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HIGHLIGHTS

® A closed-loop recycling route for spent LiCoO, batteries, converting metal resources into high-value electrocatalysts with environ-

mental and economic merits.

e Synergistic microwave plasma etching and hydrothermal method enable precise construction of Co;0,/NiFe-LDH heterostructures,

optimizing material surface and interface properties.

e Charge redistribution at the heterointerface regulates oxygen intermediate adsorption, providing a new interfacial engineering idea

for low-cost water electrolysis catalysts.

ABSTRACT The key challenge of water electrolysis is the high energy bar-
rier of the oxygen intermediate of the oxygen evolution reaction (OER) and
the unclear catalytic active sites. The recycling of valuable metals from spent
batteries and their reconstruction into high-performance electrolytic water cata-
lysts offers significant economic and environmental benefits. In this work, we
report a Co;0,/NiFe-layered double hydroxide heterostructure electrocatalyst
by reconstruction of spent LiCoO, cathode material through microwave plasma
treatment and then compositing with NiFe-layered double hydroxides through
a simple hydrothermal method. This catalyst achieves a low overpotential of
235mV at 10 mA cm ™2 for OER and exhibits prolonged stability at high current
densities when integrated into an alkaline electrolyzer, which surpasses com-
mercial IrO,. In situ spectral analysis and density functional theory demonstrate

that the presence of heterostructures between Co;0, and NiFe-LDH optimizes Savhaiiietie bl ey o
AWE: Alkaline water electrolysis

the charge transport path and reduces the interface resistance. Specifically, the
charge redistribution optimizes the adsorption energy of oxygenated intermediates on the Ni and Fe sites, thereby optimizing the reaction
pathway and significantly improving the overall OER catalytic efficiency. This work provides a green and scalable way to convert spent

metal sources into high-value electrocatalysts, while addressing critical challenges in energy storage and sustainable hydrogen production.
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1 Introduction

Limited by the battery electrode material itself, the capacity
of commercial lithium-ion batteries (LIBs) usually degrades
to 80% of their initial capacity within 8 years, resulting in a
large number of spent batteries [1-3]. The traditional land-
fill disposal methods not only cause the irreversible loss of
strategic metal resources (including lithium, cobalt, and
nickel etc.), but also pose significant environmental risks
through soil contamination and groundwater pollution [4, 5].
The effective recovery of cathode materials such as lithium
cobalt oxide (LiCoO,) [6], nickel-cobalt-manganese ternary
(NCM) [7] or nickel-cobalt-aluminum oxide (NCA) [8] not
only has significant economic and environmental benefits,
but also conforms to the concept of closed-loop recovered
resources (Fig. 1a) [9-11]. These cathode materials contain
a large number of transition metal elements, which have var-
iable oxidation states and unfilled d-electron orbitals. These
characteristics promote these elements to be widely used in
the field of catalysis (Fig. 1b) [12—14]. In addition, regener-
ated transition metals (especially cobalt-based compounds,
such as Co;0,) have been proven to be transformative raw
materials for the synthesis of advanced electrocatalysts, and
their optimized surface morphology and catalytic activity
are comparable to those of noble metal catalysts (such as
IrO, and Pt/C) [15-17]. This dual-effect approach not only
solves the key challenges of metal resource scarcity and
environmental pollution mitigation, but also creates a syn-
ergistic way to promote the development of next-generation
energy technologies, especially hydrogen fuel cells, water
splitting, and metal-air batteries.

At present, the recovery of cathode materials for spent
lithium-ion batteries mainly relies on physical (mechani-
cal stripping/crushing) and chemical (solvent leaching/
high temperature reduction) methods. But these methods
face purity bottlenecks or energy consumption/pollution
problems [18-20]. It is worth noting that in recent years,
the innovation of recycling technology (such as low-
temperature solid water leaching [21], anion exchange

membrane-assisted extraction [10], and acid leaching-sul-
furization coupling [22]) has successfully converted spent
cathodes into an electrocatalyst (Fig. 1¢). However, when
these recycled materials are used as electrolyzed water cata-
lysts without modification, they generally have insufficient
exposure of catalytically active sites and low electron trans-
port efficiency, resulting in slow reaction kinetics and poor
catalytic activity. In contrast, the ultra-high temperature
(up to thousands or tens of thousands of degrees Celsius)
generated by plasma technology can completely decompose
complex compounds into basic elements or reduce them to
simpler forms in a very short time (milliseconds), show-
ing unique potential in recycling cathode materials of spent
LIBs [23]. In addition, the construction of heterostructures
(metal interface, lattice strain adjustment, etc.) has been
proven to be an effective strategy to improve the perfor-
mance of catalysts for alkaline electrolytic water (Fig. 1d)
[24-26]. The heterogeneous interfaces have significantly
improved the performance of catalytic materials through
unique interface interactions. The construction of hetero-
structures can form strong electron coupling effects at the
interface, regulating the charge distribution through the
interface electric field, inducing the electron orbital recon-
struction of the active site, and optimizing the adsorption/
desorption energy barrier of the intermediate product (*OH,
*Q, *OO0H, etc.) [27-30]. The lattice mismatch between
different components in the metal interface can also cause
lattice distortion and further enhance the intrinsic reactiv-
ity of the active sites [31]. In addition, the heterogeneous
interface can form a directional charge transfer channel by
adjusting the Fermi level difference, which greatly improves
the electron transport efficiency [32]. This multi-scale inter-
facial synergistic effect not only increases the exposure of
catalytically active sites, but also reduces the overpotential
of hydrogen evolution/oxygen evolution reaction by opti-
mizing the reaction path, and finally achieves efficient and
stable catalytic performance of electrolytic water [33-37].

