC, and IrO, catalysts in 1 M KOH at the rotating rate of 1,600
rpm. (G) Interfacial electron transfer in Ni(111)@NiMnCo0O4(110). Yellow and cyan iso-surface represents electron accumulation and electron depletion; the
iso-surface value is 0.01 eA=3. (H) The DOS on NiMnCoO,(110) and Ni(111)@NiMnCoO4(110). (/ and /), Gibbs free energy diagrams of ORR/OER on the Co

sites (/) and Mn sites (/) of Ni(111)@NiMnCoQO4(110).

AC, Co-AC, NiMnCoO4AC, and PtC/IrO, are shown in S/
Appendix, Fig. S12, and the NiMnCo-AC sample demonstrates
the highest discharge voltage and specific capacity at the current

density of 50 mA cm ™2,

As shown in Fig. 5E, the ZAB with NiMnCo-AC presents
the lowest voltage gap pf 0.72 V at the initial three charge and
discharge processes at 10 mA cm™ 2, better than that with the
Co-AC catalyst (0.87 V), NiMnCoO4AC catalyst (0.87 V),
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and commercial PtC/IrO, catalyst (0.76 V). The long-term
cycling stability of ZABs with Co-AC, NiMnCo-AC, NiMn-
Co04-AC, and PtC/IrO, catalysts were assessed by galvano-
static charge and discharge at the current density of 10 mA
cm™ . The ZAB with NiMnCo-AC is cycled for 200 h without
obvious voltage decay, while the commercial PtC/IrO, deterio-
rated rapidly after 30 h (Fig. 5F). The excellent cycling stability
of NiMnCo-AC is benefited from good reversibility of the
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Fig. 5. The electrochemical performance of ZABs with Co-AC, NiMnCo-AC, NiMnCoO,4-AC, and PtC/IrO, cathodes. (A) The open-circuit potential of primary
ZABs at the initial 3 h. (Inset) Setup of the primary ZAB with NiMnCo-AC. The OCV was detected to be 1.429 V by a multimeter. (B) Discharge curves of ZABs
at various current densities. (C) A blue LED was powered by three series-connected ZABs. (D) Long discharge curves of ZABs with NiMnCo-AC at the current
densities of 10, 20, and 50 mA cm~2. () The initial three charge-discharge curves of ZABs at the current density of 10 mA cm™2. (F) Cycling performance of
ZABs at the current density of 10 mA cm™, (G) The i-v polarization and power density curves of ZABs. (H and /) The OCV of flexible ZABs with NiMnCo-AC at
original and bending circumstances. (/) An LED light with TBSI (Tsinghua-Berkeley Shenzhen Institute) signal was powered by three series-connected flexible
ZABs. (K) Demonstration of charging smartphone by three series-connected flexible ZABs.

NiMnCo-AC cathode in ZAB, which is inherited from the out-  exhibits the maximum power density of 187.7 mW cm ™2, which
standing bifunctional ORR/OER performance of the NiMnCo- s 32.7 mW cm™ > higher than that of commercial PtC/IrO, (ST
AC catalyst. In the 7v polarization curves and the corresponding ~ Appendix, Fig. S13), illustrating the high catalytic activity of
power density curves (Fig. 5G), the ZAB with NiMnCo-AC the NiMnCo-AC cathode. To further explore the potental
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applications, a flexible ZAB was assembled with NiMnCo-AC as
cathode, zinc foil as anode, and polyvinyl alcohol-KOH film as
gel electrolyte. As demonstrated in Fig. 5 H and 1, the flexible
ZAB exhibits OCVs of 1.377 and 1.380 V at the original and
bending circumstances, respectively. Three series-connected flexi-
ble ZABs can power an LED scroller with TBSI signal at the
curved state (Fig. 5/). Moreover, three series-connected flexible
ZABs can charge a smartphone, as shown in Fig. 5K, revealing
the potential applications of the flexible ZABs.

