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Upcycling Spent Cathode Materials to Bifunctional Catalysts
for High-Stability Lithium—Sulfur Batteries

Hengyao Zhu, Shiming Chen, Xiangming Yao, Kai Yang, Wenguang Zhao, Taowen Chen,

Luyi Yang,* and Feng Pan*

In order to enhance the sluggish kinetics and suppress the polysulfide shuttle
effect in high-loading lithium—sulfur (Li-S) batteries, it is crucial to design and
synthesize catalysts exhibiting both high conversion rate and strong
anchoring effect toward polysulfide species. Herein, based on theoretical
predictions, spent cathode materials (LiCoO, and LiMn,0,) from spent
lithium-ion batteries are converted into a bifunctional catalyst (Co—MnO) for
Li-S batteries through the high-temperature shock method. Owing to the
synergistic catalytic and anchoring effect of polysulfide species exhibit by
Co—MnO, superior electrochemical performance, including excellent rate
performance (707 mAh g' at 4C) and high stability (capacity fading of
0.058% per cycle over 400 cycles at 1C) can be delivered under a low areal
catalyst loading (<0.5 wt%). This work not only offers a new design strategy
for Li-S catalysts, but also proposes a promising approach to transform spent

LIBs into highly efficient catalysts.

1. Introduction

The rapid development of energy storage devices has led to the
development of next-generation batteries with high energy den-
sity, capabilities of quick charging and discharging, and consid-
erable lifespan.[?] Lithium-sulfur (Li-S) batteries, launched by
a chain of stepwise conversion redox reactions, have stood out
from other electrochemical power sources due to the low costs,
high specific capacity, and environmental sustainability.>] Nev-
ertheless, the slow reaction kinetics, large volume swings, and
the shuttle effect of lithium polysulfides (LiPSs)(*-#] are the main
technological hurdles for the commercialization of Li—S batteries.
Compared with other approaches, such as separator coatings,°!
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electrolyte  regulation,l'®’ and  anode

modification,'!l  loading catalysts on
the cathode side is considered the most
direct and effective one as it could be im-
posed on sulfur cathodes, regulating both
the confining and conversion of LiPSs.

On the one hand, the unique electron or-
bital configuration and arrangement of cat-
alysts introduce adsorption sites to achieve
chemical adsorption of polysulfides.[”?!
For instance, different researchers intro-
duced silicon oxide,®! porous carbon,4
or metal alloyl® into cathodes. All the
doped materials, respectively, not only re-
sult in plenty of spaces confining LiPSs,
but also provide additional impetus to poly-
sulfide adsorption through chemical inter-
action. On the other hand, the surficial
structure of catalysts could promote the
conversion kinetics of LiPSs by lowering
the activation energy and enhance the utilization of sulfur.[1617]
Lu et al. devised a high-performance catalyst containing duple
transition metal sulfides, in which the lattice stress and elec-
tron affinity of transition metal ions can regulate sulfides’ elec-
trochemical behaviors.!'8] Similarly, Sun et al. synthesized sin-
gle atom catalysts on double-shell nanocages for Li-S batteries.
These single atom sites were occupied by transition metal atoms
that triggered stepwise conversion reactions and improving their
kinetics.['] The transition metal compounds seemingly possess
highly effective adsorption sites and exhibit significant catalytic
potential, rendering them suitable for cathode modification in
Li-S batteries.

The catalyst does not necessarily have strong adsorption prop-
erties, and vice versa. At present, however, it is rarely reported
that two catalysts play the role of catalysis and adsorption respec-
tively to achieve the modification of Li-S batteries. Therefore, ex-
ploring new interfacial chemistry that combines adsorption and
catalytic conversion has been a research hotspot of Li—S batteries.
Being extensively studied as catalyst materials for Li-S batteries,
transition metal oxides, and transition metals often exhibit high
catalytic or adsorptive properties, which can be attributed to the
unique d-orbital structures. For instance, Pan et al. reported that
finely dispersed Co clusters can significantly improve the diffu-
sion kinetics of lithium, and enhanced the anchoring and reac-
tivity of LiPSs on the cathode.[?] However, considering the high
prices of transition metals like Co, two questions need to be an-
swered: can we replace expensive transition metals with cheaper
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Figure 1. a) Binding energy of various sulfur species on Co or MnO catalytic surface; b) Gibbs free energy profiles for the multiphase sulfur conversion
on Co or MnO catalytic surface; the decomposition energy profiles of Li,S molecules on c¢) Co and d) MnO surfaces; e) Schematic of sulfur species

conversion reaction.

ones and can we recycle these metals from waste materials for a
second use?