Based on the foregoing insights, a dual-engine control
strategy of surface reconstruction-heterogeneous interface
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Fig. 1 Concept of this work. a Significance of recycling use of spent battery cathode material. b Separation illustration of cobalt and lithium
elements from lithium cobalt oxide. ¢ Schematic diagram of preparing a catalyst by recycling spent battery cathode materials. d Ion transport

diagram over the heterogeneous interfaces

synergy is proposed in this study. First, Co;0, was recon-
structed from spent LIBs via microwave plasma etching,
which was further coupled with NiFe-LDH nanosheets by the
hydrothermal method to optimize the surface microstructure
and heterogeneous interfaces. Co;0, can be used to opti-
mize the interface state and electronic structure of common
NiFe-LDH catalysts. Through effective NiFe charge modula-
tion, the adsorption strength of the intermediates (*OH, *O,
*OOH) in the whole reaction path is synergistically adjusted
to conform to the Sabatier principle, thereby improving the
kinetic performance of OER. Electrochemical tests show that

) SHANGHAI JIAO TONG UNIVERSITY PRESS

the optimized Co;0,/NiFe-LDH displayed an overpotential
of 235 mV at 10 mA cm~2 in 1.0 M KOH, exceeding most
reported regenerated catalysts and showing a stability of up to
24 h. In addition, the integrated anode applied in an alkaline
electrolytic cell requires 1.74 V to achieve a current density
of 200 mA cm™>
for 140 h. This work not only proves the effectiveness of

and operates stably at this current density

plasma-assisted engineering for material regeneration, but
also provides a feasible way to promote the cost-effective
development of electrolytic water hydrogen production tech-
nology through advanced interface regulation.

@ Springer
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2 Experimental Section
2.1 Materials

Ferric nitrate (Fe(NO;);-9H,0, 98%), nickel nitrate
(Ni(NO;),-6H,0, 98%), ammonium fluoride (NH,F, 98%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Urea (CH,N,0, 98%), ethanol (C,H40, 98%), iridium oxide
(IrO,, 98%), potassium hydroxide (KOH, 95%) were pur-
chased from Aladdin. Co., Ltd. Commercial Pt/C (20 wt%),
Nafion (5 wt%) were purchased from Shanghai Macklin Bio-
chemical Technology Co., Ltd. All chemicals used were of
analytical grade and required no further purification.

2.2 Preparation of Co;0,, NiFe-LDH and Co;0,/
NiFe-LDH

2.2.1 Separation and Utilization of Li and Co
Jfrom Batteries

Battery disassembly: The spent lithium cobalt oxide soft
pack battery (from iPhone 6) was immersed in 1.0 M NaCl
solution for 24 h to fully discharge it. The surface pack-
aging was slowly cut with insulated scissors to obtain the
waste lithium cobalt oxide battery cathode sheet. The waste
lithium cobalt oxide battery cathode sheet was immersed in
a mixed solution of ethanol and deionized water (v/v=1:1),
and ultrasonicated for 30 min. The waste lithium cobalt
oxide battery cathode material and the aluminum foil current
collector were separated to obtain the waste lithium cobalt
oxide battery cathode material, which was centrifuged and
washed three times with ethanol. The spent lithium cobalt
oxide battery cathode material powder (named S-LCO) was
obtained by vacuum drying at 80 °C.

The theoretical recovery efficiency (7 ;) can be estimated
by the following formula based on material balance:

m.... .

;= <1 _ residual L1> % 100% (1)
Minitial Li

Here, m; is the total lithium mass in the waste lith-

initial Li

ium cobalt oxide raw material, and m is the lithium

residual Li
mass remaining in the solid residue after plasma treatment
and water immersion. Ideally, after sufficient plasma reac-

tion and leaching, this term should approach 0.

© The authors

Plasma: The plasma experiment was carried out accord-
ing to the previous work of the research group [23]. The
microwave plasma treatment was performed in a micro-
wave plasma system (Laboratory self-built) under an Air
atmosphere (flow rate: 50 sccm) at a power of 800 W for
5 min. The temperature during the process was maintained
at~ 1300 K, monitored by an infrared pyrometer.

