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Abstract
Spinel LiMn2O4 (LMO) is deemed to be a promising cathode material for commercial
lithium-ion batteries (LIBs) in prospect of its cost-effectiveness, nontoxicity, fabulous rate
capability, and high energy density. Nevertheless, the LMO is inevitably confronted with
sluggish diffusion kinetics and drastic capacity degradation triggered by multiple issues,
including Jahn–Teller distortion, Mn dissolution, and structural attenuation. Thereinto, a
metal-organic framework (MOF) chemistry engineering for hierarchical micro-/nano-structural
F, O-dual-doped carbon embedded oxygen vacancy enriched LiMn2O4 cathode
(OV-LMO@FOC) is proposed for longevous LIBs. Bestowed by experimental and theoretical
implementations, systematic investigations of OV-LMO@FOC endow that the meticulous
integration of F, O-dual-doped carbon and oxygen vacancy in LMO-based cathode reconfigures
the electronic structure, boosts electronic conductivity, expedites diffusion capability, facilitates
energetically preferable Li+ adsorption, and suppresses Mn dissolution in the electrolyte,
consequently achieving fabulous long-term cycling stability. As expected, the OV-LMO@FOC
behaves with compelling electrochemical performance with prosperous reversible capacity
(130.2 mAh g−1 at 0.2 C upon 200 cycles), exceptional rate capacity (93.7 mAh g−1 even at
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20 C), and pronounced long-term cyclability (112.5 mAh g−1 after 1200 cycles with 77.6%
capacity retention at 1 C). Even at the ultrahigh current density of 5 C, the OV-LMO@FOC
bears a brilliant capacity of 96.9 mAh g−1 upon 1000 cycles with an extraordinary capacity
retention of 90.7%, and maintains a discharge capacity of 70.9 mAh g−1 upon 4000 cycles. This
work envisions the MOF-chemistry in surface modification and electronic modulation
engineering of high-performance cathode materials towards industrialization
in automotive market.

Supplementary material for this article is available online

Keywords: metal-organic framework, spinel LiMn2O4 cathode, oxygen vacancy engineering,
dual-heteroatom-doped carbon, longevous lithium ion battery

1. Introduction

With the global intensification of carbon neutrality and sur-
ging popularity of electric vehicles (EVs), the development of
electrode technology has been flourishing to intrigue the com-
petitive electrochemical metrics (cost-efficiency, energy dens-
ity, and cycling lifespan) of lithium-ion batteries (LIBs) upon
the electrification of automobile industry [1]. Cathode mater-
ials are arguably commensurate with more than 40% of both
cost and energy density of LIB system [2]. The olivine lith-
ium iron phosphates (LiFePO4, LFP), layered lithium metal
oxides (LiNixCoyMnzO2, NCM, x + y + z = 1), and spinel
lithium manganese oxides (LiMn2O4, LMO) are aggressively
used as the commercialized cathode materials [3, 4]. Among
them, the LFP delivers low operating voltage (∼3.4 V) and
limited energy-density level despite of its low cost; while the
NCM cathodes involve the controversial transition-metal ele-
ments of Ni and Co, encountering with the reserve deple-
tion, localized supply, high value, and toxicity, which impedes
their industrialization of EVs [5, 6]. Alternatively, the all-
manganese-based LMO endows the advantage complement-
ary of environmental compatibility, high thermal stability,
nontoxicity, high voltage (∼4 V), high energy density and
safety, as well as overwhelming cost superiority (the price of
manganese is approximately 20% of Ni and below 10% of
Co) [7]. Nevertheless, the LMO cathode is mainly plagued
by the cubic-tetragonal Jahn–Teller distortion, Mn2+ dissol-
ution in electrolyte due to the Mn3+ disproportionation mech-
anism, jeopardizes the electrode polarization and long-term
cyclability, thus leading to severe capacity degradation upon
electrochemical operation [8, 9].

To tackle the above conundrum, orchestrated efforts have
been focused on modification engineering, concerning chem-
ical bulk doping, surface coating, morphological manipula-
tion, and structural design, to mitigate the capacity decline
of LMO [10, 11]. Nevertheless, the single micro- or nano-
structure might accordingly compensate for the rate capabil-
ity or tap density of LMO cathode materials, which is still
a challenge for scale-up applications. It intrigues versatile
micro-/nano-structural design for cathode chemistry with pro-
nounced rate performance and energy density, which can
integrate not only high tap density from microstructure but

also the superior rate performance from nanostructure [12, 13].
As for compositional optimization, the heteroatom-doping in
LMO bulk might result in new configuration [14]. Hence, sur-
face modification is deemed as an effective approach by coat-
ing materials (such as oxides [15], phosphates [16], fluorides
[17], conductive carbons [18], etc). Embedding cathodemater-
ials into carbonaceous matrix exerts non-negligible influence
on boosting electronic conductivity, suppressing electrode
polarization, mitigating direct contact between electrolyte and
Mn3+, and ameliorating Mn dissolution in the electrolyte
[19–21]. The elastic carbon matrix not only serves as pro-
tective layer to immobilize the structure variation of LMO,
electroactive particle agglomeration, and electrolyte corrosion
upon (de)lithiation, but also provides tremendous extra lith-
ium storage sites towards exalted rate performance [22, 23].
Whilst, it is of note that anionic heteroatom-doping (such as
F, N, S, P, etc) carbon can provide extra defective and act-
ive sites for lithium storage [24, 25]. It is acknowledged that
fluorine serves as the most electronegative element and char-
acters compelling electronegativity, facilitating manipulated
electronic properties and ameliorating interfacial resistance.
Hence, F doping is a promising strategy for the improvement
of LMO in electronic conductivity due to the much stronger
electronegativity of F compared with other heteroatoms [25].
Unfortunately, conventional F-doping strategy requires harsh
synthetic conditions by F2 or XeF2 flow fluorination [26],
which is difficult to implement in experimental studies and
may cause environmental hazards. Taking ‘green chemistry’
appeal and the necessity of F doping into account, a delic-
ate protocol by facile solvothermal/solid-state reactions for
micro-/nano-structural dual-heteroatom-doped carbon embed-
ded spinel LiMn2O4 cathode is instrumental in optimizing the
long-term cycle stability with integrated energy density.

