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A B S T R A C T

Lithium-ion batteries (LIBs) are essential for modern portable electronics and future mobility solutions, yet 
improving fast-charging capabilities and cycling stability remains a considerable challenge. This study in
vestigates a new strategy to enhance LIB anode performance by incorporating manganese (Mn)-doped (0, 0.05, 
0.1, and 0.2 at.%) cobalt oxide (Co3O4) nanofibers. Mn doping facilitates the downsizing of Co3O4 nanograins 
interconnected along the one-dimensional nanofibers by inducing lattice distortions and creating oxygen va
cancies, which improve electronic conductivity and reactivity. The integration of Mn dopants into the Co3O4 host 
reduces grain size, shortens Li+ diffusion pathways, and increases the Li-ion accessible area, thereby enhancing 
electron/Li+ transport and cycling stability. The LIB cell with the optimized Mn doping level (0.2 at.%) achieves 
minimized side reactions, a high specific capacity of 1237 mAh g− 1 at 500 mA g− 1 after 300 cycles, and an 
impressive capacity of 490 mAh g− 1 even at an extremely high current density of 5 A g− 1. This study advances 
LIB anode design through tailored doping engineering to control grain size, achieving desired structural and 
electrochemical properties and providing valuable insights for sustainable energy technologies.

1. Introduction

Despite the rapidly growing market and considerable advancements 
in lithium-ion batteries (LIBs) [1–4], the increasing demand for superior 
LIBs requires continuous progress in fast-chargeable materials technol
ogy [5,6]. Such advancements are critical for enhancing user conve
nience by reducing charging time, particularly for applications in 
industries such as logistics and public transportation [7]. Among the 
essential physical properties, high− capacity anodes designed for fast 
charging and discharging require reduced thickness. This reduction 

enables efficient Li+ ionic and electronic conduction through short, low- 
tortuosity pathways between the electrode surface and the current col
lector [8]. Current commercial graphite materials have a limited specific 
capacity of 372 mAh g− 1 requiring relatively thick electrodes that are 
prone to structural collapse under fast (dis)charging protocols at high C- 
rates [9–12]. These thick graphite electrodes are often inefficient 
because they increase battery volume and hinder ion flow during fast 
charging, ultimately compromising conductivity and stability between 
the electrode and the current collector. As a result, innovative and un
conventional strategies are urgently needed to develop high-capacity, 
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fast-chargeable anode materials for LIBs. For instance, Jing et al. engi
neered oxygen-deficient T-Nb2O5 nanosheets to enhance Li+ diffusivity 
and electrical conductivity, thereby achieving excellent rate capability 
and long-term cycling stability [13]. Similarly, Liu et al. synthesized 
defect-rich Ti2Nb10O29 microspheres via a dual-carbon strategy, which 
provided abundant ion diffusion channels and electronic pathways, 
resulting in outstanding fast-charging performance and structural sta
bility [14]. Furthermore, Feng et al. employed a tailored nano
architecture of Li4Ti5O12 to achieve a high reversible capacity with 
superior rate performance and cyclability, taking advantage of its 
intrinsic zero-strain characteristics [15]. Despite their rate capabilities, 
these materials are often constrained by relatively low specific capac
ities. To overcome this limitation, research has increasingly focused on 
transition metal oxides that can deliver much higher capacities through 
multi-electron conversion reactions.

Considerable attention has been focused on transition metal oxides 
such as MnO, Co3O4, Fe3O4, ZnO, MnO2, NiO, and Fe2O3, recognized for 
their high capacities enabled by conversion reactions [16,17]. Among 
these, cobalt oxide (Co3O4) stands out owing to its excellent chemical 
stability and exceptionally high theoretical specific capacity (890 mAh 
g− 1), which arises from its ability to accommodate more than eight Li 
atoms per formula unit. However, achieving fast Li+ recharging and 
long-term durability with Co3O4 requires ensuring short transport paths 
for both electrons and Li+ ions. Nanostructuring is a key strategy for 
increasing contact area and maintaining structural stability under rapid 
charging and discharging conditions. For instance, Xiao Li et al. devel
oped porous CoO/Co3O4 nanoribbons with mesoporous/macroporous 
structures and oxygen vacancies, achieving prolonged cycling life and 
high specific capacity [18]. Similarly, Yifan Zhang and colleagues 
created flower-like NiO/Co3O4 structures with numerous pores on the 
petals, demonstrating superior performance compared to the individual 
components [19]. However, these approaches have limitations such as 
complex and time-consuming fabrication processes, as well as limited 
stability and rate performance, which hinder the full realization of 
Co3O4 potential.

In this work, we aimed to develop fast-chargeable LIBs by leveraging 
manganese (Mn)− doping engineering in nanofibrous Co3O4 anode ma
terials. The Mn-dopant concentration (c) was used to tailor the physi
cochemical properties of nanofibrous Mn-doped binary Co3O4 
compounds (nf− (c)− MCO), enhancing rate and cycling performance by 
promoting the miniaturization of Co3O4 nanograins and improving ionic 
and electronic transport. Rigorous analyses were performed to elucidate 
how Mn-dopants influence the reduction in Co3O4 nanograin size and 
the correlations between material properties (oxidation state, oxygen 
vacancies, and band gap) and electrochemical battery performance. 
Smaller Co3O4 nanograins were achieved with increasing Mn-dopant 
content in the nf− (c)− MCO compounds, with nf-2-MCO (0.2 at.% Mn 
dopants) emerging as the optimized composition for superior rate 
capability and durability. The LIB cells with nf-2-MCO anodes demon
strated an impressive specific capacity of 1237 mAh g− 1 at 500 mA g− 1 

after 300 cycles and excellent rate performance, maintaining a capacity 
of 490 mAh g− 1 even at a high current density of 5000 mA g− 1. These 
results highlight the potential of doping engineering to optimize the 
relationship between physicochemical properties and performance, of
fering valuable insights for advancements in energy technology.

2. Experimental

2.1. Materials

Cobalt acetate tetrahydrate ((CH3COO)2Co⋅4H2O) and manganese 
(II) acetate tetrahydrate ((CH3COO)2Mn⋅4H2O) were purchased from 
Sigma Aldrich, along with polyvinylpyrrolidone (PVP) and poly(acrylic 
acid) (PAA) ((C3H4O2)n). Carboxymethylcellulose sodium salt (CMC) 
was obtained from Nippon Paper Industries Co. The synthesis of man
ganese (Mn)-doped Co3O4 nanofibers was performed to create an anode 

material suitable for LIBs. The electrode was fabricated using a com
posite of Co3O4, conductive carbon black (C.B), and a CMC-PAA binder. 
The electrode was enhanced with a proprietary vinylene carbonate (VC) 
additive to improve stability. The electrolyte solution was prepared by 
dissolving 1.3 M lithium hexafluorophosphate (LiPF6) in a solvent 
mixture of ethylene carbonate (EC), ethyl methyl carbonate (EMC), and 
diethyl carbonate (DEC) in a volumetric ratio of 3:5:2. The VC additive 
was included at a concentration of 0.5 wt%, while fluoroethylene car
bonate (FEC) and propylene sulfite (PS) additives were added at con
centrations of 10 and 1 wt%, respectively. Electrodes were fabricated 
with various mass loadings, with 1.5 mg cm− 2 being the standard mass 
loading used in most experimental procedures.

