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1. Introduction

Silicon (Si) has recently garnered signifi-
cant attention as a potential replacement
for conventional graphite anodes owing
to its impressive gravimetric capacity
(4200mAh g�1) and volumetric capacity
(2400mAh cm�3) when utilized at low dis-
charge potentials.[1–3] The key to the high
discharge capacity of Si is its unique chem-
ical properties. Si can form bonds with up
to four lithium (Li) atoms, leading to the
creation of a Li4.4Si/Li22Si5 alloy, whereas
graphite can only bond one Li atom to six
carbon (C) atoms (LiC6).

[4,5] Furthermore,
Si possesses a lower discharge potential
of ≈0.2 V versus Li/Liþ, cost-effectiveness,
natural abundance, and eco-friendliness.[6]

Despite its promising attributes, the wide-
spread adoption of Si as an anode material
presents significant challenges, primarily
due to its densely packed crystal structure,
which results in substantial volume expan-
sion (≈400%) during the charge–discharge
processes.[7] This expansion can have detri-
mental effects, including pulverization and
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Herein, an efficient synthesis approach is introduced for the fabrication of a
hybrid anode consisting of porous microspheres with biphasic silicon (Si)-
amorphous iron selenite (Si/FeSeOx) nanocrystals enveloped within an N-doped
graphitic carbon (NGC) matrix and encased by well-grown, highly intertwined
N-doped carbon nanotubes (CNTs) (Si/FeSeOx@NGC/N-CNT). Si and FeSeOx

serve as the active components, contributing to the overall discharge capacity of
the hybrid anode. Additionally, FeSeOx not only enhances the structural integrity
of the nanostructure by channelizing the drastic volume variation of Si, but also
expedites the diffusion of lithium ions, thereby promoting kinetically favored
redox reactions. The NGC matrix serves as the primary pathway for efficient
electron transfer within the electrode, whereas the well-grown N-CNTs network
acts as a secondary pathway for subsequent electron transfer to the current
collector. The porous structure achieved via selective removal of amorphous
carbon ensures the smooth diffusion of charged species by shortening the
effective charge diffusion length and accommodating the substantial volume
changes during cycling. Correspondingly, the Si/FeSeOx@NGC/N-CNT anodes
demonstrate significant enhancements in electrochemical performance, including
one-order higher diffusion coefficients (≈10�12 cm2 s�1), exceptional rate capa-
bility (till 30 A g�1), and extraordinary cycling stability at 0.5, 1.0, and 3.0 A g�1.
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amorphization of the active Si material within an electrode.
Consequently, the active material is lost, and the battery
undergoes capacity degradation over time. Another complication
arises from the formation of a continuously grown thick solid
electrolyte interphase (SEI) due to electrolyte decomposition at
low potentials.[8] This diminishes the electrochemical activity of
the electrode, which further impairs the cycling performance
and overall lifespan of the battery.

To overcome these challenges, researchers have been actively
exploring several nanostructure design strategies which encom-
pass a range of innovative approaches, including the develop-
ment of Si composites MxSiy (where M represents elements like
Mg, Ni, Fe, Co, Ca, and x or y can take values of 1 or 2),[9–11]

dispersion of Si nanoparticles within highly conductive architec-
tures like reduced graphene oxide,[12,13] creation of hollow or
yolk-shell nanostructures to accommodate significant volume
expansion of Si,[14–16] and binder modification,[17,18] among other
methods.[7,19,20] Transition metal oxides (TMOs), denoted as
MxOy (where M represents a transition metal), have also been
rigorously assessed as advanced anode materials for lithium-
ion batteries (LIBs).[21–23] Unlike Si, TMOs do not form alloys
with Li metal; instead, they establish a metallic network that
offers multielectron transmission per transition metal during
the conversion process (TMOs! TM0).[24] This characteristic
results in high theoretical discharge capacities with minimal
volume fluctuations (<100%); a marked improvement over
alloy-type materials (>300%).[25] Consequently, the integration
of high-capacity Si with low-capacity TMOs in a hybrid composite
is a facile strategy for achieving a stable and long-lasting
advanced anode. In such hybrid composites, both components
contribute to the attainment of high discharge capacities
(depending on the voltage window), whereas the TMO compo-
nent plays a crucial role in stabilizing the SEI film and synergis-
tically improving the overall electrochemical properties. For
instance, Wang et al. prepared Fe2O3/C-modified Si nanopar-
ticles, which delivered a high discharge capacity at low current
density (2942mAh g�1 at 100mA g�1), good rate capability
(423mAh g�1 at 10 A g�1), and stable cycling performance
(680mAh g�1 at 1.0 A g�1 after 300 cycles).[26] Despite these
promising outcomes, several challenges remain. For instance,
the low electronic conductivities of both Si and TMO, as well
as their composites, need to be carefully considered to achieve
further improvements in the rate capability and cycling perfor-
mance. Additionally, controlling the crystal growth in TMO dur-
ing the synthesis process is another critical aspect that requires
focused attention in the quest for advanced LIB anodes.

Metal selenite nanostructures, which form heterostructures
encompassing both metal oxide and selenide phases, have
demonstrated remarkable properties including high electronic
conductivities and superior redox reaction capabilities.[27,28]

Moreover, the built-in electric fields at different types of hetero-
interfaces present within the heterostructure resulted in better
acceleration of charge transport. For instance, Kang et al. reported
the synthesis of binary metal (Ni, Co) selenite ((NiCo)SeO3) as a
LIB anode with an enhanced cycling performance (680mAh g�1

at 5.0 A g�1 after 1500 cycles).[28] Likewise, Liu et al. also synthe-
sized hierarchical CoSeO3·2H2O nanoflowers, which show a
discharge capacity of 626mAh g�1 at 0.5 A g�1 after 180 cycles.
This unsatisfactory cycling performance was mainly due to

uncontrolled crystal growth.[29] However, there have been no
reports on the development of a hybrid porous conductive anode
that combines Si owing to its high-capacity properties, an amor-
phous selenite phase to enhance structural integrity, and a highly
conductive framework to bolster the overall conductivity.