Given the appealing inorganic-organic chemistry, abund-
ant distributed active sites, and hierarchical designed struc-
ture, metal-organic frameworks (MOFs) interconnected poly-
topic organic linkers with metal-centered nodes (single-metal
nodes or polynuclear clusters), are recognized as the main-
stream of periodically porous templates for MOF-derived
dual-heteroatom-doped carbon embedded materials [27, 28].
It is conducive to the uniform distribution/coating of carbon-
aceous surface coatingmaterials with electroactive LMO bulk,
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which mitigates the direct contact between LMO and corros-
ive electrolyte, parasitic side reaction ofMn3+ disproportiona-
tion and Jahn–Teller effect. Impressively, MOF-mediated syn-
thesis strategy has been spotlighted as the feasible and mild
methodology for oxygen vacancies (OV) engineering by sin-
tering under simple oxygen-poor conditions (such as N2 or
Ar atmosphere) to self-adaptively manipulate the local elec-
tronic structurewithout radically changing pristine lattice [29].
During this synthetic route, high-temperature sintering under
reductive atmospheres is energetically favorable for oxygen
vacancy formation and can simultaneously warrant the crys-
tallinity degree of the LMO products. The local built-in elec-
tric field induced by the introduction of OV is conducive to
optimizing the electrochemical performance with more elec-
troactive sites, boosting lithium ion diffusivity, decreasing
energy barrier, and suppressing structural deformation upon
repeated (de)lithiation process [30, 31]. Whereas, the MOF
engineering for constructing carbon embedded LiMn2O4 is
still in its infant stage, which might facilitate the lithium
storage metrics to confer MOF-chemistry penetration into
automotive-type lithium ion battery cathode.

By leveraging the aforementioned complementarity,
herein, we elaborately design and fabricate a MOF-chemistry
engineering for hierarchical micro-/nano-structural F, O-dual-
doped carbon embedded spinel LiMn2O4 cathode (here-
inafter termed as OV-LMO@FOC) by solvothermal and
high-temperature sintering methodologies as LIB cathode.
Combining experimental and theoretical analyses, compre-
hensive investigations of OV-LMO@FOC unveil that the uni-
formity and existence of oxygen vacancy and F, O-dual-doped
carbon energetically facilitate Li+ adsorption and diffusion
capability, boost electronic conductivity, suppress Mn dis-
solution in electrolyte, further improving fabulous long-term
cycling stability. Consequently, compelling electrochemical
metrics are achieved with superior specific capacity, distin-
guished rate capacity, and exceptional cyclability. We envision
that this work highlights the MOF-chemistry in surface modi-
fication engineering of high-performance cathode materials
towards industrialization.

2. Experimental

2.1. Synthesis of OV-LMO@FOC, OV-LMO@OC, and LMO

In a typical synthetic protocol, 15 g of polyvinylpyrrolidone
(PVP, K30, Mw = 40 000) and 2.45 g of Mn(Ac)2 · 2H2O
were decentralized in 100ml mixed solvent of ethanol and dis-
tilled water (EtOH: DI, 1: 1, vol%) via ultrasonic dispersion to
obtain the solution A. 4.5 g of trimesic acid was decentralized
in 100 ml mixed solvent of ethanol and distilled water (EtOH:
DI, 1: 1, vol%) via ultrasonic dispersion to obtain the solution
B. Then, the solution B was dropwise added into the solution
A with vigorous magnetic stirring for another 30 min at room
temperature, and further aged at room temperature for 24 h.
The resulting precipitates were obtained by centrifuging and
rinsing by ethanol for three times, and drying at 70 ◦C in the
vacuum oven for 24 h.

The OV-LMO@FOC was prepared via a Mn-MOF-
mediated sintering treatment methodology. 1 g of Mn-MOF,
0.12 g of Li2CO3, and 0.12 g of NH4F were uniformly mixed
for 10 min in a mortar. Afterwards, the grounded precursors
were sintered at 500 ◦C for 4 h under Ar atmosphere with a
temperature ramping rate of 2 ◦C min−1 in a tubular furnace,
and then sintered at 800 ◦C under Ar atmosphere with a tem-
perature ramping rate of 4 ◦C min−1 for another 2 h. After
naturally cooling to room temperature, the OV-LMO@FOC
was obtained.

Additionally, the OV-LMO@OC was prepared in the sim-
ilar way without adding NH4F. Whereas the LMO was syn-
thesized by sintering the mixture of Mn-MOF and Li2CO3 at
500 ◦C for 4 h in air, and then sintered at 800 ◦C under Ar
atmosphere with a temperature ramping rate of 4 ◦C min−1

for another 2 h.

2.2. Morphological and structural characterization

The crystal structure and phase information were collected
by x-ray diffraction (XRD, Ultima IV, Cu Kα radiation)
using a scanning angle of 10−90◦. The nitrogen adsorp-
tion/desorption isotherms (Micromeritics ASAP 2010, USA)
at 77 K were conducted to specific surface area and pore size.
Thermogravimetric analysis (TGA, NETZSCH TG 209 F1
Libra) from 30 to 800 ◦C with a heating rate of 10 ◦C min−1

under N2 atmosphere. The elemental configuration and chem-
ical valence states were characterized via x-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha+) using Al
Kα x-ray source. The morphological structure was obtained
by Raman spectra (Renishaw inVia) via an argon ion laser
beam. Surface morphology and microstructure were observed
by scanning electron microscopy (SEM, FEI Quanta 250
FEG) and transmission electron microscopy (TEM, FEI Talos
F200X) with high-angle annular dark-field (HAADF) STEM
and energy dispersive x-ray spectrometer.

2.3. Electrochemical measurements

The active material, acetylene black, and polyvinylidene fluor-
ide were mixed in the mass ratio of 7:2:1, and then decentral-
ized in the appropriate amount ofN-methylpyrrolidone solvent
to prepare a syrupy mixture, which was further coated on
Al foil current collector as cathode films and further dried
at 110 ◦C in the vacuum oven for 20 h. Lithium foil was
employed as the counter-electrode, Celgard 2500-type mem-
brane was applied as the separator, and 1 M LiPF6 dis-
solved in a mixture of ethylene carbonate, dimethyl carbon-
ate, and diethyl carbonate organic solvents (EC: DMC: DEC,
1: 1: 1, vol%) was functioned as the electrolyte for cell
assembly. The electrochemical properties of OV-LMO@FOC,
OV-LMO@OC, and LMO cathodes were investigated by the
assembled CR2032 coin-type cells, where the assemble pro-
cess of the cells was conducted in the argon-filled glove
box (Mikrouna, H2O ⩽ 0.1 ppm, O2 ⩽ 0.1 ppm). The mass
loading of the active material for typical electrodes was
∼2.54 mg cm−2. Afterwards, the galvanostatic (dis)charge

3



Mater. Futures 4 (2025) 025101 X Lin et al

(GCD) cycling tests were systematically performed by LAND
3001 A battery testing system at room-temperature within
the potential range of 3−4.5 V at various rate densities
(1 C = 148 mAh g−1). The cyclic voltammetry (CV) with
different sweep rates between 3−4.5 V and the electro-
chemical impedance spectroscopy (EIS) in the frequency
range from 105 kHz to 10−2 Hz with the AC signal amp-
litude of 5 mV at room temperature were measured via the
electrochemical workstation (CHI760E).