2. Results and Discussion

2.1. Theoretical Prediction of Catalytic Property

In order to evaluate the chemisorption capacity and electrocat-
alytic effect of Co and MnO in Li-S batteries, the density func-
tional theory (DFT) calculations were carried out. As shown in
Figure 1a, the binding energies between polysulfides and the
surface of Co/MnO were calculated (chemical models are pre-
sented in Figure S1, Supporting Information). An enhanced neg-
ative binding energy signifies a heightened capacity for chemical
bonding, which is beneficial for homogenizing the LiPSs under
lean electrolyte conditions.[?!] Noticeably, the adsorption ability
of MnO is stronger than Co, suggesting a better anchoring per-
formance.

Additionally, the Gibbs free energy (AG) values of sulfur con-
version process were calculated in Figure 1b. Generally, the
liquid-solid conversion from Li, S, to Li, S, is regarded as the rate
determining step (RDS) because of the sluggish kinetics. From
the profile, Co presents the lower AG values (0.87 eV) for RDS
than that of MnO (1.38 eV). Furthermore, the calculated AG for
step (Li,S,—Li,S) of MnO catalyst (0.98 eV) is higher than that
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of Co catalyst (0.78 eV), indicating that the formation Li, S is ther-
modynamically favorable on Co active sites. On this basis, the
energy barriers of Li,S decomposition (Li,S — LiS™ + Li*) on
two substrates were calculated to evaluate the delithiation kinet-
ics. As shown in Figure 1c,d, the decomposition energy of Li, S on
Co (0.12 eV) is much lower than that on MnO (2.16 eV). To sum
up, Co catalyst could enhance the reaction kinetics of polysulfide
and Mn catalyst strengthens the chemisorption with polysulfide
(Figure 1e).

2.2. Synthesis and Characterization of Catalysts

As demonstrated in Figure 2a, the Co—MnO catalyst was fabri-
cated from the spent LiCoO, (LCO) and LiMn,O, (LMO) cath-
odes. The spent cathodes were collected from spent lithium-ion
batteries (LIBs) and dissolved in nitric acid (the molar ratio of
the two metals is 1:1) to obtain a mixed Co—Mn solution (Figure
S4, Supporting Information). The carbon fiber (CF) was used to
load the mixed salt and subsequently subjected to rapid thermal
treatment under Ar-H, conditions, with a cut-off heating temper-
ature of 1500 °C (denoted as Co—MnO@CF, more detailed syn-
thesis information in the Experimental Section). The rapid ther-
mal shock induces the formation of Co and MnO particles. The
formation of manganese oxide is due to the lower first ionization

© 2024 Wiley-VCH GmbH
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Figure 2. a) Schematic of the fabrication process of the Co—MnO catalyst from spent LIBs; b) SEM image and energy dispersive spectrometer mapping
images of catalytic elements Co and Mn, scale bar = 2 um; c) XRD pattern of various catalysts; d) HRTEM images of the Co—MnO catalyst.

energy of Mn (717 k] mol~') compared with that of Co element
(763 k] mol™"). For comparison, individual Co and MnO catalysts
were also prepared using the same method.