Based on the above discussion, we introduce an efficient syn-
thesis approach for crafting sophisticated multicomponent
anode materials. This material consists of porous microspheres
comprising a biphasic silicon-amorphous iron selenite
(Si/FeSeOx) phase enveloped within an N-doped graphitic
carbon (NGC) matrix, which also incorporates well-grown, highly
intertwined N-doped carbon nanotubes (CNTs) (denoted as
Si/FeSeOx@NGC/N-CNT). Depending on the voltage window
range, both the FeSeOx and Si nanoparticles contribute to the
overall discharge capacity of the composite material. The FeSeOx

nanoparticles improve the structural integrity of the nanostruc-
tures via effective volume channelization of Si through the
different lithiation/delithiation voltage range, and facilitate rapid
Li-ion diffusion, thereby promoting kinetically favored redox
reactions. Additionally, to further enhance the overall conductiv-
ity and charge transfer characteristics of Si-based nanostructures,
in-depth optimization is performed to the formation of NGC
matrix and well-grown N-CNT networks. The NGC matrix sur-
rounding Si/FeSeOx nanocrystals serves as the primary pathway
for efficient and fast electron transfer. Notably, N-CNT networks
act as a secondary pathway between the structures improving
diffusion kinetics in the hybrid nanostructure, and maintaining
the electrical contact by preventing the fragments of the compro-
mised structure from completely detaching in the microsphere.
The porosity of the composite nanostructures was introduced
through the selective removal of amorphous carbon (AC) species.
It facilitates smooth diffusion of charged species by shortening
the effective charge diffusion length and accommodates severe
volume changes during the lithiation/delithiation processes.

Benefitted from the rational nanostructural strategy
introduced in this study, the hybrid multicomponent Si/
FeSeOx@NGC/N-CNT anodes have exhibited a significant
enhancement in the overall electrochemical performance, such
as high-rate capability (up to 30 A g�1) and long-term cycling sta-
bility at low and high current densities (0.5, 1.0, and 3.0 A g�1).
As a result of these remarkable structural and electrochemical
advancements, we firmly believe that our findings will serve
as a cornerstone for the development of highly conductive and
multicomponent hybrid anode materials to find application in
a diverse range of energy storage and beyond.

2. Results and Discussion

The porous microspheres comprising biphasic silicon-
amorphous iron selenite (Si/FeSeOx) nanocrystals enveloped
within an NGC matrix with well-grown and highly intertwined
N-CNTs (Si/FeSeOx@NGC/N-CNT) were prepared using a
facile spray pyrolysis technique and multistep heat treatment.
The detailed formation mechanism of the Si/FeSeOx@NGC/
N-CNT microspheres is shown in Scheme 1. The precursor
colloidal solution consisting of Si nanopowders, Fe nitrate,
and PVP was uniformly dropletized by the ultrasonic nebulizer
(Scheme 1-①). Fe nitrate served as the Fe precursor for the
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formation of the FeSeOx phase, whereas amphiphilic PVP simul-
taneously served as a carbon source to form the NGC matrix and
as a surface functionalizer for the Si nanopowders. This PVP-
induced functionalization ensured uniform dispersion of Si in
the solution. The generated precursor droplets were subjected
to pyrolysis within a vertical quartz reactor maintained at
700 °C, using N2 as the carrier gas. During pyrolysis, the N-rich
species present in PVP decomposed into an N-doped AC matrix,
whereas Fe2O3 nanoparticles were formed due to the presence of
O-containing nitrate (NO3

�) anion groups in the precursor salt
and carboxyl groups in PVP, despite the inert atmosphere. This
process resulted in the formation of microspheres containing Si
and Fe2O3 nanoparticles uniformly embedded within an AC
matrix, referred to as Si/Fe2O3/AC microspheres (Scheme 1-②).
During the initial heat treatment, Si/Fe2O3/AC precursor micro-
spheres were exposed to DCDA at 800 °C under a N2 atmosphere.
This step resulted in the reduction of the Fe2O3 nanoparticles to
metallic Fe nanocrystals. The surrounding PVP-derived N-doped
ACmatrix restricted the grain growth and aggregation of metallic
Fe nanocrystals, while the matrix itself was transformed into
NGC owing to the catalytic effect of the Fe nuclei. The NGC
matrix served as the primary pathway for rapid electron transfer.
Additionally, N-CNTs were grown on the microsphere surfaces
using metallic Fe nanocrystals as catalysts, which acted as sec-
ondary conductive pathways. These N-CNTs emerged through
catalytic chemical vapor deposition, utilizing CHx and NH3 gases

generated from DCDA (Scheme 1-③). In the second heat treat-
ment step, selenization was performed at 300 °C under H2/Ar
(vol= 5:95%) atmosphere, as shown in Scheme 1-④. Excess Se
was used in a similar manner. During this step, a phase conver-
sion from metallic Fe to FeSe2 occurred in an H2Se atmosphere,
which was formed due to the combination of H2 with Se.
This process resulted in the formation of microspheres
comprising biphasic Si-FeSe2 nanocrystals enveloped within
an NGC–AC matrix along with well-grown N-CNTs, referred
to as Si/FeSe2@NGC–AC/N-CNT microspheres. In the final
step, a third heat treatment was carried out at 300 °C under
air atmosphere (Scheme 1-⑤). During the oxidation process,
the FeSe2 phase transformed into an amorphous FeSeOx phase.
This phase change characterizes a kinetically favored redox
reaction owing to fast Li-ion diffusion and high structural
integrity.[30] Simultaneously, AC was selectively removed from
the carbon matrix, creating micropores that enhanced the overall
electrochemical performance. The porous structure not only
facilitated efficient electrolyte infiltration, but also mitigated
undesirable volume expansion.