2.2. Synthesis of nf-(c)-MCO anode materials

A mixture of 0.75 g (14.29 wt%) of cobalt acetate tetrahydrate, 
varying amounts of manganese (II) acetate tetrahydrate (0 g for nf− CO, 
0.05 g for nf− 1− MCO, 0.1 g for nf-2-MCO, and 0.2 g for nf− 4− MCO), 
0.5 g (9.52 wt%) of PVP, and 4 g (76.19 wt%) of dimethylformamide 
(DMF, 99.8 %) was stirred at room temperature for a period ranging 
from 4 to 12 h. The resulting solution was loaded into a syringe using a 
25 G needle. Electrospinning was performed at an operating voltage of 
16 kV, with a flow rate of 10 μL min− 1, and the distance between the 
syringe and collector was maintained at 15 cm. Nanofibers were 
collected on a collector coated with aluminum foil. The collected sam
ples were heat− treated at 600 ◦C for 1 h in air, with a heating rate of 
10 ◦C min− 1. The synthesis of nf− (c)− MCO was performed using a 
modified electrospinning method. The precursor solution was prepared 
by mixing cobalt acetate and manganese acetate in the desired pro
portions. The solution was then loaded into a syringe fitted with a 
specially designed needle for electrospinning. The electrospinning pro
cess was carefully controlled by adjusting key parameters such as 
applied voltage, flow rate, and spinning distance. The nanofibers were 
collected in their as-spun form on a collector coated with aluminum foil. 
Afterward, the specimens were annealed in ambient air at a pre
determined temperature for a specified duration.

2.3. Materials characterizations

The synthesized nf− (c)− MCO nanofibers were comprehensively 
analyzed using a range of characterization techniques. X− ray diffraction 
(XRD) was used to investigate the crystal structure and phase compo
sition while scanning electron microscopy (SEM) was used to examine 
the surface morphology and structural features. Raman spectroscopy 
provided insights into vibrational modes and molecular structure. To 
further analyze the internal structure and nanoscale morphology, 
transmission electron microscopy (TEM) and high-resolution TEM (HR- 
TEM) were used, along with scanning transmission electron microscopy 
(STEM) for atomic-level imaging. The surface area and pore distribution 
were evaluated using the Brunauer–Emmett–Teller (BET) and Bar
rett–Joyner–Halenda (BJH) methods, while X− ray photoelectron spec
troscopy (XPS) was used to analyze the surface elemental composition 
and chemical states. Additionally, UV–visible spectroscopy (UV–vis) and 
photoluminescence (PL) spectra were used to examine the optical 
properties of the nanofibers, offering valuable insights into their elec
tronic structure and bandgap.

2.4. Electrochemical battery cell evaluation

The electrode was prepared by mixing the active material, conduc
tive agent, and binder in a weight ratio of 8:1:1. After heat treatment, the 
nf–(c)–MCO was pulverized using a Thinky mixer and then combined 
with the conductive agent (C.B) and binder to achieve the desired con
centration. The resulting mixture was coated onto copper foil using a 
doctor blade and dried in a vacuum oven at 150 ◦C for 2 h. The elec
trochemical properties of the anode material, specifically nf-(c)-MCO, 
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were assessed through cyclic voltammetry (CV) and galvanostatic 
charge–discharge (GCD) experiments, which were performed using a 
standard 2032 coin cell configuration. The study used working elec
trodes with a lithium foil counter electrode, and a separator soaked in 
electrolyte was used to prevent direct contact between the electrodes. 
The electrolyte solution consisted of 1.3 M LiPF6 dissolved in a solvent 
mixture of EC and DEC in a 3:7 volume ratio. Additionally, the elec
trolyte was enhanced with a 10 wt% concentration of FEC as an additive. 
The electrochemical performance of the nf–(c)–MCO electrode was 
evaluated using CV in a voltage range of 0.005–3 V relative to the Li/Li+

reference electrode at a scan rate of 0.1 mV s− 1. GCD measurements 
were performed at a constant current density of 500 mA g− 1 in the same 
voltage range of 0.005–3 V. Prior to the GCD tests, the electrode material 
underwent formation cycles at a lower current density of 50 mA g− 1 to 
activate it. The long-term cycling performance and capacity retention of 

the Mn-doped Co3O4 were evaluated by subjecting the material to 
extended charge–discharge cycles.

3. Results and discussion

3.1. Effect of Mn-doping engineering on characteristics of nf-(c)-MCO

We aimed to incorporate Mn doping into the Co3O4 crystal structure 
by considering several key factors, thereby considerably enhancing the 
overall efficiency of LIBs, particularly in terms of rate performance. 
Fig. 1a shows a schematic illustration demonstrating how Mn doping 
promotes the reduction of Co3O4 grain size in the one–dimensional (1D) 
nanofibrous Mn–doped Co3O4 anode materials (nf–(c)–MCO), where “c” 
is the at.% of Mn dopants, optimized at 0.05, 0.1, and 0.2 at.%, corre
sponding to c values of 1, 2, and 4, respectively. The 1D architectures 

Fig. 1. (a) Schematic illustration showing the effects of Mn doping on the reduction of Co3O4 grain size in nf-(c)-MCO. SEM and TEM images of 1D nf–(c)–MCO: (b, f) 
nf-CO without Mn doping, (c, g) nf–1–MCO, (d, h) nf–2–MCO, and (e, i) nf–4–MCO. STEM–EDS elemental mapping of (j) nf–CO, (k) nf–1–MCO, (l) nf–2–MCO, and 
(m) nf–4–MCO.
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were fabricated using the electrostatic energy–driven spinning (e-spin
ning) method, consisting of interconnected nf–(c)–MCO polycrystalline 
particles. SEM was used to examine the morphological changes in nf– 
(c)–MCO as Mn dopants increased, revealing a decrease in particle size 
with higher Mn content (Fig. 1b–e). To further investigate the unique 
characteristics, TEM analysis was performed on both nf− CO and nf–(c)– 
MCO (Fig. 1f–i). For the bare nf− CO, the average particle size of Co3O4 
was found to be approximately 82 nm.