As shown in Figure S6 (Supporting Information), the result-
ing areal mass loading of Co and MnO are measured to be 0.066
and 0.048 mg cm~2, respectively, by inductively coupled plasma
optical emission spectrometer (ICP-OES). After 2 s of HTS pro-
cess, the Co and MnO particles were uniformly distributed on
the CF (Figure 2b). By analyzing the element distribution of
Co—MnO@CEF, the particle size of MnO is larger than that of Co,
which might be attributed to the higher melting point (1650 °C)
of Mn compared with Co (1495 °C). More detailed scanning elec-
tron microscope (SEM) images of various catalyst@CF are pre-
sented in Figures S7-S9 (Supporting Information). The struc-
tural characteristics of various catalysts was investigated using
the X-ray diffusion (XRD), as shown in Figure 2c. The broad peak
at ~#26° could be ascribed to the existence of CF.[?2] After under-
going the HTS process, the characteristic peaks of Co and MnO
could be greatly identified according to the standard PDF cards
(01-077-7456 and 01-077-2929), suggesting the formation of crys-
talline Co and MnO. The characteristic peak of Co at 778.3 eV and
Mn?* at 641.0 eV in the X-ray photoelectron spectra (XPS) also
confirm the presence of Co and MnO (Figure S10, Supporting In-
formation). Combined with the high-resolution TEM (HRTEM)
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images (Figure 2d; Figure S11, Supporting Information), the Co
and MnO nanoparticles are dispersed on the CF, and the crystal
structure in the particle center is confirmed to be Co (111) orien-
tation and MnO (200) orientation. Although the distribution of
Co varies with that of MnO, the DFT calculation results suggest
as follows: during the S redox process, MnO sites absorb poly-
sulfide species, serving as reservoirs for continuous reactions on
adjacent Co sites. In addition, Raman peaks (Figure S12, Sup-
porting Information) of Co-MnO@CF exhibits that the D and G
peak intensity ratio (I /I;) of CF decreased significantly after Co
and MnO doping, suggesting the synergistic effect of improving
the graphitization degree of the CF, hence the better conductivity.

2.3. Characterization of Reaction Kinetics

To investigate the electrocatalytic properties of different catalysts,
a series of electrochemical tests were conducted for sulfur loaded
carbon fiber (CF), Co@CF, MnO@CF, and Co—MnO@CF (de-
noted as S/CF, S/Co@CF, S/MnO@CF, and S/Co-MnO@CF, re-
spectively). The cyclic voltammograms (CV) obtained from dif-
ferent cathodes (Figure 3a) exhibit two reduction peaks at 2.28
and 2.01 V, corresponding to the transition from Sy to soluble
long-chain LiPSs and further to Li,S,/Li,S. The incorporation
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Figure 3. a) CV curves at 0.1 mV s~! of the S/CF, S/Co@CF, S/MnO@CF, and S/Co-MnO@CF cathodes; b) I x 19 values at peak A, B, and C calculated
from multi-rate CV curves of the S/CF, S/Co@CF, S/MnO@CF, and S/Co-MnO@CF cathodes; c) CV curves of Li,Sg symmetric cells with CF, Co@CF,
MnO@CF, and Co-MnO@CF electrode; potentiostatic curves of Li,S nucleation at 2.05 V on d) CF, ) Co@CF, f) Mn@CF, and g) Co-MnO@CF electrode;

h) LSV plots and i) corresponding Tafel plots of Li,S oxidation on four types of electrodes.

of a Co catalyst is beneficial for enhancing the reaction kinet-
ics, and the S/Co—MnO@CF cathode exhibits an even higher
peak current intensity, indicating exceptional sulfur utilization.
Besides, multi-rate CV tests were used to explore the Li-ion diffu-
sion rate under various electrodes (Figure S13, Supporting Infor-
mation; Figure 3b).[23] According to the Randles-Sevcik law (as
described in Supporting Information), the square root of sweep
velocity (v*°) is linearly correlated with the peak current (), and
the Li-ion diffusion coefficient (D,;, ) could be obtained from the
curve slope (I,/1°%). Dy, values of S/Co—MnO@CF cathode at
peaks A, B, and C were calculated as 1.62 x 1077, 3.02 x 1078,
and 2.74 x 10® cm? s71, respectively, higher than those of other
cathodes (Figure S14, Supporting Information). Additionally, the
S/Co—MnO@CF cathode exhibits distinct redox peaks and negli-
gible overpotentials at high sweep rates, indicating its improved
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sulfur conversion kinetics. Simultaneously, the Li-ion diffusion
rate of the S/Co@CF cathode surpasses that of the S/MnO@CF
cathode, highlighting that Co catalysts are more conducive to en-
hancing Li-ion diffusion and accelerating reaction kinetics, which
aligns with computational findings.