A comprehensive analysis was conducted to characterize the
nanostructures obtained at various stages of the synthesis and to
elucidate the formation mechanism. Figure S1, Supporting
Information, shows the physical characterization of the commer-
cial Si nanopowder employed in the spray solution. The field-
emission scanning electron microscopy (FE-SEM) image in

Scheme 1. Schematic representation of the formation mechanism (①–⑤) of the porous microspheres comprising a biphasic silicon-amorphous
iron selenite (Si/FeSeOx) nanocrystals enveloped within an NGC matrix with well-grown and highly intertwined N-CNTs (referred to as Si/
FeSeOx@NGC/N-CNT).
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Figure S1a, Supporting Information, shows the spherical Si
nanoparticles with diameters ranging from 40 to 120 nm. The
X-ray diffraction (XRD) pattern of the nanopowder (Figure S1b,
Supporting Information) exhibits three distinct diffraction peaks
at 2θ= 28, 47, and 56°, corresponding to the (111), (022), and
(311) crystallographic planes, respectively, and are indicative of
the presence of pure Si. Furthermore, Figure S2, Supporting
Information, provides insights into the morphology and crystal
structure of the as-prepared microspheres obtained after
spray pyrolysis. The FE-SEM image (Figure S2a, Supporting
Information) shows the uniform formation of nonaggregated
microspheres with an average diameter of ≈1.5 μm. Closer exam-
ination using a high-magnification FE-SEM image (Figure S2b,
Supporting Information) revealed that all the constituents were
well confined within the microsphere. In addition, the rough sur-
face of the microspheres was also apparent, which was attributed
to the presence of Si nanoparticles. Additionally, a fractured
surface view of the microspheres (Figure S2c, Supporting
Information) confirmed the uniform distribution of nanosized
Si particles within the internal structure. The XRD pattern
(Figure S2d, Supporting Information) shows distinct high-
intensity peaks at the same positions as those observed for pure
Si (Figure S1b, Supporting Information), confirming the pres-
ence of Si in the as-sprayed powder. Furthermore, diffraction
peaks corresponding to different Fe2O3 crystal phases were also
observed. These peaks appear due to the reaction of Fe3þ cations
with the O-containing species present in both the Fe salt and PVP
molecules.

The as-sprayed Si/Fe2O3/AC microspheres obtained above
underwent an initial heat treatment at 800 °C for 5 h under a
N2 atmosphere in the presence of DCDA which acted as the car-
bon source, leading to the formation of highly densified N-CNTs
that became intricately intertwined with the microspheres. The
posttreatment morphological and crystal structure changes in the
microspheres are depicted in Figure 1. The spherical morphol-
ogy of the microspheres remained unaltered after the treatment,
as evident from the FE-SEM image shown in Figure 1a.
However, a significant transformation occurred on the surface
of the microspheres, which became fully covered with well-
grafted N-CNTs due to the reaction of the metallic Fe catalyst
with the CHx and NH3 gases generated during the decomposi-
tion of DCDA. Notably, the Fe2O3 nanocrystals within the
microspheres were reduced to metallic Fe nanoparticles via a
carbo-reduction process. The magnified transmission electron
microscopy (TEM) image in Figure 1b firmly indicated the pres-
ence of well-grown N-CNTs. The high-magnification TEM image
in Figure 1c reveals that the formed N-CNTs have an outer
diameter of ≈20–30 nm and a length of up to several hundred
nanometers. Additionally, the aspect ratio of N-CNTs grown on
the surface of Si/Fe@NGC–AC/N-CNT microspheres was inves-
tigated and respective ratio distribution of N-CNTs was shown in
Figure S3, Supporting Information. As a result, the aspect ratio
distribution of N-CNTs exhibited a Gaussian normal distribution
with a ratio center of 58, with a high average aspect ratio
of 75, which could facilitate a more efficient electrical
network within the electrode, leading to a reduction in internal
resistance. Additionally, well-implanted metallic Fe nanopar-
ticles (ϕ= 14 nm) inside the CNT wall (thickness of ≈2.5 nm)
were apparent along with the Si nanoparticles (ϕ= 40 nm), as

evident from Figure 1c. The high-resolution TEM (HR-TEM)
images in Figure 1 d reveal lattice fringes with separation of
0.21 nm corresponding to the (110) plane of the metallic Fe nano-
particles. Furthermore, an NGC layer was also observed with a
lattice fringe distance of 0.34 nm, corresponding to the (002)
plane of the GC surrounding the Fe nanoparticles. Lattice fringes
were also found with a separation of 0.31 nm corresponding to
the (111) plane of the Si nanocrystals. The NGC layer was
produced by the graphitization of PVP-derived N-doped carbon
species through the catalytic effect of metallic Fe. N-doping of
CNTs and the GC matrix enhanced the overall electrical conduc-
tivity of the nanostructure owing to its smaller atomic radius
and higher electronegativity compared with carbon.[31,32]

Furthermore, the NGC layer and well-grafted N-CNTs acted as
primary and secondary transport pathways, respectively, for rapid
and continuous electron transfer, thereby supporting swift redox
processes during the electrochemical process. Moreover, to
support the above discussions, Raman and EA analysis of
N-CNTs well-grafted microspheres were performed, and their
characterization results were compared with Si/Fe@NGC–AC
microspheres without N-CNT obtained by DCDA-free carboniza-
tion of as-prepared Si/Fe2O3/AC microspheres (Figure S4,
Supporting Information). The FE-SEM image of Si/Fe@NGC–
AC microspheres displayed the spherical morphologies with
no growth of N-CNTs (Figure S4a, Supporting Information).
In the Raman analysis results (Figure S4b, Supporting

Figure 1. Morphologies, SAED, XRD patterns, and elemental mapping
images of Si/Fe@NGC–AC/N-CNT microspheres obtained after first heat
treatment with DCDA at 800 °C under N2 atmosphere: a) FE-SEM image,
b,c) TEM images, d) HR-TEM images, e) SAED pattern, f ) XRD pattern,
and g) elemental mapping images.
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Information), the Si/Fe@NGC–AC/N-CNT microspheres
exhibited a peak at 2685 cm�1 corresponding to 2D-band attrib-
uted to the overtone of the D-band,[33] while no peak was
observed in the Si/Fe@NGC–AC microspheres. The 2D-band
is a result of the double resonance effect related to the bonding
structure of CNTs,[34] and its presence in the Raman analysis of
Si/Fe@NGC–AC/N-CNT microspheres strongly suggests the
successful growth of N-CNTs unlike Si/Fe@NGC–AC micro-
spheres. Furthermore, the ID/IG ratio of Si/Fe@NGC–AC/
N-CNT microspheres was 0.90, lower than that of
Si/Fe@NGC–AC (ID/IG ratio= 0.95), clearly indicating the high
crystallinity of the formed N-CNTs. Additionally, the N-contents
in Si/Fe@NGC–AC and Si/Fe@NGC–AC/N-CNTmicrospheres
were quantified to be 1.3 and 2.4 wt%, respectively, through the
EA results (Figure S4c, Supporting Information). After standard-
izing the C and N-contents in Si/Fe@NGC–AC/N-CNT micro-
spheres under the assumption that the Si and Fe-species
contents in the two microspheres are identical, the N-content
in Si/Fe@NGC–AC/N-CNT microspheres was 3.9 wt%, along
with the N-content in the grown CNTs was calculated to be
2.6 wt%. These results support the successful formation of highly
crystalline N-doped CNTs on the microsphere surface, which can
serve as conductive electron transport networks supporting swift
redox processes and improving the overall electrical conductivity
of the nanostructure. The selected area electron diffraction
(SAED) pattern in Figure 1e displays well-resolved diffraction
rings of pure Si, metallic Fe, and carbonaceous materials, such
as CNT and NGC, in the nanostructure, supporting the above
results. Similarly, the XRD pattern in Figure 1f shows sharp dif-
fraction peaks associated with pure Si, metallic Fe, and graphitic
carbon, which are consistent with the HR-TEM and SAED
results. Additionally, the mean crystallite sizes of Si and metallic
Fe were calculated to be 36 and 15 nm, respectively, using the
Scherrer equation by considering the high-intensity reflection
of the (111) plane for Si and the (110) plane for metallic Fe.
A few low-intensity diffraction peaks of Fe2O3 attributed to
the surface oxidation of metallic Fe were also observed. The ele-
mental mapping images in Figure 1g show the homogeneous
distribution of Si, Fe, O, C, and N elements in the microspheres,
confirming the formation of Si/Fe@NGC–AC/N-CNT. The triv-
ial presence of the O element was attributed to the surface
oxidation of metallic Fe nanoparticles.