The inset in the HR− TEM image shows the lattice fringe with a d- 
spacing of 0.245 nm, corresponding to the (311) crystal planes of Co3O4. 
For the other nf− (c)− MCO samples, the (311) crystal planes were 
observed with a d–spacing of 0.246 nm. This indicates that the Mn- 
dopant slightly increases the d–spacing interval, suggesting that Co 
ions are being replaced by larger Mn ions. Additionally, the nf–(c)–MCO 
particles appear to have downsized with increasing Mn doping, with 
average particle sizes of 33, 28, and 24 nm for nf–1–MCO, nf–2–MCO, 
and nf–4–MCO, respectively. The detailed differences in polycrystalline 
particle size are shown in Fig. S3; as the Mn doping concentration in
creases, the surface of the nanofiber evolves from nf–1–MCO to 
nf–4–MCO, leading to considerable changes in grain distribution and 
size. Scanning TEM (STEM) and energy-dispersive X-ray spectroscopy 
(EDS) elemental mappings clearly show the reduction in nanoparticle 
size from nf–CO to nf–4–MCO (Fig. 1j–m). The STEM-EDS mapping 
analysis allows for the visualization of the spatial distribution and size. 
Scanning TEM (STEM) and energy–dispersive X–ray spectroscopy (EDS) 
elemental mappings clearly show the reduction in nanoparticle size from 
nf–CO to nf–4–MCO (Fig. 1j–m). The STEM-EDS mapping analysis al
lows for the visualization of the spatial distribution of Co, O, and Mn in 
the nanofibers. The STEM–EDS mapping analysis provides a clearer 
understanding of how Mn is incorporated into the nanofiber structure. 
The reduction in grain size observed in the Mn–doped nf–(c)–MCO 
variants is a key outcome, which is expected to considerably enhance the 
transport of Li+ ions and electrons through the host structure, thereby 
improving overall battery performance.

3.2. Physicochemical states of nf-(c)-MCO and induced characteristics

To thoroughly investigate the crystal structures of nf–CO and nf–(c)– 
MCO materials, XRD analysis was performed (Fig. 2a), confirming the 
successful synthesis of Co3O4 nanofibers doped with Mn atoms and 
cations. The synthesized nf− CO exhibited XRD peaks at 37◦ and 65◦, 
which correspond to the (311) and (440) planes, respectively, of the 

cubic phase of Co3O4 with a space group of Fd3m (JCPDS#42–1467). 
For nf–(c)–MCO, the XRD peak positions remained unchanged, indi
cating that the Mn doping did not change the fundamental Co3O4 crystal 
structure. The detailed crystal structural information is provided in 
Table 1. The increase in d-spacing observed in Fig. 1f–i, which aligns 
closely with the calculated values in Table 1, demonstrates a clear 
expansion of the d-spacing. The magnified XRD results in Fig. 2b reveal a 
shift of the peak from approximately 37◦ to the left as the manganese 
content increases. According to Bragg's law, Mn doping leads to an in
crease in interplanar spacing (d-spacing) because the ionic radii of Mn3+

(0.73 Å) and Mn2+ (0.82 Å) are larger than those of Co3+ (0.63 Å) and 
Co2+ (0.72 Å). The decrease in peak intensity with increasing Mn doping 
indicates a reduction in crystallinity.

These XRD data enable the calculation of the average size of crys
talline particles using Scherrer's equation, providing valuable insights 
into the structural integrity of the nanofibers [20].

Bragg's law: 

nλ = 2dsinθ (1) 

Scherrer's equation: 

D =
Kλ

βcosθ
(2) 

As observed in Fig. 2c, the full width at half maximum (FWHM) of 
the peaks widens with increasing Mn content. According to the Scherrer 
equation, an increase in FWHM corresponds to a reduction in crystallite 
size. This indicates that the introduction of Mn impedes crystal growth, 
resulting in a decrease in the average particle size of the nf–(c)–MCO. 
The reduction in grain size suggests an increase in surface area and 
improved electrode–electrolyte interaction, both crucial factors for 
battery performance. The doping of Mn ions may lead to structural 

Fig. 2. (a) X–ray diffraction patterns of nf–CO and nf–(c)–MCO with (b, c) magnified peaks shown on the right side. N2 adsorption–desorption isotherms, BET plots, 
and BJH pore size distribution curves for (d) nf–CO, (e) nf–1–MCO, (f) nf–2–MCO, and (g) nf–4–MCO.

Table 1 
Structural parameters and XRD characterization of nf-CO and nf-(c)-MCO at 
different doping levels.

Sample (hkl) Lattice 
parameter (Ǻ)

d-Spacing 
(Ǻ)

FWHM 
(◦)

Crystallite size 
D (Ǻ)

nf-CO (311) 8.08218 2.44687 0.141 620.6
nf-1-MCO (311) 8.10396 2.45544 0.304 287.5
nf-2-MCO (311) 8.10459 2.45563 0.468 187.0
nf-4-MCO (311) 8.10459 2.45563 0.723 121.0
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expansion, facilitating enhanced ion diffusion in the electrode material 
and ultimately improving electrochemical performance. BET and BJH 
analyses were performed to evaluate the specific surface area and pore 
size distribution of nf–(c)–MCO (Fig. 2d–g). The surface area and 
porosity characteristics of the nf–(c)–MCO microstructure were calcu
lated using the BET equation derived from N2 adsorption–desorption 
isotherms [21].

The nf-CO and nf–(c)–MCO exhibited typical IV− type isotherms with 
hysteresis loops in the relative pressure range (P/P0) of 0.4–1.0, con
firming the mesoporous nature of the structure.

The average pore size was calculated using the BJH equation, with 
the corresponding values listed in Table 2.