2.4. Calculation methods

The density functional theory (DFT) calculations were
implemented by the Vienna Ab-initio Simulation Package
[32] with the frozen-core all-electron projector-augment-
wave [33] methodology. The Perdew–Burke–Ernzerhof [34]
of generalized gradient approximation was employed to
depict the exchange and correlation potential. The kinetic
energy cutoff of 520 eV for the plane-wave basis set was
considered. Grimme’s DFT-D3 methodology was used to
describe the dispersion interactions. The geometry optim-
izations were stopped upon the forces on each ion was
lower than 0.03 eV Å−1. The 3 × 3 × 1 Monkhorst-
Pack k-pointsampling of the Brillouin zone was applied. The
adsorption energies (∆Eads) were obtained by the equation:
∆Eads = ELi+surface − 8Esurface − ELi, where Esurface, ELi,
ELi+surface represent the energy of the LMO (111) slab and OV-
LMO@FOC (111) composite, the energy of the Li+, and the
total energy of the adsorbed system.

3. Results and discussions

Figure 1 schematically illustrates the preparation strategy for
MOF-mediated OV-LMO@FOC. Herein, the spherical Mn-
MOF was assembled by trimesic acid and Mn2+, and figure
S1 shows the XRD pattern to confirm the successful fabrica-
tion and phase purity of Mn-MOF. The TGA curve reveals the
thermal stability of Mn-MOF (figure S2). To prepare the OV-
LMO@FOC, the Mn-MOF, ammonium fluoride, and lithium
carbonate were homogeneously mixed and further sintering
in argon flow via solid-state sintering strategy, among which
the lithium carbonate and Mn ions of Mn-MOF render as lith-
ium and manganese source to form the LiMn2O4, respectively.
Additionally, the trimesic acid ligand of Mn-MOF transforms
into the carbon layer and the ammonium fluoride as etching
reagent contributes to the fluorine dopants into the carbon
matrix. The hierarchical MOF-mediated LiMn2O4 embedded
in O-doped carbon (OV-LMO@OC, without NH4F) micro/n-
anoparticles and MOF-mediated LiMn2O4 (LMO, without
NH4F and sintering in air flow) were implemented as paral-
lel experiments to investigate the electrochemical properties
of OV-LMO@FOC.

The morphological and crystal structures of OV-
LMO@FOCwere observed by the SEM and TEM techniques.
As shown in figures 2(a)–(c), the micro-sized spheres are con-
sisted of tremendous nano-sized subunits, further leading to

the hierarchical micro-/nano-structure of OV-LMO@FOC.
Worth mentioning, the OV-LMO@FOC well-maintains the
spherical hollow shape of the Mn-MOF template (figure
S3), and has negligible difference with the OV-LMO@OC
after fluoridation (figure S4), which could be ascribed to
the MOF-derived carbon matrix functioning as the template
and structure protector for the Mn-MOF precursor morpho-
logy. The TEM image in figure 2(d) reveals that the hollow
cavity inside micro-sized spheres can be observed in OV-
LMO@FOC, demonstrating the hierarchical hollow micro-
/nano-architecture. Furthermore, the nano-sized LiMn2O4

subunits are coated with a ∼1.5 nm carbon layer (figure 2(e)),
which could effectively avoid severe volume variation of LMO
particles and the direct contact between LMO and electro-
lyte. Such a hierarchical hollow micro-/nano-architecture
is conducive to improved electronic conductivity, extra
lithium-ion storage sites, and alleviated volumetric expan-
sion upon (dis)charge course [35]. According to figure S5,
the average particle sizes of the primary LiMn2O4 particle
for OV-LMO@OC and OV-LMO@FOC were calculated as
∼40.2 nm. Moreover, the inner cavity of the hollow structure
facilitates the suppressed volumetric stress and increased con-
tact between the electrode materials and electrolyte, in favor
of structural integrity and prolonged cycling stability of act-
ive material [36]. Figure 2(f) presents the high-magnification
TEM (HRTEM) image, where the contiguous lattice fringes
with an interplanar distance of 0.47 nm can be indexed to
the (111) crystal plane of LMO. Disordered regions in the
carbon layer induced by carbon defects are also visible, indic-
ating the successful heteroatom doping [37]. Additionally, as
depicted in figure 2(g), the ring-like selected area electron
diffraction (SAED) pattern with conspicuous diffraction rings
correspond to the (111), (311), and (400) facets of LiMn2O4 in
OV-LMO@FOC. HAADF scanning TEM (HAADF-STEM)
and elemental mapping images demonstrate the existence and
uniformity of Mn, O, F, and C (figure 2(h)). To precisely
visualize the oxygen vacancies in the LiMn2O4 lattice, the
spherical aberration-corrected HAADF-STEM image of OV-
LMO@FOC is disclosed in figure S6, where lattice distortion
and atomic rearrangement triggered by oxygen vacancies
are visible [25].

As disclosed in figure 3(a), the crystallographic configur-
ations of LMO, OV-LMO@OC, and OV-LMO@FOC were
confirmed by XRD patterns. The characteristic diffraction
peaks can be identified as the cubic spinel LiMn2O4 phase
(JCPDS Card No. 35–0782) with the Fd 3̄ m space group
without impurity. Simultaneously, OV-LMO@FOC characters
have higher diffraction intensity, suggesting a higher degree
of crystallinity than that of LMO and OV-LMO@OC, corres-
ponding to the Rietveld-refinement results (figures 3(b), S7
and table S1). Figure 3(c) schematically elaborates the crys-
tallographic configuration of LiMn2O4, where the Li, Mn, and
O are located at 8a, 16d, and 32e sites to construct the con-
tractive MnO6 octahedral unit and expansive LiO4 tetrahed-
ral environment. Especially, the ordered Mn2O4 edge-shared
cages provide a three-dimensional open framework channel
for lithium ion diffusion. According to the Raman spectra
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Figure 1. Schematic illustration of the synthetic strategy for hierarchical spinel LiMn2O4 cathode embedded in dual-heteroatom-doped
carbon.