The Si/Fe@NGC–AC/N-CNT microspheres obtained above
were further subjected to an additional selenization process at
300 °C for 6 h under a gas mixture of H2/Ar (vol= 5:95%).
The corresponding microstructural and phase changes are
shown in Figure 2. Remarkably, the overall structure of micro-
spheres, with well-grafted N-CNTs, remained intact after the heat
treatment, as evidenced by the images in Figure 2a–c. Upon
closer examination using magnified TEM images in Figure 2d,
metallic Fe nanoparticles (ϕ= 20 nm) inside the N-CNTs
along with the Si nanoparticles (ϕ= 60 nm) were observed.
Furthermore, during selenization, the FeSe2 phase was success-
fully formed through the reaction of metallic Fe and Fe2O3 with
H2Se gas generated by the combination of H2 and Se precursor.
The HR-TEM image in Figure 2e reveals well-resolved lattice
fringes separated by 0.19 nm corresponding to the (112) plane
of the FeSe2 crystal lattice. Moreover, an NGC layer surrounding
the FeSe2 nanoparticles is evident along with Si nanoparticles

with lattice fringes separated by 0.31 nm, corresponding to the
(111) crystallographic plane. The SAED (Figure 2f ) and XRD pat-
terns (Figure 2g) exhibit the respective diffraction rings and dif-
fraction peaks of FeSe2, Si, and graphitic carbon, thus supporting
the aforementioned results. Additionally, the crystallite size of
FeSe2 in the Si/FeSe2@NGC–AC/N-CNT microspheres was cal-
culated to be 32 nm using the Scherrer equation considering the
highly intense (111) diffraction peak in the XRD pattern. Raman
spectroscopy was employed to analyze the crystalline properties
of the carbonaceous materials in the Si/FeSe2@NGC–AC/
N-CNT microspheres. The Raman spectrum (Figure 2h) reveals
peaks at 187, 240, and 292 cm�1, corresponding to Se─Se bonds,
and a highly intense peak at 506 cm�1, indicating Si─Si
bonds.[35–37] Additionally, characteristic peaks at 1348 and
1586 cm�1 were observed, assigned to the D- and G-bands of
the carbonaceous materials, respectively.[23,38,39] The relative
intensity ratio of the D- and G-band (ID/IG) served as an indicator
of the crystallinity of the carbonaceous matrix. Interestingly, a

Figure 2. Morphologies, SAED, XRD patterns, Raman spectrum, and ele-
mental mapping images of Si/FeSe2@NGC–AC/N-CNT obtained after
selenization at 300 °C: a,b) FE-SEM images, c,d) TEM images, e) HR-TEM
image, f ) SAED pattern, g) XRD pattern, h) Raman spectrum, and
i) elemental mapping images.

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2025, 6, 2400354 2400354 (5 of 19) © 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

 26884062, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202400354 by JA

E
 SE

O
B

 L
E

E
 - C

hungbuk N
ational U

niversity , W
iley O

nline L
ibrary on [05/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-structures.com


high ID/IG value of 1.1 for the Si/FeSe2@NGC–AC/N-CNT
microspheres implies an increase in disorderedness, primarily
attributed to the presence of abundant N-atom-doped sites in
the carbonaceous matrix, resulting in low crystallinity of the
nanostructure. Consistent with the Raman results, the elemental
mapping images in Figure 2i show the uniform dispersion of
Si, Fe, Se, C, and N elements in Si/FeSe2@NGC–AC/N-CNT,
indicating the formation of the desired selenide phase with a
highly conductive N-doped carbon matrix. Furthermore, the
absence of O element indicates a complete phase conversion
from Fe2O3 to FeSe2 during the selenization process, which is
consistent with the XRD results in Figure 2g.

Precise temperature control for the formation of the FeSeOx

phase and selective removal of AC in NGC matrix is critical
for producing the Si/FeSeOx@NGC/N-CNT microspheres.
To determine the optimal oxidation temperature, thermogravi-
metric (TG) analysis of the Si/FeSe2@NGC–AC/N-CNT micro-
spheres was conducted in an air atmosphere (Figure S5,

Supporting Information). In the TG results, a weight gain was
observed up to 250 °C, attributed to the phase conversion of
FeSe2 to FeSeOx, followed by a rapid weight loss, signifying
the decomposition of AC into the gaseous product. Based on this
analysis, Si/FeSeOx@NGC/N-CNT microspheres were synthe-
sized through an oxidation process at 250 °C for 3 h under the
air atmosphere, and the corresponding physical characterization
results are presented in Figure 3. The FE-SEM images
(Figure 3a,b) demonstrate that the spherical morphology,
along with the highly intertwined N-CNTs, was preserved even
after the multistep heat treatment process, including oxidation.
TEM images in Figure 3c,d revealed FeSeOx nanoparticles
(ϕ= 20 nm) from the oxidation of FeSe2, and these nanoparticles
were located at each N-CNT, which is consistent with the previ-
ous results (Figure 1c and 2c). Furthermore, the magnified TEM
image in Figure 3d manifests the presence of Si nanoparticles
with an average size of 80 nm. No significant lattice fringes cor-
responding to FeSeOx nanoparticles were observed, suggesting