With the introduction of Mn into Co3O4, the surface area consider
ably increased from 2.3052 m2/g for nf–CO to 15.0830 m2/g for 
nf–1–MCO as the Mn-dopant concentration slightly. The average pore 
size was calculated using the BJH equation, with the corresponding 
values listed in Table 2. With the introduction of Mn into Co3O4, the 
surface area considerably increased from 2.3052 m2/g for nf–CO to 
15.0830 m2/g for nf–1–MCO as the Mn− dopant concentration slightly 
increased. As more Mn was incorporated, the specific surface area 
further increased, reaching 17.7056 m2/g for nf–2–MCO and 20.5919 
m2/g for nf–4–MCO. This increase likely resulted from the reduction in 
MCO particle size. The average pore size decreased substantially from 
48.99 nm for nf-CO to 15.78, 16.32, and 13.60 nm for nf–1–MCO, 
nf–2–MCO, and nf-4-MCO, respectively. The nf–4–MCO, with the high
est Mn doping, exhibited the largest pore volume of 0.080718 cm3/g, 
surpassing nf-CO (0.009833 cm3/g), nf–1–MCO (0.067975 cm3/g), and 
nf–2–MCO (0.080121 cm3/g). Notably, the high Mn–doped MCO (>0.2 
at.%) displayed a considerable increase in pore volume. These meso
porous properties align with the findings from SEM and TEM analyses. 
The abundant pores in nf–4–MCO contribute to reduced electrode tor
tuosity and improved electrolyte accessibility, facilitating efficient Li+

ion diffusion and enhancing the (dis)charging performance.
X-ray photoelectron spectroscopy (XPS) was used to examine the 

oxidation states of cations and the oxygen vacancy in both nf–CO and nf– 
(c)–MCO with varying Mn doping levels (Fig. 3a–d). The atomic per
centages (at.%) of the cations are summarized in Table 3. As the Mn 
doping increased, the concentration of Mn3+ and Mn4+ species also 
increased (Fig. 3a). The increase in the Co2+/Co3+ ratio indicates the 
reduction of Co3+ ions to Co2+, which results in the formation of new 
oxygen vacancies. These vacancies introduce new bonding states in the 
Co3O4 band gap. The two electrons associated with the oxygen vacancy 
defects can be readily excited into the conduction band, thereby 
improving electrical conductivity [22]. The XPS fitting analysis revealed 
the Co 2p core-level spectrum for all the samples, which displayed three 
components: Co3+ (approximately 779.6 eV), Co2+ (approximately 
781.3 eV), and satellite peaks (Fig. 3b). The observed peak shift in Co 2p 
binding energy suggests the formation of oxygen vacancies [23]. The 
Co2+/Co3+ ratio for nf–CO was 43.78 %, while it increased to 63.60 % in 
nf–4–MCO, which had the highest Mn–doping level. In the spinel Co3O4 
crystal structure, Co3+ and Co2+ cations occupy octahedral and tetra
hedral sites, respectively [24]. Therefore, the increase in the Co2+/Co3+

ratio indicates that Mn dopants are replacing Co3+ at the octahedral 
sites. When Co3+ is substituted by Mn3+ in the octahedral sites, the four 
3d–electrons in Mn3+ tend to be unpaired, resulting in the electronic 
configuration Mn3+ (t2g

3 –eg
1). This electronic configuration results in one 

electron in the two degenerate eg orbitals, differing from Co3+ (t2g
6 –eg

0). 

As a result, the elongation of Mn–O bonds induced by degeneracy 
lifting occurs in the octahedral Mn3+–O6 structure, leading to a lower 
overall energy [25]. The increased Mn–O bond length along the c-axis 
can weaken the chemical bonds to neighboring oxygen atoms, promot
ing the formation of oxygen vacancies near the Mn-doped sites, as evi
denced in the O 1s XPS spectrum (Fig. 3c). Introducing an appropriate 
amount of Mn into Co3O4 facilitates the formation of crystal defects, 
such as oxygen vacancies, which in turn promotes the reduction of Co3+

to Co2+. The presence of Co2+ can create surface charge imbalances and 
facilitate the migration of other metallic species from a lower to a higher 
oxidation state [26]. The Mn3+/Mn ratio in the XPS Mn 2p peak is 
highest in nf–2–MCO, showing an inverse trend compared to the ratios 
of surface Mn2+/Mn and Mn4+/Mn (Fig. 3d). Notably, these results align 
with the trends observed in the Co3+/Co ratio, suggesting the substitu
tion of Mn3+ for Co3+. The XPS spectrum of O 1s further reveals the 
chemical states of oxygen, including O2− lattice oxygen (O1), O− at 
defect sites (O2) and physiosorbed oxygen (O3). However, O3 is excluded 
from consideration. To assess oxygen vacancies in the samples, the area 
ratios (O1/O and O2/O) of lattice oxygen to oxygen vacancies were 
calculated for each sample. The results show that O1 decreased and O2 
increased as Mn dopants increased in the nf–CO, nf–1–MCO, and 
nf–2–MCO. Conversely, the O1 and O2 formation behaviors of nf–4–MCO 
exhibited opposite tendencies. The transport of Li+ can also be enhanced 
through electrostatically unbalanced defective sites, which possess 
partially positive and negative charges. For instance, Li+ ions are 
attracted to the negatively charged positions around these defects. 
Changes and optimization in the percentages of oxygen defects (O1/O 
(%) and O2/O (%)) indicate improved properties related to ion trans
port. The impact of the defective sites introduced by Mn doping on the 
electrochemical battery performance will be discussed in detail in the 
following section.

In addition to enhancing Li+ transport, the defective sites facilitate 
faster electron transfer because electrons in these defective states can be 
easily excited, thereby improving conductivity. Fig. 3e shows the 
calculated band gaps (Eg) of nf–CO to nf–(c)–MCO, with the optical 
properties evaluated through ultraviolet–visible (UV–vis) and photo
luminescence (PL) spectroscopy, supported by Figs. S2–S4. The optical 
characteristics of the synthesized materials provide insights into impu
rities and energy band structures. Broad absorption peaks were observed 
for all samples between 400–600 and 700–800 nm. The presence of two 
peaks in each sample suggests the existence of two different oxidation 
states of cobalt cations, as well as the transition processes from O2− to 
Co2+ and Co3+. The Eg values were determined using the Tauc plot 
method based on the UV–vis spectra [27]. 

(α • hν)1/γ
= B

(
hν − Eg

)
(3) 

The α represents the absorption coefficient, hυ denotes the photon 
energy, Eg is the band gap of the synthesized material, and the γ factor 
indicates the type of electron or optical transition, which can take values 
of 1/2, 2, 3/2, or 3. When γ = 1/2, the transition is a direct allowed 
transition; when γ = 3/2, it corresponds to a direct forbidden transition; 
γ = 2 signifies an indirect allowed transition; and γ = 3 indicates an 
indirect forbidden transition. For the samples, the transitions were 
calculated as direct allowed transitions. The calculated Eg values were 
1.59/2.18 eV for nf–CO, 1.48/1.94 eV for nf–1–MCO, 1.44/1.89 eV for 
nf–2–MCO, and 1.39/1.83 eV for nf–4–MCO, respectively. It was 
observed that Eg decreased as the Mn doping content increased (Fig. 3f). 
This variation in the band gap is typically attributed to factors such as 
quantum confinement, crystallite size, charged impurities at grain 
boundaries, and structural disorder. The incorporation of Mn as an im
purity into the matrix can create impurity energy levels or reduce the 
crystallite size, which weakens the overall crystallization. As a result, 
this effect promotes improved Li+ mobility in the electrode, thereby 
influencing the charging and discharging rates. In addition, the 
improvement in battery performance can be attributed to the slight 

Table 2 
Pore volume, pore size, and specific surface area of nf-CO and nf-(c)-MCO.