To elucidate the catalyzing efficacy of catalysts in the spe-
cific step of (poly)sulfide conversion, we first assembled sym-
metric cells utilizing Li,S, as the active material. As depicted
in Figure 3c, the current response of Co@CF surpassed that of
MnO@CEF, while Co-MnO@CEF exhibited the highest response
with the largest current plot area. These findings indicate su-
perior catalytic capability of Co@CF compared to MnO, and
a significantly enhanced reaction kinetics when both elements
are simultaneously incorporated.[**! Additionally, the Li,S pre-
cipitation tests for various electrodes were further conducted,
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corresponding to the liquid—solid conversion from LiPSs to
Li,S.[?] As depicted in Figure 3d-g, the Li,S deposition capacity
was then determined by analyzing the current-time curves based
on Faraday’s law. Among the tested materials, Co—MnO@CF ex-
hibited the highest Li,S nucleation capacity (148.02 mAh g™'),
surpassing that of Co@CF (125.72 mAh g™') and MnO@CF
(98.94 mAh g7!). The capacity was directly calculated accord-
ing to the peak area in light colors. The superior conversion
capacity and faster nucleation response of Co—MnO@CF indi-
cate that the incorporation of both Co and MnO can effectively
reduce initial nucleation overpotential and accelerate the dy-
namic process of Li,S formation. Furthermore, compared to the
MnO@CEF counterpart, the Co@CF electrode exhibits a larger
and sharper nucleation peak, confirming that Co catalysts pos-
sess enhanced kinetics for LiPSs reduction compared to MnO
catalysts.

Finally, linear sweep voltammetry (LSV) was used to study the
oxidation behavior of Li,S on different electrodes, as shown in
Figure 3h. Compared with the pristine one, Co-MnO@CF greatly
reduces the initial potential (from —0.416 to —0.581 V) and im-
proves the current response. As shown in Figure 3i, the elec-
trode containing Co—MnO@CF delivers the lowest Tafel gradi-
ent of 0.144 V dec™!, indicating its capability of enhancing the
electron migration ability and boosting the oxidation kinetics
of Li,S.[?6?7] Similarly, Co@CF exhibits lower initial potential
and Tafel gradient than MnO @ CF, manifesting superior reaction
kinetics.

2.4. Characterization of LiPSs Adsorption

As previously mentioned, Co exhibits superior catalytic proper-
ties compared to MnO in polysulfide conversion reactions, while
the dual-component catalyst demonstrates the most effective en-
hancement of overall kinetics. Therefore, it is reasonable to spec-
ulate that the improved performance originates from a synergis-
tic effect between Co and MnO, where MnO facilitates the adsorp-
tion of LiPSs. To validate our speculation, adsorption tests were
conducted (Figure S15, Supporting Information) by immersing
different hosts in a Li,S; solution. After overnight stirring, the
solution with bare CF remained yellow, while the solution with
Co@CEF collector still exhibited a yellowish hue. In stark con-
trast, the yellow Li,S, solutions became clear and transparent
when incorporating MnO catalysts into the electrode. This ob-
servation could be associated with the superior ability of MnO to
adsorb LiPSs over Co. Hence, as expected, the adsorption perfor-
mance of Co—MnO@CF lies between that of Co and MnO due to
their equal proportions in this catalyst system. Additionally, oft-
site ultraviolet tests were performed on all four electrodes, where
the temporal changes in intensity observed within the LiPS peak
range (300-450 nm) are consistent with those manifested in op-
tical images.!®]

To further investigate the adsorption behaviors, in situ Raman
analysis was performed on the anode during galvanostatic cy-
cling (Figure 4, measurement schematics in Figure S16, Sup-
porting Information).??] At open circuit voltage, no signals cor-
responding to active materials or LiPSs were detected in any cell.
For the cell employing S/CF cathode, Sg>~ (215 cm™) and S¢*~
(399 cm™!) peaks emerged in Raman spectra when discharged
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to the plateau at 2.3 V.B%3 Then, S,2~ (200 and 443 cm™!) and
dissociation products of S;>~ (denoted by —S,~ at 533 cm™!) ap-
peared at the plateau of 2.1 V. The peak intensity and position of
the LiPSs remain unchanged during the charging process from
1.6 to 2.6 V, indicating that bare CF suffers irreversible loss of
active materials, ultimately leading to significant capacity decay
of the cathode. For the cell with S/Co@CF cathode, weaker LiPS
peaks arose during discharging and gradually diminished during
charging. This result suggests that Co could alleviate the sulfide
shuttle due to its adsorption ability.[?] As for S/MnO@CF, only
weak S¢2~ and its dissociation product peaks emerged, which
could be attributed to the strong adsorption tendency of LiPSs
on MnO. Finally, despite the slightly weaker adsorbing capability,
the S/Co—MnO@CEF cell shows the similar behaviors as those of
S/MnO@CF. Therefore, it can be speculated that in the presence
of Co, LiPSs in the reaction may be rapidly converted into lithium
sulfide, thus effectively reducing the formation and shuttle dose
of LiPSs despite the amount of MnO in S/Co—MnO@CF is only
half of that in S/MnO@CF. In a word, the combined effect of
MnO and Co can enhance both catalytic and adsorptive proper-
ties of the cathode.