Figure 3. Morphologies, SAED, XRD patterns, Raman spectrum, TG curve, and elemental mapping images of Si/FeSeOx@NGC/N-CNT obtained after
oxidation at 250 °C: a,b) FE-SEM images, c,d) TEM images, e) HR-TEM image, f ) SAED pattern, g) XRD pattern, h) Raman spectrum, i) TG curve, and
j) elemental mapping images.
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an amorphous phase. This also implies that the amorphous
FeSeOx phase was formed as an intermediate between FeSe2
and Fe2O3, as previously reported.[30,40] The HR-TEM image
in Figure 3e also displays a lattice fringe spacing of 0.31 nm,
corresponding to the (111) plane of Si. Besides, a lattice fringe
corresponding to the NGC layer surrounding the FeSeOx nano-
particles was also evident. Corroborating this, the SAED
(Figure 3f ) and XRD patterns (Figure 3g) exclusively display dif-
fraction patterns associated with Si and NGC. The XRD pattern
differed from that of the Si/FeSe2@NGC–AC/N-CNT micro-
spheres (Figure 2g), primarily due to the absence of FeSe2
diffraction peaks and the reduced intensity of the Si peaks,
reflecting the presence of the amorphous FeSeOx phase. The
existence of amorphous FeSeOx within the nanostructure was
further confirmed by Raman spectroscopy (Figure 3h), which
exhibited low-intensity characteristic peaks at 248 and 296 cm�1

corresponding to Se─Se and Fe─O bonds, respectively.[41,42]

Furthermore, the prominent peaks at 518, 1344, and 1579 cm�1

were attributed to the Si─Si bonds of the Si nanoparticles
and the D-band and G-band of the carbonaceous material,
respectively.[35,38,39] The optimized oxidation process selectively
removed the AC within the carbonaceous matrix, as evident
from the slightly decreased ID/IG value of 1.0 compared to
the Si/FeSe2@NGC–AC/N-CNT microsphere (ID/IG= 1.1;
Figure 2h). The Brunauer–Emmett–Teller (BET) surface area
of the Si/FeSeOx@NGC/N-CNT microsphere was measured
using N2 adsorption-desorption isotherms to validate the Raman
results, as shown in Figure S6a, Supporting Information.
The higher BET surface area of Si/FeSeOx@NGC/N-CNT micro-
spheres (86m2 g�1) compared to that of Si/FeSe2@NGC–AC/
N-CNT microspheres (51m2 g�1, Figure S7a, Supporting
Information) resulted from the formation of micropores owing
to AC combustion during oxidation. This agrees well with the
pore-size distribution curve in Figure S6b, Supporting
Information, and the micropore-size distribution curve in
Figure S6c, Supporting Information. Additionally, mesopores
(pore diameter= 40 nm) were observed in the pore-size distribu-
tion curves (Figure S6b and S7b, Supporting Information), origi-
nating from voids between the entangled N-CNTs. To further
support the successful combustion of AC and formation of the
FeSeOx phase, TG results for the Si/FeSeOx@NGC/N-CNT
microspheres were obtained (Figure 3i). The TG curve revealed
weight loss up to 150 °C due to the evaporation of water within the
nanostructure, followed by a plateau until 310 °C. This is not con-
sistent with the TG results observed for the Si/FeSe2@NGC–AC/
N-CNT microspheres (Figure S5, Supporting Information),
suggesting the formation of an amorphous FeSeOx phase during
oxidation. Furthermore, the weight loss region from 310 to 610 °C
(Δm= –51 wt%) was attributed to the sublimation of SeO2, as
well as the combustion of N-CNTs and the NGC matrix. The
weight loss difference of ≈5 wt% between Si/FeSeOx@NGC/
N-CNT and Si/FeSe2@NGC–AC/N-CNT microspheres
(Δm= –56 wt%) is due to the absence of AC after oxidation.
Furthermore, the weight increase observed at temperatures
exceeding 610 °C was attributed to the gradual oxidation of Si.
The elemental analysis (EA) results presented in Table S1,
Supporting Information, further verify the TG results, with
estimated C and N contents of 44 and 2.9 wt%, respectively,
for Si/FeSeOx@NGC/N-CNT microspheres. Furthermore, the

contents of Fe, Se, and Si are confirmed by wavelength dispersive
X-ray fluorescence (WD-XRF) analysis, with values of 38, 26, and
36 wt% (100 wt% equivalent), respectively (Table S2, Supporting
Information). Based on the EA (Table S1, Supporting
Information) and WD-XRF (Table S2, Supporting Information)
analysis results, the calculated contents of Si, FeSeOx, and
N-doped carbonaceous materials in Si/FeSeOx@NGC/N-CNT
microspheres are 19, 34, and 47 wt%, respectively. The elemental
mapping results of the Si/FeSeOx@NGC/N-CNT microspheres
(Figure 3j) demonstrated a homogeneous distribution of Si,
Fe, Se, O, C, and N elements in the structure, providing evidence
for the successful formation of a Si and FeSeOx composite within
an N-doped carbon matrix.

The bonding states and chemical environments of the ele-
ments within the Si/FeSeOx@NGC/N-CNT microspheres were
determined using X-ray photoelectron spectroscopy (XPS) to pro-
vide further evidence for FeSeOx formation. The XPS survey
spectrum reveals the presence of Si 2p, Fe 2p, Se 3d, O 1s, C
1s, and N 1s (Figure S8, Supporting Information). The Si 2p
core-level XPS spectrum (Figure 4a) exhibited well-fitted peaks
corresponding to the two spin-orbital doublets, Si 2p3/2 and Si
2p1/2, at binding energies of 99.3 and 100.1 eV, respectively.[43,44]

Additionally, peaks related to Si─O─C and Si─O were observed
at 102.8 and 103.4 eV, attributed to the surface oxidation of Si
nanopowder under ambient conditions.[43,44] The deconvoluted
Fe 2p XPS spectrum (Figure 4b) reveals distinct Fe 2p3/2 and
Fe 2p1/2 doublets. The peaks located at binding energies
of 711.0/713.2 (Fe 2p3/2) and 724.3/727.0 eV (Fe 2p1/2)
were ascribed to the Fe2þ/Fe3þ states in FeSeOx.