Samples Pore volume Pore size Specific surface area

nf-CO 0.009833 cm2/g 48.9872 nm 2.3052 m2/g
nf-1-MCO 0.067975 cm2/g 15.7772 nm 15.0830 m2/g
nf-2-MCO 0.080121 cm2/g 16.3166 nm 17.7056 m2/g
nf-4-MCO 0.080718 cm2/g 13.6003 nm 20.5919 m2/g
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expansion in crystal lattice d-spacing caused by the larger ionic radius of 
Mn ions, as shown in Table 1 and Fig. 2. The Raman spectra of the ox
ides, shown in Fig. 3g, exhibit five bands corresponding to the three 
active vibrational modes of the spinel structure: the F2g mode for the 
first, third, and fourth peaks, the Eg mode for the second peak, and the 
A1g mode for the fifth peak. As the Mn content increases, a notable 
decrease in peak intensity occurs, accompanied by a redshift. Specif
ically, when Co ions are replaced by Mn ions, the A1g mode, which is 
associated with the octahedral cation sites, shifts to a lower wave
number. This shift results from lattice distortions caused by Mn doping 
in Co3O4, leading to reduced crystallinity and smaller particle sizes [28].

3.3. Electrochemical assessment of nf-(c)-MCO electrodes in LIB cells

To examine how the particle size-controlled nf–(c)–MCO could 
enhance battery performance, we evaluated LIB cells with nf–(c)–MCO 
electrodes (Fig. 4). GCD voltage profiles were obtained at a current 
density of 50 mA g− 1 for the initial cycle (Fig. 4a). The discharge ca
pacity of nf–CO was 1025.24 mAh g− 1, whereas the nf–1, nf–2, and 
nf–4–MCO samples exhibited specific discharge capacities of 1367.65, 
1101.06, and 1478.31 mAh g− 1, respectively. The corresponding charge 
capacities were 691.98 mAh g− 1 for nf–CO and 1033.89 mAh g− 1 for 
nf–1, nf–2, and nf–4–MCO. The Coulombic efficiencies were 67.49 % for 
nf-CO, 75.60 % for nf-1-MCO, 69.59 % for nf–2–MCO, and 71.60 % for 
nf–4–MCO, respectively. The lower Coulombic efficiency suggests that 
irreversible capacity loss may occur owing to the formation of the solid- 
electrolyte interphase (SEI) film, which results from irreversible re
actions during the first discharge cycle. The rate capabilities of nf–CO 
and nf–(1,2,4)–MCO were assessed at various current densities of 0.1, 
0.2, 0.5, 1.0, 3.0, and 5.0 A g− 1 (Fig. 4b). Although nf–1–-MCO showed 
the highest specific capacity up to 1.0 A g− 1, its performance declined 
rapidly at higher current densities of 3.0 and 5.0 A g− 1. When comparing 
the nf–2–MCO and nf–4–MCO, the nf–4–MCO exhibits a larger capacity 

Fig. 3. X-ray photoelectron spectroscopy (XPS) analysis for nf–CO and nf–(c)–MCO. Core XPS spectra for (a) Mn 2p, (b) Co 2p and (c) O 1s. (d) Atomic percentages 
(at.%) derived from the XPS results for nf–CO and nf–(c)–MCO, illustrating the effects of Mn doping on elemental ratios and oxidation states. (e) Band gaps (eV) and 
(f) band gap diagrams for nf–CO and nf–(c)–MCO. (g) Raman spectra for nf–CO and nf–(c)–MCO.

Table 3 
XPS data for at.% of nf-CO and nf-(c)-MCO at different Mn-doping levels.

Samples Mn2+/Mn Mn3+/Mn Mn4+/Mn Co2+/Co3+ O1/O O2/O

nf-CO – – – 43.78 % 68.28 % 16.55 %
nf-1-MCO 31.28 % 49.16 % 19.57 % 53.08 % 65.12 % 18.48 %
nf-2-MCO 24.69 % 62.49 % 12.82 % 62.56 % 56.22 % 31.82 %
nf-4-MCO 29.47 % 54.52 % 16.01 % 63.60 % 62.41 % 25.42 %
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of 0.1–1.0 A g− 1, and the reduction rate of capacity between them is 
similar. However, at 3.0 A g− 1, nf-2-MCO exhibits less capacity fading 
than nf–4–MCO and maintains a higher capacity even at 5.0 A g− 1. 
nf–2–MCO demonstrates the best rate capability, even at high current 
densities, suggesting that there is an optimal level of Mn doping in the 
nf–(c)–MCO for Li+ reactions.

To further investigate how the material properties contribute to the 
fast (dis)charging ability, electrochemical impedance spectroscopy (EIS) 
measurements were performed before and after the 1st, 50th, and 100th 
cycles (Figs. 4c and S5). The equivalent circuit used for EIS is shown in 
Fig. S8. The semicircle at high frequency corresponds to the charge- 
transfer process, while the low-frequency region reflects the Li+ ion 
diffusion process. Rs represents the solution resistance of the electrolyte, 
Rct is the charge-transfer resistance, C is the double-layer capacitance, 
and W denotes the Warburg impedance. The Li+ ion diffusion coefficient 
(DLi+) can be calculated from the low-frequency part of the Nyquist 
plots. The charge–transfer resistance values before cycling for nf–CO, 

nf–1–MCO, nf–2–MCO, and nf–4–MCO were 2623.1, 1251.5, 900, and 
2355 Ω, respectively.