2.2.2 Synthesis of NiFe-LDH, Co;0 /NiFe-LDH
Catalysts

In order to obtain Co;0,/NiFe-LDH, 50 mg of Co;0, pow-
der was ultrasonically dispersed in 30 mL of deionized water,
and then Ni(NO5;), (0.5 mmol) and Fe(NO;); (0.5 mmol),
as well as NH,F (2 mmol) and urea (2.5 mmol) were dis-
solved in the above solution. After stirring for 30 min, it was
transferred to a high-pressure reactor and reacted at 120 °C
in an oven for 10 h. After the reaction, the product was col-
lected by centrifugation, washed, and vacuum-dried at 60 °C.
Finally, Co;0,/NiFe-LDH catalyst was obtained. The syn-
thesis process of NiFe-LDH is to hydrothermally obtain the
final product without adding Co;0, in the above steps.

2.3 Materials Characterization

The characterization of morphology and composition of the
catalysts was performed using a JEM-2100F (JEOL) micro-
scope equipped with an energy-dispersive X-ray spectrom-
etry (EDS) instrument at 200 kV. The crystal structure was
characterized by a Bruker D8 Advance X-ray diffractometer
(Cu Ka, A=1.5406 A) at 40 kV and 40 mA. The XRD pat-
terns were collected in the 26 range of 10-80°. X-ray photo-
electron spectroscopy (XPS) was collected by Thermo VG
Scientific ESCALAB 250XI spectrometer with an Al Ka
radiator. All XPS signals were corrected by C 1s spectrum
at 284.8 eV. Raman spectra were operated by Laser Micro-
scopic Confocal Raman Spectrometer (Lab RAM HRS800,
A=514 nm). Inductively coupled plasma atomic emission
spectrometry (ICP-OES) analysis was performed using
PerkinElmer ICP 2100.

https://doi.org/10.1007/s40820-026-02164-1
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2.4 Electrochemical Measurements

The electrochemical activity of various catalysts was inves-
tigated at room temperature using a three-electrode system
with a CHI 760f electrochemical workstation (Chenhua,
Shanghai). The catalyst ink was prepared by dispersing
3.5 mg catalyst in 20 pLL 5 wt% Nafion solution and 0.48 mL
ethanol/water (v/v=1:1) mixed solvent under ultrasonic
action for 1.5 h. The catalytic ink was gradually dropped
on the surface of carbon paper (CP) with a load of about
0.98 mg cm~2 as the working electrode. Hg/HgO and car-
bon rods were used as the reference electrode and the coun-
ter electrode, respectively. All electrochemical tests were
carried out in 1.0 M KOH (pH = 13.85) [38]. Linear sweep
voltammetry (LSV) was performed from 0 to 1 V (vs. Hg/
HgO) at a scan rate of 5 mV s~!. The electrochemical surface
area (ECSA) was measured by CV measurement at differ-
ent scan rates (10~50 mV s'). Electrochemical impedance
spectroscopy (EIS) measurements were performed in the
range of 100 kHz to 0.1 Hz. The stability of the catalyst was
evaluated by multi-potential stability test. All potentials refer
to reversible hydrogen electrode (RHE), and the formula is E
(vs. RHE)=E (vs. Hg/HgO) 4+ 0.098 + 0.059 x pH.

The membrane electrode assembly was prepared by CCS
(Catalyst-Coated Substrate) method for hydrogen produc-
tion in alkaline electrolyzers. The specific operations are
as follows: Co;0,/NiFe-LDH catalysts were used as OER
electrocatalysts. Subsequently, the MEA was assembled by
stacking layers in the following order: gas diffusion layer,
anode catalyst layer, commercial membrane (ZIRFON UTP
500) and blank nickel foam layer, the prepared membrane
electrode assembly was hot-pressed at 0.1 MPa and 70 °C.
The electrochemical measurement of alkaline water electro-
lytic cell was carried out by using CorrTest electrochemical
workstation (Wuhan CorrTest Instruments Co., Ltd.).

2.5 Density Functional Theory Calculations

All the density functional theory (DFT) calculations were
performed using CP2K code. The Perdew-Burke-Ernzerhof
(PBE) exchange—correlation and DZVP basis sets combined
with Goedecker-Teter-Hutter (GTH) pseudopotentials were
used. The plane-wave cutoff energy was set at 500 Ry, and
the self-consistent field (SCF) convergence was set to be

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

1.0 x 107% Ha. The DFT calculations used periodic bound-
ary conditions in XYZ directions. The vacuum thickness for
the Z direction was set as 10 A. The D3 dispersion correc-
tion was applied to improve the van der Waals interaction.
The free energy diagrams for OER were calculated with
reference to the computational hydrogen electrode. The
free energy of the gas phase and adsorbed species can be
obtained from the following equation:

AG = AEpp + AZPE — TAS )

where Enpy was the electronic energy, T was set at 298.15 K.
AZPE and TAS were the change in the zero point energy and
entropy at room temperature (T =298.15 K), which were
obtained after frequency calculations.