[45–47]

Furthermore, the two shake-up satellite peaks of the Fe 2p signal
(denoted as “Sat.”) were confirmed at 720.5 and 732.3 eV corre-
sponding to the antibonding orbitals between multiple anions
(Se and O) and Fe atoms.[48,49] In the Se 3d core-level XPS spec-
trum (Figure 4c), four peaks associated with different bonding
orbitals in FeSeOx were observed at 53.0/55.9 and 58.2/59.0 eV,
corresponding to Se─Fe (Se 3d3/2/Se 3d5/2) and Se─O (Se
3d3/2/Se 3d5/2) bonds, respectively.

[50,51] The O 1s XPS spectrum
(Figure 4d) shows accurately resolved peaks at 530.7, 532.2,
533.3, and 534.5 eV corresponding to Fe─O─Se, Fe─O, Si─O,
and C═O bonds, respectively.[52–54] The peaks at 284.5, 285.6,
288.7, and 289.4 eV in the C 1s XPS spectrum (Figure 4e) are
associated with C═C, C─C/C─N, C═O, and O─C═O bonds,
respectively.[48] In particular, the high-intensity peaks of the
C═C and C─C/C─N bonds indicate the presence of the NGC
matrix and N-CNTs formed through the catalytic influence of
metallic Fe. Furthermore, the N 1s core-level XPS spectrum
(Figure 4f ) featured deconvoluted peaks at 398.4 (pyridinic-N),
400.8 (pyrrolic-N), 403.6 (graphitic-N), and 405.0 eV (oxidized-
N), confirming the formation of N-doped carbon.[48,55] Overall,
the systematic multistep process resulted in the formation of
highly stable and conductive porous microspheres composed
of biphasic Si/amorphous FeSeOx nanocrystals surrounded
by an NGC matrix with highly intertwined N-CNTs.
Furthermore, to highlight the advantages of the amorphous
FeSeOx phase with its multianionic heterostructure,
Si/FeSeOx@NGC/N-CNT microspheres were compared to two
samples sharing a similar morphology but featuring distinct crys-
talline phases, namely, Fe2O3 and FeSe2. The Si/Fe2O3@NGC/
N-CNT microspheres were synthesized through the oxidation of
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Si/Fe@NGC–AC/N-CNT microspheres at 250 °C for 3 h under
an ambient air atmosphere. Changes in the microstructural
and crystal phases are shown in Figure S9, Supporting
Information, followed by a detailed discussion. To verify the mer-
its of the crystallographic phase of the Si/FeSeOx@NGC/N-CNT
microspheres, preliminary electrochemical tests (rate capabili-
ties) were compared with those of the Si/FeSe2@NGC/N-CNT
and Si/Fe2O3@NGC/N-CNT microspheres, as shown in
Figure 4g. At low current densities (below 0.2 A g�1), the
S @NGC/N-CNT microspheres demonstrated the highest dis-
charge capacity owing to the high theoretical discharge capacity
of Fe2O3 (1005mAh g�1).[56] However, the slow conversion rate
of Li2O formed during the conversion reaction between Fe2O3

and Li resulted in inferior rate performance, especially at higher
current densities. In contrast, despite FeSe2 having a lower
theoretical discharge capacity (502mAh g�1) than Fe2O3, the
discharge capacities of the Si/FeSe2@NGC–AC/N-CNT micro-
spheres exceeded those of the sample containing Fe2O3, partic-
ularly at current densities above 2.0 A g�1.[57] This is due to the
faster conversion rate of Li2Se than that of Li2O during the redox
processes. Conspicuously, the amorphous FeSeOx phase is nota-
ble for its ability to enhance the electrochemical performance,
which is attributed to the formation of nanoscale heterointerfaces

within the structure. This phase offers effective harnessing of
both the high capacity associated with Fe2O3 and improved rate
properties of FeSe2. In line with this, the Si/FeSeOx@NGC/
N-CNT microspheres outperformed the other two samples in
terms of discharge capacities, particularly at current densities
exceeding 0.5 A g�1. Even when subjected to remarkably high
current densities of up to 20 A g�1, the Si/FeSeOx@NGC/
N-CNT microspheres exhibited a remarkable discharge capacity
of 233mAh g�1, highlighting their exceptional rate performance.
These results firmly support the strategy of selecting the amor-
phous FeSeOx phase over oxide or selenide phases. Furthermore,
to obtain the optimized ratio of Si and amorphous FeSeOx phase,
the comprehensive physical and electrochemical characterization
of the Si/FeSeOx@NGC/N-CNT composites obtained after
varying the ratio of Si and Fe-species to 1:3, 1:6, and 1:12 were
performed, and depicted in Figure S10 and S11, Supporting
Information, along with the relevant discussion.

To further assess the influence of the grafted N-CNTs and
amorphous FeSeOx phases on the electrochemical performance
of the Si/FeSeOx@NGC/N-CNT microspheres, we synthesized
microspheres composed of biphasic Si/amorphous FeSeOx com-
posite nanocrystals surrounded by an NGC matrix without
N-CNT growth (denoted as Si/FeSeOx@NGC). Another sample

Figure 4. Core-level XPS spectra of Si/FeSeOx@NGC/N-CNT and rate performances of Si/FeSeOx@NGC/N-CNT, Si/FeSe2@NGC–AC/N-CNT, and
Si/Fe2O3@NGC/N-CNT microspheres: a) Si 2p, b) Fe 2p, c) Se 3d, d) O 1s, e) C 1s, f ) N 1s, and g) rate performance of prepared powders with distinct
crystalline phases.
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composed of Si nanoparticles within the AC matrix (denoted as
Si/AC microspheres) was prepared for comparison. The forma-
tion mechanisms of these materials are depicted in Figure 5a,b.
The synthesis of the Si/FeSeOx/NGC microspheres, as shown in
Figure 5a, involved spray pyrolysis followed by two heat treat-
ments. The conditions during the spray solution and spray pyrol-
ysis were identical to those for the Si/FeSeOx@NGC/N-CNT
microspheres. However, the powders obtained after spray pyrol-
ysis underwent direct selenization and subsequent oxidation,
skipping the N-CNT growth process. During selenization, the
PVP-derived carbon matrix, which acted as a reducing agent,
promoted the transformation of Fe2O3 into intermediate metallic
Fe through a carbothermic reduction process. Subsequently, the
FeSe2 phase was formed by the reaction of the intermediate
metallic Fe with H2Se gas. During this process, the carbon
matrix was graphitized using an intermediate metallic Fe cata-
lyst. Finally, during the oxidation step, FeSe2 transformed into
an amorphous FeSeOx phase with the simultaneous removal
of AC, resulting in the formation of Si/FeSeOx@NGC