The EIS results obtained after cycling reveal the charge-transfer 
resistance (Rct) and lithium diffusion coefficient (DLi+) for various 
electrode formulations over multiple cycles. For nf–CO, the Rct values 
after 1, 50, and 100 cycles are 101.11, 140.44, and 177.45 Ω, respec
tively, with corresponding DLi+ values of 9.40 × 10− 12, 1.13 × 10− 13, 
and 3.65 × 10− 13 cm2 s− 1. For nf-1-MCO, the Rct values are 83.55, 
120.12, and 140.55 Ω, respectively, while the DLi+ values are 6.95 ×
10− 11, 8.89 × 10− 11, and 1.02 × 10− 12 cm2 s− 1. The nf-2-MCO shows Rct 
values of 66.60, 79.93, and 85.71 Ω over the same cycles, with corre
sponding DLi+ values of 9.87 × 10− 10, 1.25 × 10− 11, and 4.9 × 10− 11 

cm2 s− 1. In comparison, nf–4–MCO records Rct values of 101.42, 138.22, 
and 168.24 Ω, with DLi+ values of 1.07 × 10− 11, 4.51 × 10− 11, and 8.90 
× 10− 11 cm2 s− 1. Before cycling, the Rct values follow the order 
nf–2–MCO < nf–1–MCO < nf–4–MCO < nf–CO, indicating that the 
doped electrodes, particularly nf–2–MCO, exhibit enhanced 

Fig. 4. Electrochemical performance of LIB cells with nf–CO and nf–(c)–MCO electrodes. (a) Galvanostatic charge–discharge voltage profiles at a current density of 
50 mA g− 1 for the first cycle. (b) Rate capabilities evaluated at various current densities. (c) Electrochemical impedance spectroscopy (EIS) plots obtained before 
cycling. (d) Long-term cycling performance at 0.5 A g− 1. Diffusion-limited and capacitive contributions for (e) nf–CO, (f) nf–1–MCO, (g) nf–2–MCO, and (h) 
nf–4–MCO. Galvanostatic intermittent titration technique (GITT) curves for (i) nf–CO, (j) nf–1–MCO, (k) nf–2–MCO, and (l) nf–4–MCO, measured at a current density 
of 50 mA g− 1.
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conductivity. This suggests that nf–2–MCO is likely to facilitate the 
fastest charge–transfer reactions during the charge/discharge process. 
The post–cycle EIS data reveal a general reduction in resistance, indi
cating electrode activation and the formation of a stable SEI that en
hances charge transfer. After cycling, the lowest resistance values are 
observed in nf–2–MCO, followed by nf–1–MCO, nf–4–MCO, and nf–CO 
in ascending order. Additionally, nf–2–MCO exhibits the smallest in
crease in resistance with cycling, suggesting superior retention and 
conductivity. Regarding lithium diffusion coefficients, the order from 
highest to lowest is nf–2–MCO > nf–4–MCO > nf–1–MCO > nf–CO, with 
nf–2–MCO demonstrating the highest Li+ diffusion coefficients. Fig. 4d 
shows the long-cycle performance evaluation of nf–CO and nf–(c)–MCO 
at a high current density of 0.5 A g− 1. The specific discharge capacities 
of nf–(c)–MCO are considerably higher than those of bare Co3O4 without 
Mn doping. For nf–CO, the initial coulombic efficiency is 83.31 %. A 
substantial irreversible capacity loss is observed during the first cycle, 
after which the coulombic efficiency remains at 95 % until the capacity 
decreases to 200 mAh g− 1. From that point, the capacity is stabilized 
with a coulombic efficiency (CE) close to 100 % at 200 mAh g− 1. The 
rapid capacity fading observed in nf–CO is likely attributed to consid
erable volume expansion during the fast alternation between charging 
and discharging processes. The nf–1–MCO electrode demonstrates an 
initial discharge capacity of 969.06 mAh g− 1 and a charge capacity of 
920.22 mAh g− 1, resulting in a CE of 94.96 %. Compared to nf–CO, 
nf–1–MCO exhibits a smaller irreversible capacity loss during the first 
cycle, with subsequent CEs approaching 100 %. While the specific 
discharge capacity initially increases, it begins to decrease sharply after 
the 41st cycle, reaching 166.38 mAh g− 1 by the 180th cycle. Afterward, 
the capacity remains relatively stable. The capacity retention from the 
first cycle (969.06 mAh g− 1) to the 300th cycle (271.02 mAh g− 1) is only 
27.97 %, indicating a considerable loss in capacity. In contrast, the 
nf–2–MCO exhibits a first-cycle discharge capacity of 662.09 mAh g− 1 

and a charge capacity of 595.64 mAh g− 1, resulting in a CE of 89.96 %. 
After the initial cycle, excellent Coulombic efficiencies close to 100 % 
are maintained. A steady increase in non-dischargeable capacity is 
observed, with a capacity of 1237.76 mAh g− 1 at the 300th cycle. This 
capacity increase is typically attributed to the reversible growth of a 
polymeric gel–like film on the electrode surface [29]. Because these 
films exhibit pseudocapacitive properties, the observed increase in ca
pacity can be explained. This rapid capacity fading can be attributed to 
structural instability caused by excessive Mn doping. The high concen
tration of Mn leads to over-shrinking of Co₃O4 nanograins and induces 
significant lattice strain, as a large number of relatively larger Mn ions 
substitute for smaller Co ions. This strain likely results in microstructural 
degradation during repeated cycling, ultimately leading to premature 
cell failure. Fig. 4(e–h) show the Li+ storage mechanism (diffusion- or 
capacitive-controlled reactions) for the nf–CO and nf–(c)–MCO elec
trodes. CV tests were performed on each sample at scan rates of 0.2, 0.4, 
0.6, 0.8, and 1.0 mV s− 1 (Fig. S9). At the 1.0 mV s− 1 scan rate used as a 
reference, the nf–CO exhibits a pseudocapacitive energy storage 
contribution of 75.35 %. In comparison, nf–1–MCO, nf–2–MCO, and 
nf–4–MCO show capacitive–controlled reaction behaviors of 89.45 %, 
96.56 %, and 88.53 %, respectively. This indicates that nf–2–MCO 
demonstrates the highest pseudocapacitive characteristics owing to its 
optimal interfaces that support electric double layers. This trend in 
electrochemical behavior also aligns with variations in oxygen va
cancies. These vacancies are crucial for enhancing ionic and electronic 
transport by narrowing the bandgap of nf–(c)–MCO, which in turn in
creases electrochemical conductivity and improves the pseudo-capacity 
characteristics [8,30]. Moreover, the complex structure with a larger 
surface area and enhanced electrical conductivity, facilitated by the 1D 
nanofiber building blocks, improves Li+ transport kinetics, leading to 
enhanced pseudo-capacity [31]. Evidence supporting pseudo-capacitor 
characteristics can be seen in the changes in galvanostatic dis
charge–charge behavior with Mn doping, as shown in Fig. S10. The 
nf–2–MCO displays the most linear graph, demonstrating the highest 