Figure 2. (a)–(c) SEM images of OV-LMO@FOC. (d), (e) TEM images, (f) HRTEM image, (g) SAED pattern, and (h) HAADF-STEM
and the relative elemental mapping images for Mn, O, F, and C of OV-LMO@FOC.

(figure 3(d)), a vibration peak centered at around 626 cm−1

is designated to the Raman-active modes for LiMn2O4 phase,
and two representative bands appeared at around 1336 and
1593 cm−1 are correlated with the disordered sp3 carbon (D-
band) and graphitic sp2 carbon (G-band), respectively. The

D and G band intensity ratios (ID/IG) for OV-LMO@OC
and OV-LMO@FOC are 0.92 and 1.1, respectively, mani-
festing that fluoridation modification induces more defect-
ive sites in the carbon matrix [37]. The Raman spectra pre-
liminarily substantiate the higher disordered degree caused
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Figure 3. (a) XRD patterns of the as-synthesized LMO, OV-LMO@OC, and OV-LMO@FOC. (b) Rietveld refinement of the
OV-LMO@FOC. (c) Schematical illustration for the crystal structures of spinel LiMn2O4. (d) Raman spectra of the LMO, OV-LMO@OC,
and OV-LMO@FOC. High-resolution XPS spectra of (e) F 1 s, (f) O 1 s, and (g) Mn 2p. The (h) EPR spectra and (i) nitrogen de/adsorption
isotherms of the as-prepared LMO, OV-LMO@OC, and OV-LMO@FOC.

by fluorine doping, which can also be supported by the
HRTEM observations. Furthermore, the electronic property
of the electrode might be manipulated by both carbon layer
and high electronegative fluorine/oxygen heteroatom-dopants,
consequently propitious to the abundant lithium storage sites,
boosted electronic conductivity, decreased transport resist-
ances, and alleviated volumetric expansion upon (de)lithiation
processes [24, 29]. Notably, the oxygen-deficient materials
deliver lower peak intensity at 626 cm−1, which is associ-
ated with the ameliorated electronic configuration and boosted
electronic conductivity triggered by the introduction of oxy-
gen defects [30, 31]. XPS spectra were implanted to invest-
igate the chemical valence and bonding modes of the LMO,
OV-LMO@OC, and OV-LMO@FOC. Figure S8 records the
survey spectra that all the Li, Mn, O, C, and F elements
coexist in the OV-LMO@FOC samples. As the Li 1 s spec-
tra elucidated in figure S9, the existence of lithium source
for all samples demonstrates that successful sintering lithi-
ation and transformation from the Mn-MOF into Li-integrated
LiMn2O4, endowing the valid synthesis of LMO via theMOF-
mediated strategy. Additionally, the F 1 s spectrum of OV-
LMO@FOC can be deconvoluted into two subpeaks of C−F

(684.3 eV) and CF2 (686.2 eV) bonds due to the F, O-dual-
doped carbon matrix (figure 3(e)), conducive to the manip-
ulation of electronic structure for OV-LMO@FOC electrode
[38]. The distribution of F-dopants inside the OV-LMO@FOC
was quantitatively investigated by Ar+ etching-assisted XPS
within a depth of 30 nm (figure S10), where the F 1 s peak
of OV-LMO@FOC varies due to the impact of Ar+ etching
treatment. As a result, the peak intensity of F disappears after
Ar+ etching down to 10, 20, and 30 nm. As mentioned earlier
in TEM results, the carbon layer is ∼1.5 nm, which is much
thinner than 10 nm. Therefore, the XPS spectra of F 1 s indic-
ate that the F etches the carbon layer without penetrating into
the LMO bulk. As depicted in figure 3(f), three O peaks are
detected in the core-level O 1 s spectra in OV-LMO@FOC and
OV-LMO@OC, while two peaks are available in the primitive
LMO. The deconvoluted peaks at 533, 531.5, and 529.5 eV
are ascribed to the existence of C–O–C or C=O, oxygen
vacancy, and Mn–O, respectively, thereby indicating the suc-
cessful doping of O into the carbonmatrix and the introduction
of oxygen vacancies [39]. Furthermore, the more pronounced
characteristic peaks at 531.5 eV in OV-LMO@FOC and OV-
LMO@OC indicate higher oxygen vacancy levels [30]. The
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Figure 4. (a) The CV profiles with a scan rate of 0.1 mV s−1 of OV-LMO@FOC cathode. (b) The galvanostatic charge/discharge curves at
0.2 C of OV-LMO@FOC. (c) The cycling performance at 0.2 C, (d) rate capability at different current densities, and long-term cyclability at
(e) 1 C and (f) 5 C for LMO, OV-LMO@OC, and OV-LMO@FOC cathodes, respectively.

fitting core-level Mn 2p spectra hold four characteristic sub-
peaks, where the peaks with binding energies appeared at
642.8 and 654.2 eV are correlative with the Mn 2p3/2 and Mn
2p1/2 doublet for Mn4+, and the peaks with binding energies
appeared at 641.2 and 652.7 eV correlate to the Mn 2p3/2 and
Mn 2p1/2 doublet for Mn3+ (figure 3(g)) [19]. To expound the
oxygen vacancies, the electron paramagnetic resonance (EPR)
spectra in figure 3(h) explicitly confirm the oxygen vacan-
cies in both OV-LMO@OC and OV-LMO@FOC with respect
to the oxygen vacancy signals at g = 1.998. This g-factor
indicates the coexistence of Mn4+ and Mn3+ ions (g = 1.98
for sole LMO) leading to the shift of oxygen vacancy traits
to lower g values [40]. Compared to OV-LMO@OC, OV-
LMO@FOC bears the higher intensity and concentration of
oxygen vacancy, which can boost the electronic conductivity
by reconfiguring the electronic structure in LiMn2O4 crystal
lattice and provide extra electrochemical active sites for lith-
ium ion storage. Additionally, more diffusion pathways can
be provided by vacancies for lithium ions to diffuse into the
bulk. The N2 sorption isothermal identifies the porosity nature
(figure 3(i)), which the Brunauer–Emmett–Teller (BET) spe-
cific surface area takes up 48.4, 73.3, and 107.6 m2 g−1

for LMO, OV-LMO@OC, and OV-LMO@FOC, respectively.
Consequently, F-doping in carbon matrix can introduce the

defective sites in the carbon framework, which is conducive to
more active sites for charge storage. Additionally, the oxygen
vacancies can increase the BET surface area with more lith-
ium storage sites [41, 42], which can be ascribed to the surface
reconstruction and lattice strain brought by the defect sites in
the crystal structure. Herein, the F-doping and higher oxygen
vacancy concentration contribute to higher BET surface area
of OV-LMO@FOC. Figure S11 discloses the pore-size distri-
bution of all the samples featuring hierarchical micro-meso-
macro-pores characteristics, which endows extra lithium stor-
age sites, shortened diffusion channels, efficient electrolyte
infiltration, and boosted charge diffusivity.