microspheres. Si/AC microspheres were also synthesized via
one-pot spray pyrolysis (Figure 5b). The aqueous spray solution
was prepared with PVP and Si nanopowder only, that is, without
the Fe salt precursor. PVP was carbonized to AC during the
spray pyrolysis process, resulting in the formation of Si/AC com-
posite microspheres. The physical characterization results of
Si/FeSeOx@NGC microspheres are presented in Figure 5c–e.
FE-SEM images in Figure 5c,d revealed the spherical morphol-
ogy of the prepared powder (with an average size of 1.5 μm).
In addition, a rough and densely packed surface was evident
due to the Si nanoparticles and Fe compounds. The XRD pattern
in Figure 5e indicates the presence of a distinct nanocrystalline Si
phase, whereas no peaks corresponding to the FeSeOx phase
were observed, confirming its amorphous nature, as discussed
earlier. The Fe 2p core-level XPS spectrum (Figure S12a,
Supporting Information) shows well-defined peaks correspond-
ing to two spin-orbital doublets, Fe 2p3/2 (711.1 eV) and Fe 2p1/2
(724.6 eV), along with two shake-up satellite peaks for Fe.[45–47]

The deconvoluted spectrum revealed well-resolved peaks at

Figure 5. Schematic diagram for the formation of: a) microspheres comprising a biphasic Si/amorphous FeSeOx composite enveloped within an NGC
matrix and without N-CNTs (Si/FeSeOx@NGC) and b) microspheres composed of Si nanoparticles within an ACmatrix (Si/AC); c,d) FE-SEM images and
e) XRD pattern of Si/FeSeOx@NGC microspheres; f,g) FE-SEM images and h) XRD pattern of Si/AC microspheres.
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binding energies of 724.4/727.4 eV (Fe 2p3/2) and 710.9/713.3 eV
(Fe 2p1/2), which were assigned to the Fe2þ/Fe3þ species in the
FeSeOx phase.[45–47] The deconvoluted Se 3d XPS spectrum
shown in Figure S12b, Supporting Information, exhibited four
well-fitted peaks at binding energies of 53.0/55.9 for Se 3d3/2
and 58.2/59.0 eV for Se 3d5/2, which were attributed to the
Se─Fe/Se─O bonds in FeSeOx, respectively.

[50,51] The O 1s spec-
trum (Figure S12c, Supporting Information) was deconvoluted
into four distinct peaks at binding energies of 534.5, 533.2,
532.4, and 530.8 eV, corresponding to the C═O, Si─O, Fe─O,
and Fe─O─Se species, respectively.[52–54] The Fe─O and
Fe─O─Se peaks indicate the formation of the FeSeOx phase.
Additionally, the appearance of Si─O peaks indicates the partial
oxidation of the Si surface under atmospheric conditions. The EA
result of Si/FeSeOx@NGC microspheres in Table S1,
Supporting Information, indicates negligible traces of carbon
(1.7 wt%) compared to Si/FeSeOx@NGC/N-CNT microspheres.
This suggests that the carbon in the structure was mainly con-
sumed in the carbothermic reduction of Fe species due to the
absence of a reducing agent such as DCDA, along with the com-
bustion process during the oxidation step. Moreover, the
Si/FeSeOx@NGC microspheres exhibited a low BET surface
area of 16m2 g�1 (Figure S7c, Supporting Information) due to
the absence of numerous N-CNTs throughout the structure.
The Barrett–Joyner–Halenda pore-size distribution curve shown
in Figure S7d, Supporting Information, suggests the presence of
mesopores with a peak maximum centered at 22 nm, which can
be attributed to voids between nanoparticles, such as Si and
FeSeOx. Similarly, physical analysis was also performed on
the Si/AC microspheres, which were prepared as a comparison
sample to validate the synergetic effect between amorphous
FeSeOx and Si in the Si/FeSeOx@NGC/N-CNT microspheres,
as shown in Figure 5f–h. The FE-SEM images in Figure 5f,g
depicts the spherical morphology of the prepared sample with
an average diameter of 2.0 μm. The microspheres were formed
due to sparsely aggregated Si nanoparticles (ϕ= 85 nm) as
primary constituent. The XRD pattern in Figure 5h reveals
the coexistence of sharp and broad diffraction peaks correspond-
ing to Si and AC, respectively. The carbon content of the Si/AC
microspheres was quantified using a TG curve (Figure S13,
Supporting Information). The result suggests a gradual weight
loss until 550 °C due to the removal of moisture and the decom-
position of AC in the microsphere. Based on the TG analysis,
the estimated carbon content in the Si/AC microspheres was
≈5.9 wt%, which is consistent with the EA results (Table S1,
Supporting Information).

Well-designed Si/FeSeOx@NGC/N-CNT microspheres were
assembled as anodes inside a CR2032 coin cell and subjected
to a series of electrochemical characterizations. For a better
comparison, cells utilizing Si/FeSeOx@NGC and Si/AC
microspheres as anodes were also prepared. Moreover, overall
electrochemical results were evaluated based on the active
material mass. The cyclic voltammetry (CV) curves for
Si/FeSeOx@NGC/N-CNT microspheres during the initial five
cycles, obtained at a scan rate of 0.1mV s�1 within the voltage
range of 0.001 and 3.0 V, are illustrated in Figure 6a. In the first
cathodic sweep, the weak and broad region at 2.01 V corresponds
to the formation of lithium iron selenide as an intermediate,
resulting from the insertion of Li-ions into amorphous iron

selenide in FeSeOx.
[57,58] The subsequent broad peak at 1.36 V

indicates the conversion of lithium iron selenide into metallic
Fe and Li2Se, accompanied by the activation of intermediate iron
oxide.[56–59] The broad reduction peak at 0.63 V is attributed to
the conversion reaction of iron oxide into metallic Fe and
Li2O, along with the formation of a stable SEI layer through elec-
trolyte decomposition.[30,56,60] Additionally, the sharp peak at
0.01 V implies the formation of an amorphous Li15Si4 alloy phase
and the insertion of Li-ions into the NGC matrix.[61–63] During
the first anodic scan, the weak and broad oxidation region from
0.19 to 0.50 V indicates the phase transformation of Li15Si4 to
amorphous Si and extraction of Li-ions from the NGC
matrix.[61–63] The broad peak at 1.64 V is assigned to the