Charge density difference of the Co;0,/NiFe-LDH
system:

Ap = PCo,0,/NiFe-LDH ~ PCo,0, ~ PNiFe-LDH 3)

Mechanism of OER in alkaline medium:

* +OH™ — OH* + ¢~ AG, )
OH* + OH™ — O* + H,0() + ¢~ AG, (5)
0* + OH™ — OOH* + ¢~ AG, (6)
OOH* + OH™ —% +0,(g) + H,0() AG, )

3 Results and Discussion
3.1 Material Synthesis and Characterizations

The synthesis process of Co;0,/NiFe-LDH heterostructure
includes the plasma recovery of spent lithium cobalt oxide
batteries and further coupling with NiFe-LDH nanosheets
via hydrothermal (Fig. 2a). In this process, the dismantled
spent lithium cobalt oxide batteries are placed in ethanol/
water solution (v/v=1:1), and the leaching begins at 80 °C,
selectively recovering lithium ions and leaving cobalt-rich
solid residues. In this process, lithium ions are preferentially
extracted (forming lithium complexes), leaving cobalt-rich
solid residues (mainly containing Co(III) oxide precursor).
The ethanol-water mixed solvent can significantly reduce
the dielectric constant of the system and weaken the solva-
tion ability of water molecules to Co’". Li preferentially

@ Springer
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Fig. 2 Synthesis process and characterization of microstructures. a Plasma treatment of LiCoO, cathode material and the sketch map of Co;0,/
NiFe-LDH catalyst synthesis. b Scanning electron microscope image of Co;0,/NiFe-LDH. ¢, d High-resolution TEM image of Co;0,/NiFe-
LDH. e Corresponding elemental mapping of Co, Ni, Fe and O for Co;0,/NiFe-LDH. f XRD patterns of the Co;0,, NiFe-LDH and Co;0,/
NiFe-LDH. g Optimized crystal structure models and charge density difference analysis of Co;0,/NiFe-LDH, Yellow and cyan isosurfaces rep-
resent regions of electron accumulation and depletion. The blue, gray and yellow spheres represent Co, Ni, and Fe atoms, respectively (See

Fig. S21 for the corresponding line-scan profile and quantitative analysis)

forms [Li(HZO)x(EtOH)y]Jr complex due to the low solvation
energy (Li leaching rate ~ 90%) [39]. The residual cobalt
species were subsequently converted into porous Co;0,
through microwave plasma treatment, which is confirmed
by XRD analysis [40]. The high-energy plasma environ-
ment provides rapid localized heating and ion bombardment,
which promotes the decomposition of Co(III)-rich residues

into Co;0,. This process avoids high-temperature sintering

© The authors

and preserves a high surface area. Finally, vertically aligned
NiFe-LDH nanosheets were epitaxially grown on the Co;0,
substrate via hydrothermal reaction using nickel nitrate and
iron nitrate as precursors, forming a heterostructure through
synergistic interfacial interactions. For comparison, NiFe-
LDH was synthesized without adding porous Co;0, in the
hydrothermal process.

https://doi.org/10.1007/s40820-026-02164-1
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The morphologies of the products from different syn-
thetic stages were observed by scanning electron micros-
copy (SEM). The Co;0, obtained after microwave plasma
treatment exhibits a rough surface block structure (mean
particle size ~ 1 pm, Fig. S1a). NiFe-LDH fabricated via
the hydrothermal method shows wrinkled microspheres
with a diameter of about 2 pm (Fig. S1b). SEM imaging
reveals that the vertically arranged NiFe-LDH nanosheets
grown uniformly on the Co;0, substrate and formed a
three-dimensional porous network (Fig. 2b). The specific
exposed crystal plane of the Co;0, substrate is matched
with the lattice of LDH, which induces the LDH layer to
grow nearly perpendicular to the substrate surface [41].
In this process, chemical bonding and strong electrostatic
interaction will form between the NiFe-LDH laminate and
the surface atoms of the Co;0, substrate. This interfacial
interaction is not only the key to stabilizing the hetero-
structure, but also may significantly affect the electronic
structure of the composite material and optimize its elec-
trocatalytic performance [42].

Transmission electron microscopy (TEM) further con-
firms the ultrathin properties of the NiFe-LDH nanosheets
(thickness <5 nm, Fig. S2) and their close interface con-
tact with Co;0,, which is consistent with the designed
heterostructure (Fig. 2c). High-resolution TEM (HRTEM)
images of Co;0,/NiFe-LDH composite reveal that the lattice
fringes are spaced at 0.222 and 0.317 nm, corresponding
to the (311) crystal plane of Co;0, and the (110) crystal
plane of NiFe-LDH, respectively (Fig. 2d) which is further
confirmed by the additional structural analysis provided in
Figs. S3 and S4. The apparent boundary region between
NiFe-LDH and Co;0, in the image confirms the successful
formation of heterostructure, which will enhance electron
transfer and generate new catalytically active sites at the
heterogeneous interface of OER [43]. In addition, there is
a significant difference between the interplanar spacing of
Co;0, (311) and NiFe-LDH (110) (~30% lattice mismatch),
but this mismatch introduces a controllable lattice strain at
the interface. The strain and the chemical bonding and elec-
trostatic interaction between the interfaces jointly induce
significant electron reconstruction, thereby optimizing the
electrocatalytic performance of the composites. Energy-dis-
persive X-ray spectroscopy (EDS) mapping of the Co;0,/
NiFe-LDH composite (Fig. 2e) demonstrates the homogene-
ous distribution of Co, Ni, Fe, and O elements throughout
the sample. Furthermore, inductively coupled plasma optical

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

emission spectrometry (ICP-OES) analysis determined the
content of various elements, revealing Co/Ni/Fe molar ratio
of 1: 10.58: 3.37 in the final product (Table S1).