2.5. Electrochemical Performance of Co—MnO as Bifunctional
Catalyst

Next, the electrocatalytic performance of various catalysts was
evaluated by galvanostatic cycling tests. As displayed in Figure 5a,
the S/Co—MnO@CF cathode delivered a higher initial capac-
ity of 793 mAh g™! at 1C than S/CF (615 mAh g!), S/Co@CF
(725 mAh g™!), and S/MnO@CF (691 mAh g=!). Moreover, af-
ter 400 cycles, a capacity retention of 76.9% can be obtained
by S/Co—MnO@CF, corresponding to a decay rate of 0.058%
per cycle, which also significantly outperforms S/CF (0.18%),
S/Co@CF (0.093%), and S/MnO@CF (0.12%). The capacity of
the S/Co@CF cathode decreased steadily during cycling, suggest-
ing the continuous loss of the reactants during the conversion
reaction, which could be attributed to the weak LiPSs anchoring
on Co. In comparison, the specific capacity of S/MnO@CF cath-
ode decreased significantly during initial cycles and then stabi-
lized after 200 cycles. It could be speculated that the sluggish
reaction kinetics may have resulted in an excessive accumula-
tion of long-chain LiPSs at the initial stage of the cycle, lead-
ing to saturation of active sites on MnO. Therefore, a portion
of these LiPSs will inevitably shuttle to the anode, resulting in
capacity loss. After the excess LiPSs are consumed, the remain-
ing LiPSs can be reversibly converted on MnO@CF. The above
speculation is verified by the XPS results of lithium anode af-
ter cycling (Figure S17, Supporting Information), where the peak
intensity variation of Li,S, (x < 4) and Li,S, (x > 4) for the cell
using S/Co@CF and S/MnO@CF showed different tendencies.
The amount of LiPSs in was steadily increasing in S/Co@CF dur-
ing the cycling process, while that of the S/MnO@CF group was
relatively high at the 100th cycle but remained at the same level af-
ter the 400th cycle.[3233] From these findings, it can be concluded
that under a relatively high concentration of LiPSs, the electro-
chemical reaction kinetics determine the shuttling phenomena;
whereas under a lower polysulfides concentration, the confining
strength of the substrate become the main factor. Consequently,
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Figure 4. In situ Raman spectra of Li-S batteries with a) S/CF, b) S/Co@CF, ¢) S/MnO@CF and, d) S/Co-MnO@CF cathodes during a galvanostatic

process at the current density of 0.2C.

the co-doping of Co and MnO inhibits shuttle effects while pro-
moting electrochemical conversion kinetics.

To obtain more information about the conversion reaction of
active substances in positive electrochemical process, the specific
capacity—voltage distribution diagram of galvanostatic charge—
discharge process (Figure 5b) was studied. The overpotential
(AV) of the S/Co—MnO@CF cathode during the charging and
discharging period was the lowest (146 mV), manifesting its su-
perior kinetics. Moreover, the discharge interval could be further
subdivided, and the discharge capacity of each cathode was quan-
titatively evaluated noted by C; [discharge capacity from open-
circuit voltage to the start of the last discharge plateau (~2.06 V)]
and C; (the remaining discharge capacity).**! The higher pro-
portion of the lower platform indicated that more soluble LiPSs
participated in the reaction and lower loss occurred. The C,/Cy
value of the S/Co-MnO@CF cathode is 2.20, higher than that
of S/Co@CF (1.90), S/MnO@CF (2.10,) and S/CF (1.644) cath-
ode. These results indicate that MnO-containing catalysts can
more effectively confine the intermediate products of active sub-
stances to the cathodic region. The electrochemical impedance
spectra (EIS) of the four cathodes after 100 cycles (Figure 5c¢)
show that the S/Co—MnO@CF cathode has the smallest R, and
the largest slope, indicating that Co and MnO jointly accelerate
the transfer of charge on the electrode surface and promote the
ion diffusion process. The in situ impedance spectra of differ-
ent cells (Figure S18, Supporting Information) exhibit similar
phenomena.
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The rate performance of cathodes was further evaluated at
different C-rates from 0.5C to 4C (Figure 5d). The cell with
S/Co—MnO@CF exhibits higher specific capacities (904, 821,
764, and 707 mAh g! at 0.5C, 1C, 2C, and 4C, respectively) than
the other three cells across all C-rates. The high electrocatalytic
capability and LiPS adsorption capacity of Co—MnO synergisti-
cally accelerates the LiPSs conversion reaction at high rates, ef-
fectively anchoring LiPSs and reducing the overpotential of the
cell (Figure S19, Supporting Information). Furthermore, a com-
parison with recent literature (shown in Figure 5e) reveals that
the rate performance of S/Co—MnO@CF cathode surpasses ma-
terials with similar transition metals or catalysts. The advan-
tages of S/Co—MnO@CF in both cycling stability and rate ca-
pability indicate that the proposed cathode design and synthe-
sis strategy has great potentials to cope with various working
conditions.