To comprehensively evaluate the electrochemical superi-
ority of OV-LMO@FOC, the as-synthesized cathode mater-
ials were assembled as cathodes in coin cells. Figure 4(a)
depicts the CV profiles of OV-LMO@FOC cathode with the
voltage window of 3−4.5 V (vs. Li+/Li), which holds two
pairs of characteristic redox peaks at around 4.07/3.95 V
and 4.18/4.08 V related to the single-phase transformation of
LiMn2O4/Li0.5Mn2O4 with Li−Li interaction and two-phase
transformation of Li0.5Mn2O4/λ-MnO2 without Li−Li inter-
action, indicating the reversible (de)insertion of lithium ions
from/into the tetrahedral sites of spinel structure by two-step
conversion reactions, in which the lithium ion (de)insertion on
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8a sites occurs at∼4 Vmaintaining the cubic spinel symmetry
[43, 44]. It is noteworthy that the single CV peak for initial
cycle charge of OV-LMO@FOC cathode may be attributed
to the large polarization and the Li-poor phase of fresh OV-
LMO@FOC cathode, which the two-phase transformation of
Li0.5Mn2O4/λ-MnO2 dominates at the 1st cycle charge. As
the reversible (de)insertion proceeds, Li-poor phase trans-
forms into Li-rich phase contributing to two typical redox
peaks [45]. In all cases, the OV-LMO@FOC bears much more
symmetric redox peaks and higher peak currents than that
of LMO and OV-LMO@OC counterparts (figure S12). The
CV profiles are superimposed since the second cycle onward,
demonstrating the superior cycling reversibility of insertion
and extraction of lithium ions. The minimized peak current
of OV-LMO@FOC upon the second cycle can be ascribed
to the cycle aging of cathode. Additionally, no extra redox
peak is observed in all samples, confirming that the oxy-
gen vacancy does not change the crystal structure and the
lithium storage mechanism of LMO. Figure 4(b) records the
galvanostatic charge-discharge (GCD) curves at the current
density of 0.2 C for OV-LMO@FOC, which obviously fea-
tures two potential plateaus at around 4.1 and 4.0 V con-
cerning two peak pairs in the abovementioned CV results.
Obviously, the OV-LMO@FOC shows the superior discharge
specific capacity than that of LMO and OV-LMO@OC after
the reversible 200th cycle course (figure S13). The corres-
ponding cycling stability at 0.2 C is illustrated in figure 4(c),
in which the OV-LMO@FOC outperforms other counterparts
with prosperous specific capacity of 130.2 mAh g−1 upon
200 cycles maintaining a capacity retention of 86.2%. It
can be deduced that the enriched oxygen vacancy provides
more extra electroactive sites and improves the practical elec-
trode usage of OV-LMO@FOC. Additionally, the Coulombic
efficiency of the OV-LMO@FOC approaches to ∼100%
upon prolonged cycling, which the F, O-dual-doped car-
bonaceous surface modification effectively suppresses Jahn–
Teller distortion and Mn dissolution induced by the direct
contact between LMO and electrolyte, and thus contribut-
ing to the stable passivation membranes (cathode-electrolyte
interphases, CEIs).

In the interim, the rate capability of OV-LMO@FOC
from low (0.05 C) to ultrahigh (20 C) rates is elaborated in
figure 4(d). Plainly, the discharge capacity of OV-LMO@FOC
exceeds that of LMO and OV-LMO@OC counterparts, with
conspicuous capacity of 146, 147.8, 145.3, 144.3, 140.5, 140,
137.2, 127.6, 120.4, 115.9, and 111.7 mAh g−1 at the upgrad-
ing current density of 0.1, 0.2, 0.4, 0.6, 0.8, 1, 2, 4, 6, 8,
and 10 C, respectively. Even under the harsh current condi-
tion of 20 C, the OV-LMO@FOC achieves a brilliant dis-
charge capacity of 93.7 mAh g−1, superior to that of LMO
(49.8 mAh g−1) and OV-LMO@OC (72.2 mAh g−1). As
the current density goes back to 0.1 C, OV-LMO@FOC
maintains its initial capacity value, endowing the revers-
ibility and superiority of lithium storage. The exceptional
rate capability of OV-LMO@FOC could be associated with
oxygen vacancy-induced boosted electronic conductivity and
pseudocapacitive-controlled storage, as well as conductive

F, O-dual-doped carbon matrix for elastic buffer layer for
ameliorated structural disintegrity under high current density,
which further facilitates the fast diffusion kinetics.

Figures 4(e) and (f) illuminate the prolonged cycle per-
formances at 1 C and 5 C for LMO, OV-LMO@OC, and
OV-LMO@FOC cathodes, respectively. Impressively, OV-
LMO@FOC features an inciting long-term cyclability of
112.5 mAh g−1 with 77.6% capacity retention at 1 C after
1200 cycles (figure 4(e)), which is much higher than those of
LMO (58 mAh g−1 with capacity retention of 54.2%) and OV-
LMO@OC (76.1 mAh g−1 with capacity retention of 66.6%).
Furthermore, the high-temperature cycle performances under
55 ◦C were investigated at the current rate of 1 C (Fig. S14),
in which the OV-LMO@FOC shows superior electrochemical
performance than that of LMO and OV-LMO@OC. The OV-
LMO@FOC shows a distinguished long-term cyclability of
119.8mAh g−1 with 74.4% capacity retention at 1 C after 1000
cycles, much higher than that of LMO (66.2 mAh g−1) and
OV-LMO@OC (105.7 mAh g−1). Even at the ultrahigh cur-
rent density of 5 C, the OV-LMO@FOC bears a brilliant capa-
city of 96.9 mAh g−1 upon 1000 cycles with an extraordin-
ary capacity retention of 90.7%, and maintains the discharge
capacity of 70.9 mAh g−1 after 4000 cycles, manifesting
the longevous cyclic stability and reversibility. However,
severe capacity deterioration can be observed for both LMO
(49.1 mAh g−1) and OV-LMO@OC (81.5 mAh g−1) after
1000 cycles at 5 C, which highlights the benefits from both
structural optimization of micro-/nano- multiscale structure
and compositional optimization of surface modification and
vacancy engineering. In brief, the distinguished electrochem-
ical performance of OV-LMO@FOC can be credited to syn-
ergistic effects in what follows. (I) The OV considerably
boosts electronic conductivity, provides extra electroactive
sites, suppresses structural deformation, increases pseudoca-
pacitive storage, and minimizes energy barrier upon revers-
ible cycling, consequently inducing boosted diffusion kinet-
ics, improved discharge capacity, as well as fabulous cycling
stability and rate capability [46, 47]. (II) The F, O-dual-doped
carbon matrix facilitates the overall conductivity of the elec-
trode, mitigates electroactive particle agglomeration, immob-
ilizes the structure expansion, and impedes the direct contact
between LMO and corrosive electrolyte by jeopardizingMn3+