As shown in Fig. 2f, the phase structure and microstruc-
ture of Co;0,, NiFe-LDH, and Co;0,/NiFe-LDH were char-
acterized by X-ray diffraction (XRD). The XRD pattern of
Co,;0, exhibited sharp and intense diffraction peaks, indicat-
ing high crystallinity and large grain size (JCPDS card No.
42-1467) [44]. In contrast, NiFe-LDH shows the character-
istic peaks with low intensity, indicating that it has low crys-
tallinity (JCPDS card No. 40-0215), and TEM images veri-
fies that it mainly exists in the form of nanosheets [45]. The
diffraction peak at 26.5° may be a new long-range ordered
structure induced by the strong interface coupling between
Co;0, and NiFe-LDH. The XRD pattern of the Co;0,/NiFe-
LDH reveals diffraction peaks positioned between those of
the individual components, and these peaks correspond to
a combination of the characteristic peaks from both Co;0,
and NiFe-LDH, which confirms the existence of the hetero-
structure. Notably, within the Co;0,/NiFe-LDH compos-
ites, the characteristic peak strength of Co;0, decreases and
the peak width increases, possibly due to lattice distortion
caused by interfacial interactions (such as the occurrence
of cation doping) [46]. Furthermore, Fig. 2g depicts the
atomic arrangement and electron redistribution at the Co;0,/
NiFe-LDH heterogeneous interface, showing the optimized
crystal structure model (upper panel) and the charge density
difference distribution (lower panel). Isosurfaces in yellow
(indicating electron accumulation) and cyan (indicating
electron depletion) clearly visualize the aggregation and
depletion of electrons at the interface. The image reveals
the spatial path of electron transfer originating from the Fe
sites (cyan, depletion) through the interface to the Ni sites
(yellow, accumulation), consistent with the Fe — Ni electron
transfer direction inferred from XPS analysis. This observed
charge redistribution indicates strong electronic coupling at
the Co;0,/NiFe-LDH interface, likely responsible for its
superior performance compared to individual Co;0, and
NiFe-LDH components. Similarly, the charge redistribution
near Fe and Ni atoms in Co;0,/NiFe-LDH indicates that
the incorporation of Co;0, changes the electronic structure,
which provides strong proof for the subsequent improvement
of OER activity. This analysis clearly reveals the spatial pat-
tern of electron gain and loss around the constituent atoms
in the interface region, and provides atomic-scale visual evi-
dence for the interfacial electron transfer.

@ Springer
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XPS was used to further study the chemical state and
coordination environment of the catalyst, revealing the
trend of the OER pathway. The presence of Co, Ni, Fe, and
O elements in the measurement spectrum of the sample
(Fig. 3a), corroborated by EDS results, strongly confirms
the successful synthesis of the composite material. In the

© The authors

high-resolution Co 2p spectrum (Fig. S5), the characteristic
doublet peaks at 780.6 eV (Co 2p;;,) and 785.3 eV (Co 2p,»)
correspond to Co® and Co?" species in C0;0,. The minor
peak observed at 774.8 eV suggests the potential formation
of metallic Co, possibly arising from partial reduction dur-
ing synthesis[47, 48]. The high-resolution Ni 2p spectrum

https://doi.org/10.1007/s40820-026-02164-1
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of Co;0,/NiFe-LDH exhibited two fitting peaks of 855.21
and 872.47 eV are attributed to Ni 2p;,, and Ni 2p, ,, respec-
tively (Fig. 3b). It is worth noting that compared with the
original NiFe-LDH, the intensity of the Ni characteristic
peak of Co;0,/NiFe-LDH is reduced and shifted (0.43 eV),
which may be due to the electrostatic attraction or coordi-
nation bond formation at the interface with Co>*, resulting
in a change in the electron cloud density around Ni [45].
In the high-resolution Fe 2p spectrum of Co;0,/NiFe-LDH
(Fig. 3c), the two fitting peaks of 711.26 and 724.47 eV are
attributed to Fe 2p;,, and Fe 2p,,, respectively. The peaks
of Fe 2p move significantly in the direction of high binding
energy (0.68 eV), indicating that the electron cloud density
around Fe decreases in Co;0,/NiFe-LDH compared with
NiFe-LDH. These shifts indicate that the strong electronic
coupling between Co;0, and NiFe-LDH leads to the redis-
tribution of charge at the interface, which optimizes the
electronic structure of the active sites of Ni and Fe rather
than causing a complete change in their oxidation states
[35]. Finally, the O 1s high-resolution spectrum displayed
three distinct peaks at 533.1, 530.8, and 528.8 eV, these are
assigned adsorbed oxygen (OI) that water molecules and
hydroxyl groups adsorbed on the catalysts surface, defect
oxygen (OII), and Lattice-oxygen (OIIT) (Fig. 3d) [15,
49, 50]. In order to elucidate the specific electron transfer
mechanism, we established a Co—O-Fe—O-Ni unit model
to analyze the electron interaction at the interface (Fig. 3e).
At the interface, there is a strong electron repulsion between
the d_, orbitals of Fe** (3d°, pink marker) and Co™* (3°,
yellow marker), resulting in a decrease in the electron cloud
density at the Fe site. Concurrently, the bridging O*~ (pur-
ple marker) donates its z electrons via the 2p orbital to the
vacant dx’—y? orbitals of the adjacent Co>". This synergy
of orbital repulsion and electron donation drives electron
migration along the pathway Fe — O — Co — Ni, ultimately
forming an electron-enriched region at the Ni** site. This
process optimizes the d-band center position of the metal
active center by reconstructing the interface charge distribu-
tion and significantly reduces the adsorption energy barrier
of the oxygen intermediate, thereby improving the intrinsic
activity of the oxygen evolution reaction.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