Conclusions. In this work, we developed a rapid thermal radia-
tion method to convert spent NMC cathodes in LIBs to
NiMnCo-AC catalysts through acid leaching and radiative
heating, which can not only avoid the sophisticated separation
processes during the recycling of spent LIBs, but also efficiently
synthesize the NiMnCo-AC catalyst with high catalytic activity
to both ORR and OER. EXAFS and XRD simulation results
illustrate that the NiMnCo-AC catalyst has a core-shell struc-
ture with fcc Ni in the core and spinel NiMnCoOy in the shell.
Theoretical calculations and electrochemical measurements
revealed a low energy barrier of the NiMnCo-AC in ORR/
OER process due to the electronic structure redistribution
caused by the Ni core and effective active sites on the NiMn-
CoOy shell, ensuring high electrocatalytic activities of the
NiMnCo-AC catalyst. The NiMnCo-AC cathode also presents
high electrochemical performance in ZABs, such as the high
power density of 187.7 mW cm ™2, low voltage gap of 0.72 V
at the inidal three cycles, and long cycling duration of 200 h at
the current density of 10 mA cm . Therefore, the rapid ther-
mal radiation method to fabricate highly efficient transition
metal catalysts from used LIBs paves an interesting way to reuse

spent LIBs as ZABs.

Materials and Methods

Preparation of the NiMnCo-AC Precursor from a Spent NMC532 Cath-
ode. The spent LIBs with a NMC cathode were disassembled in water. The

cathodes were immersed into an N-methyl-2-pyrrolidone solvent to dissolve the
poly(vinylidene fluoride) binder, and after drying, the black powders of NMC
cathodes were collected. After adding the black powders into 1 M oxalic acid,
the solution was heated to 95 °C and kept for 3 h under continuous stirring. The
lithium ions were dissolved into the oxalic acid solution, while the Ni, Mn, and
Co were precipitated into oxalate salts. The precipitates were dissolved into a
nitric acid, and a mixed NiMnCo solution was obtained after removing the car-
bon black and other insoluble impurities through filtration. The concentration of
the NiMnCo mixed solution was determined by ICP-OES measurement. A certain
amount of the mixed NiMnCo solution was loaded onto activated carbon support
(coconut shell-based activated carbon) with a mass loading of NiMnCo ~2 wt%.
Then, the NiMnCo-AC precursor was obtained after drying at 50 °C for 24 h.
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Preparation of the NiMnCo-AC Catalyst through the Rapid Thermal
Radiation Method. The rapid thermal radiation was conducted in a home-
made argonilled reactor. The carbon cloth was used as a thermal radiation
source, which can be heated to 2,000 K by an external direct current power
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and moved across a joule heating source at a high temperature (2,000 K) with a
moving speed of 0.5 cm s~". The NiMnCo salt was decomposed into NiMnCo
nanoparticles after the rapid thermal radiation and uniformly dispersed on the
surface of active carbon support, which is named NiMnCo-AC catalyst. The con-
trast Co-AC sample was synthesized through the same method from the spent
LiCoO, cathode material. H,PtCl, was used as the precursor for the synthesis of
the 5Pt-AC sample. The NiMnCoO,-AC sample was obtained by oxidizing the
NiMnCo-AC catalyst at 240 °C for 3 h.

Characterization. The morphology of the NiMnCo-AC catalyst was character-
ized by a FEI Titan Cube Themis G2 300 TEM. ICP-OES was conducted on an Agi-
lent 5110. The N, adsorption/desorption isotherm was measured at 77 K
through the Micrometrics ASAP2460 instrument. The XRD patterns were tested
by a Bruker D8 using a Cu Ka radiation source with the scan rate of 2.5° min~"'
at 40 kV and 40 mA. The X-ray absorption measurement was conducted on
BL1W1B station in Beijing Synchrotron Radiation Facility. The Ni foil, Mn foil,
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Co K edge, respectively. The obtained XAFS results were processed by ATHENA to
substrate the background and normalize the data, and ARTEMIS software was
employed to obtain the local structure of the samples by fitting the EXAFS data.

Electrocatalytic Measurements. Electrocatalytic performance of the catalysts
was evaluated on a CHI 760E electrochemical workstation. See S/ Appendix for
detailed information.

Electrochemical Performance of ZABs. The rechargeable ZABs were assem-
bled into a homemade device, and the electrochemical performance was mea-
sured on a Land CT2007 A battery test system. The polarization curves of ZABs
were measured on a CHI 760E electrochemical workstation. See SI Appendix for
detailed information.

DFT Calculation. All the computations were performed by means of spin-
polarized DFT methods with the Perdew-Burke-Ernzerhof (PBE) exchange corre-
lation functional using the Vienna Ab-initio Simulation Package (VASP) code
(37). Please see the detailed information in SI Appendix.

Data Availability. All study data are included in the article and/or S/ Appendix.
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