disproportionation and Jahn–Teller effect, thus contributing to
the structural stability towards long-term endurance [48]. (III)
The multi-hierarchy hollow micro-/nano-structure offers extra
electroactive sites and diffusion pathways by the inner surfaces
of cavity, and relieves electrode polarization by the direct Li+

diffusion in outer shells instead of diffusion from outer shells
to inner cores [49]. Nevertheless, the hierarchical second-
ary micro-/nano-structure can effectively alleviate the volume
expansion stress by the hollow cavity and secondary nano-
building block, where the stress-release behavior optimizes the
structural integrity for long-term cycling and rate performance
[50, 51]. To examine the structural integrity during cycling,
the SEM image of OV-LMO@FOC after 4000 cycles at 5 C
is disclosed in Fig. S15, where mechanical cracks and can
hardly be detected and the primitive particle morphology is
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Figure 5. CV curves of (a) LMO, (b) OV-LMO@OC, and (c) OV-LMO@FOC at different scan rates increasing from 0.2 to 0.6 mV s−1 for
quantitative kinetics analysis of the pseudocapacitive contribution. (d) The fitting b values of main cathodic (I) and anodic (II) peaks, and (e)
pseudocapacitive contribution at different scan rates. The calculated Li+ diffusion coefficients upon (f) lithiation, and (g) delithiation of
LMO, OV-LMO@OC, and OV-LMO@FOC electrodes by GITT analysis. (h) The Nyquist plots (inset: equivalent circuit diagram) and (i)
corresponding fitting relationship of Z’ and ω−1/2 for LMO, OV-LMO@OC, and OV-LMO@FOC cathodes, respectively.

well retained, thereby indicating the stress-release effect of
the heteroatom-doped carbon matrix. Benefitting from the
pronounced structural/compositional optimizations, the rate
capability and cycling property of OV-LMO@FOC outper-
form presently reported LMO-based cathodes in LIBs, as illus-
trated in figure S16 and table S2.

As for the lithiation process, there are two lithium storage
kinetics contributing to the total storage capacity: (a) numer-
ous Li+ ions adsorb around the surface of the F, O-dual-
doped carbonaceous layer and negative electrons theoretically
accumulate on the opposite interface of the carbon layer res-
ulting in a typical electric double layer capacitor for excep-
tional specific capacity (termed as pseudocapacitive-dominant
mechanism) [51]; (b) another part of Li+ ions diffuse through
the F, O-dual-doped carbonaceous layer and electrochemic-
ally participate in the reversible (de)insertion of lithium ions
from/into the tetrahedral sites of LiMn2O4 spinel structure by
two-step conversion reactions (denoted as diffusion-controlled
mechanism) [43, 44]. To quantitative study the boosted dif-
fusion kinetics of OV-LMO@FOC cathode, figures 5(a)–(c)
record the CV profiles at different scan rates to identify the
pseudocapacitive contribution for lithium storage kinetics.

Obviously, the CV profiles bear similar shape with upgrad-
ing current intensity upon scan rates varying from 0.2 to
0.6 mV s−1. To differentiate the pseudocapacitive contribu-
tion ratio, the peak current (i) was logarithmically fitted against
the scan rates (v) using the equation of i = avb [52]. It is
acknowledged that a pseudocapacitive-dominant or diffusion-
controlled mechanism can be observed when the value of b
quals to 1 or 0.5, respectively. As depicted in figure 5(d), the
b values of OV-LMO@FOC (0.68 for cathodic peak and 0.77
for anodic peak) confirm that the pseudocapacitive-dominant
and diffusion-controlled mechanisms concurrently contribute
to the lithium storage course, which are higher than those of
LMO (0.54 for cathodic peak and 0.67 for anodic peak, figure
S17)(a)) and OV-LMO@OC (0.66 for cathodic peak and 0.67
for anodic peak, figure S18(a)). Furthermore, the pseudoca-
pacitive contribution (k1ν) and the diffusion-controlled con-
tribution (k2ν1/2) can be quantitatively separated by the law
of i(V) = k1ν + k2ν1/2 [52]. The pseudocapacitive contri-
bution proportion takes up 86.1% at 0.5 mV s−1 for OV-
LMO@FOC (figure S19). The pseudocapacitive contribution
ratios of OV-LMO@FOC increases as the scan rates increase
(from 79.9% to 88.8%, figure 5(e)). It is of note that the
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Figure 6. (a) The diagrammatic sketch of charge transfer phenomenon alongside OV regime. The boosted lithium ion diffusivity
mechanism induced by locally built-in electric fields upon (b) lithiation and (c) delithiation.

pseudocapacitive-dominant kinetics of OV-LMO@FOC is lar-
ger than that of LMO (figure S17(c)) and OV-LMO@OC
(figure S18(c)). It may be attributed to the abundant oxygen
vacancy and elastic F, O-dual-doped carbonmatrix for pseudo-
capacitive storage, boosted electronic conductivity, large spe-
cific surface area, and extra active sites towards the fabulous
rate capability of OV-LMO@FOC.