3.2 Electrochemical Characterization in Alkaline
Electrolyte

To evaluate the alkaline OER properties of the synthesized
Co;0,/NiFe-LDH catalyst, a series of tests and characteri-
zation were performed in 1.0 M KOH electrolyte (The final
catalyst photograph is shown in Fig. S6). For comparison,
commercial IrO, catalysts attached to carbon paper and other
comparison samples were also studied. We first tested its
redox properties by cyclic voltammetry (Fig. S7). Subse-
quently, the OER polarization curves of different catalysts
are shown in Fig. 4a. The Co;0,/NiFe-LDH catalyst exhibits
superior performance, requiring only 235 mV (vs. RHE) to
achieve a current density of 10 mA cm™2. This significantly
outperforms the NiFe-LDH catalyst (270 mV), the Co;0,
catalyst (479 mV), and even the benchmark IrO, catalyst
(306 mV). The comparison of Tafel slopes and overpoten-
tials for each sample is shown in Fig. 4b, c. The Co;0,/
NiFe-LDH catalyst consistently demonstrates excellent
catalytic activity. This enhancement indicates that the syn-
ergistic electronic interaction between Co;0, and NiFe-LDH
may be due to optimized charge transfer at the heterogene-
ous interface rather than simple physical mixing (Fig. S8).
The Tafel slope value further supports that the composite
follows the conventional adsorbate evolution mechanism
(AEM), where the reaction kinetics are governed by sequen-
tial surface intermediate formation (*OH — *O — *OOH),
consistent with the observed kinetic barrier reduction [51].
In addition, Co;0,/NiFe-LDH also performed better than
most other reported literatures (Table S3). In addition, the
electrochemically-active surface area (ECSA) was estimated
by cyclic voltammetric (CV)-evaluated double-layer capaci-
tance (Cy) to further elucidate the high OER performance
of Co;0,/NiFe-LDH (Fig. S9). As shown in Fig. 4d, the
C, value of Co;0,/NiFe-LDH is 3.06 mF cm™2, which is
higher than that of NiFe-LDH (2.65 mF cm™2) and Co;0,
(0.03 mF cm_z), indicating that there are more active sites
of Co;0,/NiFe-LDH. These results suggest that the synergy
of NiFe-LDH and Co;0, promotes the increase in reactive
sites. In order to clarify whether the performance improve-
ment is due to the increase in the number of active sites or
the enhancement of intrinsic activity, we normalized the cur-
rent density of the LSV curve with the electric double layer
capacitance to compare its intrinsic activity (Fig. S10). The
ECSA-normalized current density of Co;0,/NiFe-LDH is
significantly higher than that of NiFe-LDH. This indicates
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that the excellent OER performance of the composite mate-
rial not only comes from the larger electrochemical active
area, but also the intrinsic catalytic activity of each active
site has been effectively improved.

To further understand the reaction kinetics in the OER
process, electrochemical impedance spectroscopy (EIS)
tests were performed to probe the interface properties and
determine the electron transport process. The Nyquist
plot results obtained when the overpotential is 300 mV
are shown in Fig. 4e. The Co;0,/NiFe-LDH catalyst shows
a smaller semicircle, indicating that the interface barrier
to mass transfer and charge transfer kinetics are the low-
est. Moreover, it has a smaller charge transfer resistance
(R.), which has a faster electron transfer rate to promote

© The authors

the OER process at the reaction interface. The long-term
OER stability of Co;0,/NiFe-LDH electrode was inves-
tigated by chronopotentiometry at a current density of
10 mA cm~2 in alkaline electrolyte for 24 h. As shown in
Fig. 4f, the overpotential remains stable throughout the
test period, indicating that Co;0,/NiFe-LDH has excel-
lent durability during OER process. In addition, the test
electrode did not show any obvious structural changes,
SEM and EDS showed that the three-dimensional struc-
ture was intact, Ni, Fe, Co, O and other elements were
evenly distributed, and had good stability (Figs. S11 and
S12). The FTIR results show that the main crystal skeleton
of the composite material maintains good integrity after
the electrochemical cycle, and no serious phase transition
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or structural collapse occurs (Fig. S13). The stability test
results of the contrast sample IrO, are shown in Fig. S14,
and the voltage has a significant increase within 20 h.
The stability of this material is mainly due to its unique
layered structure: Ni-Fe bimetallic cations build a stable
three-dimensional network framework by forming strong
coordination bonds with interlayer oxygen vacancies, thus
significantly improving the overall structural integrity of
the material system [52, 53].