pseudo–capacitor characteristics. This indicates abundant surface- 
adsorbed electrons owing to “downsizing and electrostatic unbalance 
effects,” resulting in a higher capacity than the theoretical capacitance. 
This phenomenon helps explain why the observed capacity exceeds the 
initial value. The capacitive–controlled responses are most dominant in 
nf–CO, nf–1–MCO, and nf–2–MCO, as shown in Fig. 4(e–g). In contrast, 
nf–(4)–MCO exhibits an opposite trend (Fig. 4h). The decline in capac
itive contribution for nf–(4)–MCO can be attributed to two primary 
factors. First, XPS analysis reveals a reduction in oxygen vacancies 
compared to nf–(2)–MCO, which limits the active sites available for 
charge storage and weakens the pseudocapacitive behavior. Second, 
excessive Mn doping introduces structural instability, disrupting elec
tron transport pathways and reducing conductivity. These combined 
effects result in the observed decrease in pseudocapacitive characteris
tics for nf–4–MCO, highlighting the importance of optimizing Mn doping 
levels and maintaining sufficient oxygen vacancies for enhanced per
formance. To assess the fast–chargeable capability of the nf–(c)–MCO 
electrode, GITT was used to determine the Li+ diffusion coefficient. GITT 
was performed at a current density of 50 mA g− 1, with a 10–min rest 
period and a 10-min constant current application. The Li+ diffusion 
coefficients, as shown in Fig. S11, were calculated by analyzing time- 
dependent voltage changes, excluding the flat regions where phase 
transitions occur. The average Li+ diffusion coefficients for nf-CO, 
nf–1–MCO, nf–2–MCO, and nf–4–MCO were found to be 1.6443 × 10− 10, 
3.5872 × 10− 10, 8.3681 × 10− 10, and 6.5106 × 10− 10 cm2 s− 1, 
respectively. The Li+ ion diffusion coefficients follow the order: 
nf–2–MCO > nf–4–MCO > nf–1–MCO > nf-CO, with nf–2–MCO showing 
the highest diffusion coefficient. Although the absolute values of the Li+

diffusion coefficients calculated by GITT and EIS differ due to the 
intrinsic differences in measurement principles and analysis conditions, 
both methods consistently indicate the same trend among the samples. 
GITT evaluates Li+ diffusivity based on transient voltage responses 
under near-equilibrium states, whereas EIS assesses ion transport 
behavior in the frequency domain, which includes interfacial effects and 
resistive components. Given the distinct time and frequency scales of 
these techniques, discrepancies in the calculated values are anticipated. 
Therefore, the diffusion coefficients presented in this study should be 
interpreted not as precise absolute values, but as comparative indicators 
to evaluate the relative electrochemical kinetics among the samples. 
When compared to nf–CO and nf–1–MCO, the nf–2–MCO and nf–4–MCO 
electrodes, which are adequately doped with Mn, exhibited superior Li+

diffusion coefficients. This enhancement can be attributed to the 
reduction in particle size, improved pore characteristics, increased ox
ygen vacancies, and a narrowed bandgap resulting from Mn doping. To 
further validate these findings, CV was performed at a scan rate of 0.1 
mV s− 1 for all electrodes (Fig. S12). During the discharging process, 
reduction peaks appeared at 0.76, 0.80, 0.84, and 0.61 V for nf–CO, 
nf–1–MCO, nf–2–MCO, and nf–4–MCO, respectively. The irreversible 
reduction reactions observed after the first CV cycle indicate the for
mation of a SEI layer on the electrode surface. This SEI layer plays a 
crucial role in stabilizing the electrode–electrolyte interface and facili
tating ion transport. Distinct redox peaks on the CV curves correspond to 
the reversible Li+ insertion and extraction reactions. After the initial 
formation cycle, the SEI layer forms, accompanied by an irreversible 
reduction reaction, which stabilizes the electrode–electrolyte interface 
and prevents further electrolyte decomposition. This irreversible 
reduction reaction is represented as follows:

“SEI Formation (irreversible reduction reaction)”: 

Co3O4 + 2Li+ + 2e− → 2CoO + Li2O                                              (4)

CoO + 2Li+ + 2e− → Co + Li2O                                                     (5)

The SEI layer primarily consists of compounds such as lithium cobalt 
oxide (Li2CoO3), lithium oxide (Li2O), and lithium alkyl carbonates 
(ROCO2Li). This layer forms as a result of the reduction of Co3O4 during 
the initial lithiation process. Moreover, oxidation and reduction 
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reactions involving Co and cobalt monoxide (CoO) were observed, 
indicating the reversible transformation between different oxidation 
states of cobalt throughout the cycling process. In the second and third 
cycles, lithiation occurs at approximately 1.0 V, while delithiation is 
observed near 2.1 V. Aside from the irreversible reactions that form a 
stable SEI layer during the first cycle, reversible reactions dominate, as 
indicated by the reduction and oxidation peaks appearing at consistent 
voltage levels during the charge–discharge process. During the first 

cycle of anode scanning, a distinct oxidation peak at 2.1 V was observed, 
corresponding to the phase transition of Co being oxidized to Co2+ and 
Co3+. This is represented in formulas (5) and (6), as follows: 

Co + Li2O → CoO + 2Li+ + 2e− (6)

3CoO + Li2O → Co3O4 + Li+ + 2e− (7)

The lithium storage mechanism of Co3O4 is based on the conversion 
reactions as follows: 

Fig. 5. (a) Schematic representation of the electronic configurations illustrating the octahedral Co3+O6 and Mn3+O6 structures, both with and without Jahn–Teller 
distortion. (b) Schematic depiction of the effects of Jahn–Teller distortion. (c) Schematic illustration of the mechanism for particle size reduction via doping. (d) 
Electrochemical reaction mechanism highlighting the dynamic roles of nf–CO and nf–(c)–MCO in lithium reactions. (e) Schematic illustration of the mechanism for 
the effect of particle size on a polymeric gel-like film formed on the 1D nanofibers.
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Co3O4 + 8Li+ + 8e− → 4Li2O + 2Co                                              (8)

Fig. S13 shows ex− situ SEM images of the electrodes after 0, 50, and 
100 cycles from postmortem cells with nf–CO and nf–(c)–MCO elec
trodes. In the case of nf–CO, considerable structural degradation was 
observed after 100 cycles, which was attributed to repetitive and severe 
volume expansion of the Co3O4 particles. This resulted in a thick and 
irregular SEI layer. In contrast, the Mn− doped electrodes exhibited 
different behavior. After 100 cycles, these electrodes maintained their 
structure with minimal volume expansion. For nf–1–MCO, a relatively 
thick SEI layer was observed after 50 cycles, likely owing to the larger 
particle size. The nf–2–MCO exhibited a thin and stable SEI layer, pre
serving its structural integrity even after 100 cycles. In contrast, the 
nf–4–MCO, although forming a stable SEI layer by 50 cycles, developed a 
thicker SEI layer than nf–2–MCO after 100 cycles. These observations 
suggest that nf–2–MCO demonstrates the most optimal SEI layer for
mation and structural stability, which can be attributed to its particle 
size and well− balanced properties.