For commercial Li-S batteries, the sulfur loading density is
also a crucial parameter.[*>3¢] Typically, lab-prepared Li-S bat-
teries have low areal loads and high electrolyte/sulfur ratios
(E/S, uL mg1), that fall far short of commercially required en-
ergy densities. Therefore, S/Co—MnO@CF cathodes with higher
areal loadings (5.6 mg cm™2) were prepared, with a controlled
E/S ratio of 8. As shown in Figure 5f, it demonstrated high
initial specific areal capacity of 4.98 mAh cm=2 at 0.2C, re-
spectively. After 100 cycles, capacity retentions can be achieved
for 70.0%, respectively, which corresponding to fading rates
of 0.3% per cycle. To further demonstrate the potentials of

© 2024 Wiley-VCH GmbH
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Figure 5. Electrochemical performance of the S/CF, S/Co@CF, S/MnO@CF, and S/Co-MnO@CF cathodes. a) Cycling performance at 1C. b) The com-
parison galvanostatic charge/discharge curves for the Tst cycle. c) EIS spectra after 100 cycles at 1C. d) The comparison of rate performance. e) The
discharge capacity of S/Co—MnO@CF cathode compared with other similar materials reported at different current rates. The complete original data
are shown in Table S1 (Supporting Information). f) Cycling performance of S/Co—MnO@CF cathode under high sulfur loading of 5.6 mg cm~2 at 0.2C.
g) Cycling performance of the S/Co—MnO®@CF pouch cell after being bent 180° under sulfur loading of 2.0 mg cm~2 at 0.2C.

S/Co—MnO@CF in practical use, proof-of-concept pouch cells
were assembled with ~200 um thick lithium anode and tested
(Figure 5g; Figure S20, Supporting Information). The flexible Li—
S pouch cell based on S/Co—MnO@CF delivers an initial dis-
charge capacity of 899 mAh g~! and a capacity retention of 67.4%
after 100 cycles at 0.2C when being bent 180°. Additionally, we
conducted an assessment of the energy consumption associated
with the HTS technology and performed an economic analy-
sis on the viability of transition metals in the electrodes.!?:3]
The final findings elucidate that the upcycling strategy exhibits
reduced energy consumption, while simultaneously achieving
a higher utilization rate of transition metals in the obtained
electrodes.*] All these results demonstrate the great applica-
tion potential of S/Co—MnO@CF cathode in the future portable
electronics.
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3. Conclusion

In summary, we developed a high-temperature shock method
to convert spent cathodes in LIBs into Co—MnO catalysts for
Li-S batteries. Ex situ and in situ characterizations have con-
firmed that Co catalyst contributes to reducing the Li* diffu-
sion barrier enabling to enhance the reaction kinetics of LiPSs
and MnO catalyst provides the strong anchoring site with LiPSs,
enhancing molecular anchoring interaction. As a result, the
S/Co—MnO@CF cathode exhibits an excellent cycling stability
with a low-capacity decay rate of 0.058% per cycle over 400 cy-
cles at 1C, and outstanding rate capability. Under a sulfur load-
ing of 5.6 mg cm™?, stable cycling performance of an area ca-
pacity of 3.46 mAh cm=2 for 100 cycles is achieved, demon-
strating its potential in high-energy Li-S batteries. The proposed
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strategy provides a new direction for the design of Li-S battery
catalysts and paves an effective way to reuse spent cathodes such
as Ni—Co—Mn tertiary materials.
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