Furthermore, to assess the practical application potential
of the Co;0,/NiFe-LDH catalyst in water electrolysis, mem-
brane electrode assemblies (MEAs) were fabricated using
the catalyst-coated substrate (CCS) method (Fig. S15). Here,
Co;0,/NiFe-LDH was used as the anode catalyst layer. The
MEA was assembled by stacking layers in the following
order: gas diffusion layer, anode catalyst layer, commercial
membrane (ZIRFON UTP 500), and blank nickel foam layer.
The prepared membrane electrode assembly was hot-pressed
at 0.1 MPa and 70 °C. The film-forming electrode assem-
bly was assembled for alkaline water electrolysis to study
its practical application performance (Fig. 4g). To simulate
industrial operating conditions, the electrolyzer system is
equipped with a temperature control system to ensure that
the temperature is maintained at 80 °C, and the circulation
system drives 30 wt% KOH electrolyte. The polarization
curve shows that Co;0,/NiFe-LDHIINF exhibits good per-
formance at 80 °C, reaching 1.74 V at 200 mA cm~2, which
is better than the contrast RuO,|INF (Fig. 4h). In addition, the
stability of hydrogen production from electrolytic water is
crucial for practical applications. The Co;0,/NiFe-LDHIINF
alkaline water electrolyzer exhibits excellent stability at a
current density of 200 mA cm~2, and the voltage attenuation
rate within 140 h is only 1.5 mV h! (Fig. 4i), which has
certain practicality. This work confirms that the prepared
Co;0,/NiFe-LDH heterojunction catalyst has excellent cycle
stability over 140 h at an industrial-related current density
of 200 mA cm™2. The post-test characterization of the sys-
tem (XRD, XPS) shows that its structure and heterogeneous
interface remain intact during long-term operation, which is
the structural basis of its excellent durability (Figs. S16 and
S17). The preliminary test at 500 mA cm™ also shows a
stable potential output (Fig. S18). In future, the accelerated
aging research under > 1 A cm™2 in the optimized high cur-
rent test device will be a key step to promote the large-scale
application of the catalyst.
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3.3 Mechanism Analysis

To further elucidate the mechanism of surface dynamic
reconstruction, in situ Raman spectroscopy and correspond-
ing mapping of the catalyst were performed at an open cir-
cuit potential (OCP) and an applied potential (1.2-1.8 vs.
RHE) of 0.1 V increments. More detailed information about
the local environment of the Co;0,/NiFe-LDH catalyst was
obtained by using in situ Raman spectroscopy, revealing
the real active sites of the catalyst (Fig. 5a). The signifi-
cant Raman peaks at 480 and 562 cm™! correspond to the
E, bending vibration mode of Ni(Fe)-O, indicating that the
catalytically active high-valence Ni substance is formed
at the anode potential (NiFeOOH). Potential-dependent
spectral evolution: At the open circuit potential (OCP), the
weak Co;0, and Ni-OOH signals indicate that it is mainly
a layered double hydroxide (LDH) phase. Upon increasing
the potential to 1.4-1.6 V (vs. RHE), the intensity of the
Ni-OOH peak (562 cm™!) increases significantly, which is
related to the electrochemical activation of NiFe-LDH into
Ni-OOH under OER conditions. This shift signifies the tran-
sition from NiFe-LDH to NiFeOOH (Fig. 5b) [54, 55]. A
contour map representation of the potential-dependent spec-
tral evolution (Fig. 5¢) provides further insight. It reveals a
clear intensity gradient for the key Ni-OOH peak (562 cm™)
within the potential window of 1.6 to 1.8 V. Notably, the
strengthening region in this contour map (demarcated by
dotted lines) correlates with the pronounced Ni-OOH signal
increase and aligns with the accelerated surface reconstruc-
tion dynamics occurring at higher potentials. In situ Raman
confirmed that Co;0,/NiFe-LDH was reconstructed into
Ni(Fe)OOH active phase under OER conditions. The intro-
duction of Co;0, not only reduces the reconstruction energy
barrier by promoting the interface charge transfer, but also
pre-modulates the d-band structure of the Ni/Fe site at the
electronic level. This modulation effect is inherited by the
reconstructed surface phase, thereby optimizing the adsorp-
tion energy of the oxygen intermediate and improving the
intrinsic activity. These findings support the formation of a
reconstructed Co;0,/NiFeOOH structure, which is the rea-
son for enhanced OER performance and long-term stability.