3.4. Principle of downsizing Co3O4 nanoparticles by Mn-doping 
engineering and intrinsic correlations

The mechanism behind the downsized nf–(c)–MCO is closely linked 
to its fast-chargeable LIB performance, as depicted in the schematic in 
Fig. 5. Fine lattice distortion occurs at Mn–doped sites, where Co ions are 
replaced by Mn ions, creating point defects. This substitution changes 
bond lengths and angles, further compressing the lattice. These changes 
are attributed to the “Jahn–Teller distortion” observed in Mn3+ ions 
with an average oxidation state lower than 3.5, leading to increased 
compressibility through the expansion of the octahedral coordination 
(Fig. 5a). The XPS analysis reveals that Mn3+ easily substitutes for Co3+

at the octahedral sites, likely owing to the Jahn–Teller distortion 
resulting from differences in atomic radii. This distortion elongates the 
bond lengths along the c− axis, which can distort the lattice structure 
[25]. Such distortions decrease lattice stability, weaken the bonding 
between oxygen atoms and surrounding metal ions, and promote the 
formation of oxygen vacancies (Fig. 5b). These oxygen vacancies modify 
the electrochemical reactivity and stability, thereby enhancing the 
electronic conductivity of MCO. Acting as free carriers, the vacancies 
increase electron concentration and improve conductivity. They also 
influence the band gap, making electron movement easier. While 
research on the reduction in particle size owing to doping is not fully 
conclusive, several hypotheses can be proposed (Fig. 5c).

First, manganese (II, III) oxides have lower surface energy compared 
to Co3O4 [32]. If the surface energy is low, even if the particle size de
creases and the surface area increases, the overall energy increase re
mains minimal, making smaller particles relatively more stable. In 
general, for particle growth to occur, grain boundaries must migrate. 
However, the alteration of surface energy by Mn doping hinders grain 
boundary movement or reduces the driving force for particle growth, 
thereby stabilizing smaller particles. Co3O4 undergoes particle growth 
via an Ostwald ripening mechanism, where smaller crystallites merge to 
form larger ones [33]. However, Mn doping reduces surface energy, 
making recrystallization more difficult, thereby inhibiting particle 
growth and preserving smaller particle sizes. Second, the ionic radius 
difference owing to Mn doping causes lattice distortion, which obstructs 
crystal growth [34]. Third, Mn doping induces oxygen vacancies that 
create lattice stress, potentially blocking growth pathways or keeping 
nuclei smaller. Finally, the oxygen adsorption energy follows the order 
Mn4+ > Co3+ > Mn3+ > Co2+ > Mn2+, and when Mn3+ replaces Co3+, 
the relatively lower oxygen adsorption energy reduces reactivity, 
contributing to smaller particle sizes [35]. Optimized small Mn-doped 
Co3O4 particles offer several advantages in the reaction with Li+ ions 
(Fig. 5d). The relatively larger Co3O4 particles in the 1D nf-CO experi
ence considerable volume changes and exhibit sluggish Li+ diffusion 
kinetics over long pathways during lithiation/delithiation. In contrast, 

the reduced particle size of nf–(c)–MCO, especially nf–2–MCO, provides 
ample void space and accessible surface area, facilitating efficient Li+

ion transport and accommodating structural deformation during cycling 
by effectively dispersing stress. The smaller grains, along with an 
optimal concentration of oxygen vacancies, shorten the diffusion path
ways for Li+ ions, enhancing ion conductivity and accelerating charge/ 
discharge rates. The optimal oxygen vacancies also create additional 
pathways for Li+ movement. Furthermore, the increased surface area of 
the Mn-doped MCO particles provides highly active sites, considerably 
enhancing electrochemical reactivity, capacity, and rate capability. The 
reduction in grain and crystallite sizes creates an environment with 
lower activation energy, thereby promoting improved charge transfer 
and diffusion kinetics. All these characteristics of miniaturized 
nf–2–MCO collectively contribute to the enhanced electrochemical 
performance of LIB cells [36]. In addition, there are other factors that 
further enhance the electrochemical performance. Co3O4 is fabricated in 
a 1D nanofiber morphology, which improves lithium mobility while 
mitigating volume expansion in nanofibers [37]. During repetitive dis
charge–charge cycling, the intrinsic correlations between material 
properties and battery performance can be observed, along with the 
gel–like film and particle size [29]. The polymeric gel-like film forms 
during the electrochemical reactions of metal oxides and demonstrates 
the ability to conduct both electrons and Li+ ions, unlike the SEI layers, 
which allow only ionic conduction. This mixed ionic–electronic con
duction feature facilitates additional surface reactions, contributing 
surface capacity beyond the existing structural capacity and thereby 
increasing the total capacity. As a result, this enhances electrochemical 
reactions and improves the electrical performance of the electrode. 
However, when the particle size is too small, as seen in nf–4–MCO, 
excessive unwanted reactions can occur owing to the large surface area 
(Fig. 5e). This results in the thickening of the polymeric gel-like film, 
which negatively impacts electronic and ionic conductivities, ultimately 
reducing the overall efficiency of the battery. Thus, advanced and 
optimized doping engineering of Mn on Co3O4 is essential for controlling 
the smaller MCO particles to achieve improved lithium–ion battery 
performance in terms of both cycling stability and rate capabilities 
compared to their non-doped versions.

4. Conclusion

In conclusion, we investigated the effects of Mn dopants in Co3O4 
nanofibers for lithium-ion battery anodes. The presence of Mn dopants 
hindered grain growth in Co3O4 during the sintering of nf− (c)− MCO by 
inducing Jahn–Teller distortion and creating oxygen vacancies in the 
O–Co–O lattice. Notably, the incorporation of 0.2 at.% Mn in 
nf− 2–MCO resulted in the formation of appropriately sized MCO par
ticles, which optimized material properties related to grain size, pore 
structure, and accessible area for Li+ ions. The nf–2–MCO demonstrated 
improved lithium-ion diffusion and charge transfer, leading to enhanced 
ionic and electronic transport. This resulted in exceptional electro
chemical performance, especially evident in its remarkable rate capa
bility, achieving a high specific capacity of approximately 500 mAh g− 1 

at a rate of 5 A g− 1. Postmortem SEM and XRD analyses confirm the 
structural integrity and stability of the doped nanofibers, underscoring 
their durability and extended operational lifetime. We engaged in a 
thorough discussion regarding the mechanisms behind successful 
doping and fast-chargeable anode reactions. Our findings offer valuable 
insights into sustainable energy storage and establish a strong founda
tion for enhancing battery design and efficiency. Moreover, this 
approach to doping engineering demonstrates versatility, providing a 
pathway to optimize other materials for high-performance and sus
tainable energy solutions.
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