Simultaneously, the lithium-ion diffusion coefficient
(DLi+) of OV-LMO@FOC was investigated by the galvano-
static intermittent titration technique (GITT) [53], as por-
trayed in figure S20. The detailed calculation method of the
DLi+ value was depicted in figure S21. Figures 5(f) and (g)
illustrate the DLi+ value of all the LMO, OV-LMO@OC, and
OV-LMO@FOC electrodes upon lithiation and delithiation
processes, respectively. It can be observed in the DLi+ pro-
files with a sharp drop upon the (dis)charge voltage platform
section and an increase upon depth (dis)charge stage. Usually,
structural/phase transformations occur upon platform region
with complex redox reactions, leading to an abnormal DLi+

[54]. Distinctly, as the (de)lithiation proceeds, the calculated
DLi+ value for OV-LMO@FOC is numerically higher than that
of LMO and OV-LMO@OC, demonstrating that the doping F
in carbonmatrix and oxygen vacancy could facilitate the boos-
ted diffusion kinetics. Figure 5(h) presents the EIS analysis
to study the resistance for interfacial reactions. The Nyquist
plots are composed by depressed semicircles in the high-
and medium-frequency regime related to the charge-transfer
resistance (Rct), and oblique line in low-frequency regime
corresponded to the Warburg impedance (Ws) for lithium ion
diffusion [55]. Accordingly, the OV-LMO@FOC bears smal-
ler Rct andWs than those of LMO and OV-LMO@OC, affirm-
ing fast charge transfer and lithium ion diffusion kinetics of
OV-LMO@FOC. The heteroatom-doped carbon matrix con-
stitutes a successive conductive network, while oxygen vacan-
cies modulate the local charge distribution, thereby favoring
the overall electron transportation [23, 25, 29]. Therefore, it
can be credited with the modulation of electronic conduct-
ivity induced by the F, O-dual-doped carbonaceous matrix
and oxygen vacancies. Simultaneously, the DLi+ value can be
calculated by the relationship of DLi+=R2T2/2A2n4F4c2σ2,
where the Warburg coefficient (σ) is in inverse proportion to
the DLi+ in low frequency regime [56]. Consistent with the

GITT results, the OV-LMO@FOC features the lowest σ value
(13.8) than that of LMO (442.4) and OV-LMO@OC (184.4),
whereas OV-LMO@OC endows the highestDLi+ (figure 5(i)).

Figure 6 comprehensively deepens the boosted lithium-ion
diffusivity and fabulous rate capability of OV-LMO@FOC.
In terms of the primitive LiMn2O4 crystal lattice, it can be
observed the conducive charge transfer phenomenon and lop-
sided imbalanced charge distribution alongside the OV regime
(figure 6(a)), which synchronously incurs the surrounding
atoms skewing ascribed to the oxygen defects, further indu-
cing a positively charged regime in the oxygen vacancy center
and an inversely negative region alongside the OV center [57].
Whilst, the spontaneous formation of the locally built-in elec-
tric field around oxygen vacancy centers is commensurate with
the Coulomb attractive force towards boosting lithium-ion
diffusivity and thus kinetically facilitating rate performance.
Upon lithiation course, the local electric field by pointing from
the OV-free region to the negatively charged region exped-
ites the lithium-ion diffusion and leads to Li+-agglomerated
regime alongside the vacancy sites, as depicted in figure 6(b).
The primitive negatively charged region will bear the elec-
tric neutrality as fully discharging. When the delithiation pro-
ceeds (figure 6(c)), the lithium ions migration is facilitated by
the secondary local electric field directing from the positively
charged region in the vacancy regime to the electroneutral lith-
iation region. Intriguingly, it can be expounded that the oxygen
vacancy induced in-plane built-in electric field with the in-situ
Li+ migratory engineering is indispensable for boosting Li+

diffusivity for superior rate capability.
DFT calculation was employed to unveil the synergistic

effect on the superior electrochemical performance of OV-
LMO@FOC. The optimized geometric models of LMO,
LMO@C, LMO@FC, LMO@OC, LMO@FOC, and OV-
LMO@FOC are shown in figure S22–S27, respectively.
Figures 7(a)–(c) and S26 illustrate the density of states
(DOS) together with the Fermi level (Ef), which reveals the
electronic nature of the above-mentioned optimized models.
The electronic property of LMO bulk behaves the discern-
ible semiconductive characteristic with band-gap of 0.63 and
0.49 eV (figure 7(a)). Nevertheless, the band-gap decreases
to 0.17 eV after combining the LMO with pure carbon
(LMO@C) as shown in figure 7(b), which could be ascribed
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Figure 7. The DOS plots of (a) LMO, (b) LMO@C, and (c) OV-LMO@FOC. The Fermi levels (Ef) are set to be 0 eV. (d) The calculated Li
atom migration paths of LMO (d1), LMO@C (d2), LMO@FC (d3), LMO@OC (d4), LMO@FOC (d5), and OV-LMO@FOC (d6) for Li
atom migration alongside the depicted path, respectively. The optimized Li atom migration paths are indicated by series of aquamarine
spheres. (e) The corresponding Li atom migration energy barrier curves.

to the electronic conductivity of carbon. As the carbon doped
with F and O, the metallicity of LMO@FC, LMO@OC,
LMO@FOC, and OV-LMO@FOC samples can be observed
along with the conspicuous and continuous Ef through the
conduction bands, as well as the band-gap gradually dissip-
ates (figures 7(c) and S28), where the most electronegative F
(χ= 3.98) andO (χ= 3.44) heteroatoms can in-depth regulate
the surface defects and electron structure to decrease the inter-
facial resistance and induce more available active electrons in
the carbon coated heterostructure, further facilitating boosted
electronic conductivity [58]. It is of note that the introduction
of F and O dual-dopants in carbonaceous matrix induce the
much denser DOS around the Fermi level, confirming that the
F and O dual-dopants and conductive carbon are conducive

to the boosted electronic conductivity of electrode materials.
Additionally, the conduction bands of OV-LMO@FOC are
predominantly composed of Mn 3d states, while the valence
bands are prominently taken up by C 2p, O 2p, and F 2p
states. Consequently, OV-LMO@FOC exerts a considerable
effect on improved electronic conductivity comparable to that
of LMO, thus contributing to the boosted Li+ diffusion kinetic
and prominent electrochemical capability.