We used DFT calculations to analyze Co;0,/NiFe-LDH
composites to elucidate the relationship between electronic
structure and enhanced alkaline OER activity, so as to bet-
ter understand how the synergistic effect of heterogeneous
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interfaces promotes the improvement of OER activity
observed in the material. In addition, the focus of the DFT
model in this study is to reveal the regulation of the two-site
reaction pathway of Ni/Fe at the heterojunction interface.
Figures S19 and S20 show the optimized structures of each
catalyst during the OER process. To establish the relation-
ship between the electronic structure and OER performance,
the projected density of states (PDOS) is analyzed. PDOS
calculated by DFT (Fig. 5d) shows that the density of states
of Fe 3d orbitals near the Fermi level is significantly lower
than that of NiFe-LDH in Co;0,/NiFe-LDH. The decrease
in the density of states of Fe 3d indicates that the d electron

© The authors

charge delocalization is enhanced, which leads to the weak-
ening of the adsorption of oxygen-containing intermediates
at the Fe site, thereby optimizing the reaction energy barrier.
Further analysis shows that there is a significant hybridiza-
tion between the Ni 3d orbital and the Fe 3d orbital in the
energy range of —2—0 eV. The synergistic effect between
the metals promotes charge transfer, thereby significantly
improving the catalytic activity.

The free energy diagrams of Ni and Fe sites on Co;0,/
NiFe-LDH and NiFe-LDH models were calculated (Fig. Se,
f). The diagram shows that the conversion of Ni site from

*OH — *O needs to overcome a higher energy barrier

https://doi.org/10.1007/s40820-026-02164-1
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(1.76 eV) in NiFe-LDH, resulting in a sharp increase in the
free energy of the entire OER path, indicating that this step
is the OER reaction rate-determining step (RDS). While the
combined experimental and theoretical analyses support
an AEM-dominated pathway, possible contributions from
lattice oxygen participation cannot be completely ruled out
under anodic conditions. Ni needs to overcome the high-
energy barrier deprotonation behavior during the oxidation
process, and the binding of the *O intermediate to the Ni
site is too strong, resulting in difficulty in desorption; at
the same time, the Fe site also has a high energy barrier
(2.49 eV) in this step, which has a weak contribution to the
overall OER activity. In contrast, the combination of Co;0,
and NiFe-LDH increases the *OH — *O energy barrier of
the Ni site to 1.97 eV, and the Ni site energy barrier in the
*O — *OOH step is significantly reduced, optimizing the
electronic structure of O and promoting the formation of
O-0 bonds. At the same time, the energy barrier of the Fe
site (2.18 eV) is significantly lower than that of NiFe-LDH,
which reduces the desorption energy barrier. The interfa-
cial Co;0, induces lattice strain and electron redistribution,
driving Ni-Fe hybridization and barrier optimization. This
synergistic interface regulation optimizes the *O — *OOH
step reaction kinetics of the Ni site, promotes the formation
of OO bonds, and reduces the RDS energy barrier of the Fe
site, which reduces the energy barrier difference of the NiFe
double site, promotes the parallel reaction of the dual active
center, and breaks through the single RDS limit, improving
OER activity (Fig. 5g).

4 Conclusions

In summary, the collaborative technology system of elec-
trode material resource regeneration and high value-added
catalyst preparation for spent lithium cobaltate battery was
successfully established in this study by using plasma activa-
tion technology and hydrothermal assembly process. Specifi-
cally, the efficient leaching of metal and in situ reconstruc-
tion of cobalt species in electrode materials were achieved
by using the mixed solution of alcohol and water and the
etching effect of microwave plasma. By accurately adjust-
ing the hydrothermal reaction kinetic parameters, NiFe-LDH
nanosheet arrays were vertically grown on the surface of
defective Co;0, to form a three-dimensional heterogeneous
interface structure. Experimental characterization confirmed

SHANGHAI JIAO TONG UNIVERSITY PRESS

that the catalyst formed a continuous electron transfer chan-
nel through interfacial interaction, and its unique heteroge-
neous interface engineering resulted in a significant elec-
tronic synergistic effect between the NiFe-LDH sheet and
the Co;0, nanocrystals. The test of oxygen evolution reac-
tion in alkaline medium shows that the optimized sample

2 current

only needs 235 mV overpotential at 10 mA cm™
density, and can run stably for 24 h without obvious activity
attenuation. It also has practical application value in alka-
line electrolyzers. This performance advantage is due to
the dynamic coordination reconstruction of the bimetallic
active site and the rapid mass transfer at the heterogene-
ous interface. This study provides a new paradigm for the
high-value utilization of spent lithium battery resources.
This strategy has potential applicability to other cathode
chemistry. For NCM, the multi-metal system may directly
form high-entropy oxides after plasma treatment. For LFP,
phosphorus may volatilize under the action of plasma, leav-
ing iron oxides that can be coupled with NiCo-LDH. From
simple material regeneration to precise design of high-value
functional materials, it is of great practical significance to
promote closed-loop circular economy and green hydrogen
production technology driven by renewable energy.
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