The Li atom migration mechanism and corresponding
migration paths are presented in figures 7(d) and S29, where
the boosted Li atom diffusivity contributes to extraordin-
ary rate capability [59]. To investigate the explicit role of
oxygen vacancy and F, O-dual-doped carbonaceous matrix,
the Li atom migration path that diffuses along the interface
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Figure 8. The different lithium ion adsorption sites alongside the side views and corresponding adsorption energies for (a) LMO, (b)
LMO@C, (c) LMO@FOC, and (d) OV-LMO@FOC, respectively.

between F, O-dual-doped carbonaceous matrix and LMO bulk
were considered and is schematically depicted in the struc-
tural models of LMO, LMO@C, LMO@FC, LMO@OC,
LMO@FOC, andOV-LMO@FOC (figure 7(d)). The diffusion
energy curves in figure 7(e) endow the migration energy bar-
rier of LMO@C (0.43 eV) is distinctly lower than that of LMO
bulk (0.53 eV), illustrating the optimized migration barriers
and boosted migration kinetics of electrode by carbonaceous
encapsulation. Moreover, migration energy barrier gradually
decreases as F and O dual-doped into the carbon matrix
(0.36 eV for LMO@FC, 0.31 eV for LMO@OC, 0.24 eV
for LMO@FOC), indicating the high electronegativity of F
is energetically favorable for accelerating electrode/electro-
lyte interactions by surface functionalization of carbon [60].
In addition, the C−F and C−O covalent bonds improve

the electrode wettability and electrolyte permeation, further
endowing accelerated charge migration [37]. Interestingly, by
introducing the oxygen vacancy into the LMO bulk, the migra-
tion energy barrier of OV-LMO@FOC (0.20 eV) is superior
to that of LMO@FOC (0.24 eV), demonstrating that the intro-
duction of OV induces the local built-in electric field and con-
fers the boosted lithium ion diffusivity and decreased energy
barrier upon repeated (de)lithiation course, further decisive for
fabulous rate capability.

The adsorption energies (∆Eads) with different amounts
of lithium ion were systematically investigated to reveal the
F, O-dual-doped carbonaceous matrix and oxygen vacancy
induced distinguished lithium storage mechanism. Four pos-
sible Li adsorption conditions of LMO bulk (figures 8(a) and
S30) models were considered, including one/two/three/four Li
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ions adsorb on the intralayer of LMO bulk as Site I/II/III/IV,
respectively. Likewise, there are our possible Li adsorption
conditions of LMO@C (figures 8(b) and S31), LMO@FOC
(figures 8(c) and S32), and OV-LMO@FOC (figures 8(d) and
S33) similar to the Li adsorption sites of LMO bulk. Upon
the Li adsorbs on Site I, II, II, and IV, the adsorption ener-
gies of OV-LMO@FOC are observed as−2.52,−1.73,−0.71,
and −0.54 eV, respectively, which outperforms than those
of LMO@C (−1.60 eV for Site I, −1.04 eV for Site II,
−0.43 eV for Site III, and −0.27 eV for Site IV, respect-
ively) and LMO@FOC (−2.01 eV for Site I, −1.63 eV for
Site II, −0.53 eV for Site III, and −0.31 eV for Site IV,
respectively); whereas those of LMO bulk are observed as
−1.03, −0.77, −0.25, and −0.12 eV, accordingly. As recor-
ded in figure S34, the adsorption energies of various adsorp-
tion sites of OV-LMO@FOC conformably increase at cor-
responding adsorption sites, highlighting that the synergistic
effect on oxygen vacancy and F, O-dual-doped carbonaceous
matrix is energetically favorable for Li+ adsorption and con-
tributes to extra lithium ion active sites and boosted dif-
fusion kinetics. Systematically, the FOC layer and oxygen
vacancy are conducive to manipulate the electronic property
of materials, exalt electrical conductivity, along with energet-
ically favor Li+ adsorption, further boosting diffusion kinet-
ics and rate performance. To further support the practicabil-
ity of the OV-LMO@FOC cathode, commercial graphite was
employed as the anode to assemble LIB full cells. As illus-
trated in figure S35, the as-assembled full cell exhibited satis-
factory stability at 1 C (110.2 mAh g−1 with 87.7% capacity
retention after 150 cycles), thereby indicating the feasibility
and compatibility of the OV-LMO@FOC cathode in practical
battery systems [61, 62].

4. Conclusions

In closing, by means of MOF chemistry and anionic defect
engineering, we have successfully developed hierarchical F,
O-dual-doped carbon embedded oxygen vacancy enriched
LiMn2O4 as longevous cycling-stable cathode. The OV-
LMO@FOC achieves distinguished electrochemical proper-
ties concerning exceptional specific capacity (130.2 mAh g−1

at 0.2 C after 200 cycles), prosperous rate capability
(93.7 mAh g−1 even at 20 C), pre-eminent long-term cyc-
lability (112.5 mAh g−1 after 1200 cycles with 77.6% capa-
city retention), and ultralong cycling stability (even at 5 C,
96.9 mAh g−1 upon 1000 cycles with a compelling capacity
retention of 90.7%, and 70.9 mAh g−1 upon 4000 cycles).
Unraveled by experimental and theoretical implementations,
both oxygen vacancy and F, O-dual-doped carbon reconfig-
ure the electronic structure of OV-LMO@FOC, endowing
enhanced electronic conductivity, tremendous active centers,
expedited diffusion kinetics, easy Li+ adsorption, and sup-
pressed Mn dissolution in the electrolyte, further achieving
unparalleled rate capability and ultralong cyclability. This
work broadens horizons for meticulous engineering for MOF-
chemistry in surface modification and electronic modulation
towards longevous cycling-stable cathode materials.

5. Future perspectives

Spinel LiMn2O4 (LMO) is a promising candidate as the
commercial LIB cathode material due to its enticing mer-
its including considerable economic efficiency, nontoxicity,
high operating voltage, and satisfactory energy/power dens-
ity. Nevertheless, LMO still encounters some tricky issues
including Jahn–Teller effect related to Mn2+ dissolution and
low electrical conductivity. To promote its adaptation to
practical LIBs and strengthen its competitive edge in the
LIB industry, future research efforts should be dedicated
to the versatile micro-/nano-structural design with the bal-
anced merit of micro and nano structures, for which the
self-sacrificial templated route is viable for directional fab-
rication. Simultaneously, compositional optimization without
devastating the primitive spinel structure and sacrificing the
overall energy density is necessary. With this aim, sur-
face modification with proper mass/volume ratios of car-
bonaceous layers can immobilize the bulk structure towards
strengthened structural integrity, establish successive conduct-
ive networks for unimpeded charge transfer, and provide more
lithium storage city for enhancing rate capability, accompan-
ied by the minimized sacrifice in mass/volume energy dens-
ities to warrant its feasibility in practical LIBs. Furthermore,
atomic-level modification including electronegative atom dop-
ing and oxygen vacancy engineering are favorable for the
manipulation of electronic configuration towards boosted
electronic/ion conductivity.
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