Figure 6. Electrochemical properties of Si/FeSeOx@NGC/N-CNT,
Si/FeSeOx@NGC, and Si/AC microspheres: a) CV curves of
Si/FeSeOx@NGC/N-CNT for five initial cycles, b) initial discharge/charge
curves for prepared microspheres at a constant current density of
0.1 A g�1; c) cycling performance at a current density of 3.0 A g�1;
d) rate capability at various current densities ranging from 0.1 to 30 A g�1,
e) capacity contributions of FeSeOx, Si, and NGC/N-CNT calculated
by rate capabilities of Si/FeSeOx@NGC/N-CNT, Si-NGC/N-CNT, and
NGC/N-CNT microspheres, and f ) cycling performance of graphite-
blended Si/FeSeOx@NGC/N-CNT and commercial graphite under the
constant current–constant voltage (CC–CV) condition at 0.5 C
(1.0 C= 450mA g�1).
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electrochemical reaction of Li2O and metallic Fe to form the FeO
phase.[56,60] The subsequent peaks at 1.87 and 2.51 V suggest the
formation of FeSe intermediates from metallic Fe and Li2Se, and
the subsequent formation of FeSe2 and Li-ions from FeSe inter-
mediates, respectively.[57,58] From the second cycle onward,
slightly different redox processes were observed because of
the formation of an amorphous FeO/FeSe2 phase, which was
distinct from the amorphous FeSeOx heterointerface phase.[64]

The broad peaks at 1.95 and 1.22 V indicate the conversion of
FeSe2 and Li-ions to formmetallic Fe and Li2Se, while the closely
spaced peaks at 0.86 and 0.70 V correspond to the reaction of FeO
and Li-ions.[56–58,60] The corresponding anodic peaks were also
observed during the first anodic sweep. Furthermore, the broad
and indistinct nature of the peaks associated with the Fe com-
pound can be attributed to the amorphous nature of this phase.
The cathodic and anodic peaks of Si at 0.16/0.01 and 0.34/0.53 V,
respectively, became more distinct and their intensity increased
due to the gradual activation of Si during subsequent cycles,
which is consistent with previous studies.[62,63] The CV curves
of Si/FeSeOx@NGC in Figure S14a, Supporting Information,
exhibited similar CV characteristics with a few exceptions. For
instance, the cell exhibits high-intensity redox peaks associated
with the FeSeOx phase owing to the absence of CNTs. This
resulted in the uncontrolled crystal growth of FeSeOx with
increased insertion of Li-ions. The redox reactions involved were
similar to those observed for the Si/FeSeOx@NGC/N-CNT
microspheres. The complex redox reactions arising from the
FeSeOx phase are firmly supported by the CV results of
the Si/FeSe2@NGC–AC/N-CNT and Si/Fe2O3@NGC/N-CNT
microspheres, as shown in Figure S15, Supporting
Information. Based on the above discussion, the complete reac-
tion mechanisms involved in the discharge and charge processes
of the Si/FeSeOx@NGC/N-CNT microspheres are summarized
below:

For the discharge and charge process

FeSe2 þ xLiþ þ xe� ↔ LixFeSe2 (1)

LixFeSe2 þ ð2� xÞLiþ þ ð2� xÞe� ↔ FeSeþ Li2Se (2)

FeSeþ 2Liþ þ 2e� ↔ Feþ Li2Se (3)

FeOþ 2Liþ þ 2e� ↔ Feþ Li2O (4)

Siþ xLiþ þ xe� ↔ LixSi (5)

4LixSiþ ð15� 4xÞLiþ þ ð15� 4xÞe� ↔ Li15Si4 (6)

By contrast, the CV curves of the Si/AC microspheres in
Figure S14b, Supporting Information, exhibited redox peaks
exclusively for Si. During the initial cathodic sweep, a peak
and broad region at 1.4 and 1.0–0.4 V correspond to the forma-
tion of SEI layer and the Li-insertion process of crystalline Si,
respectively, leading to the formation of an amorphous LixSi
phase.[65,66] Additionally, the cathodic peak at 0.13 V during
the second cycle gradually shifted to lower voltages during sub-
sequent cycles. This peak shift indicates a sluggish current
response during cycling, resulting from the absence of CNTs
and NGC matrix. To verify the CV results, initial galvanostatic
discharge–charge profiles were obtained for the prepared micro-
spheres at a current density of 0.1 A g�1, as shown in Figure 6b.

The plateaus at which the electrochemical reactions occurred
were consistent with the peak positions recorded in the CV
curves. For the Si/FeSeOx@NGC/N-CNT microspheres, a
sloppy and ambiguous charge and discharge voltage profile
was obtained, which was related to the multistep reaction of
Li-ions with the amorphous FeSeOx phase at different voltage
potentials. The initial discharge/charge capacities of the
Si/FeSeOx@NGC/N-CNT, Si/FeSeOx@NGC, and Si/AC micro-
spheres were 1954/1125, 1854/1209, and 3571/3001mAh g�1,
respectively, resulting in initial Coulombic efficiencies (ICEs)
of 58, 65, and 84%, respectively. The slightly lower ICEs
for Si/FeSeOx@NGC/N-CNT and Si/FeSeOx@NGC compared
to those of the Si/AC microspheres are attributed to the presence
of a conversion-based anode material (FeSeOx in the present
case), resulting in a high initial irreversible capacity loss.
Notably, FeOx with Fe3þ and Fe2þ cation within FeSeOx is con-
verted into metallic-Fe and Li2O by reacting with Li-ions during
the initial discharge process; however, during the charging pro-
cess, the metallic Fe is converted to the FeO phase with only Fe2þ

cation forming residual Li2O, and the irreversible reactions result
in the reduction of ICE, as reported previously.[67] Additionally,
the low ICE for Si/FeSeOx@NGC/N-CNT could be attributed to
the irreversible reactions forming residual Li2O on the surface of
N-CNT networks and surface side reactions, such as irreversible
electrolyte degradation leading to the formation of the SEI layer,
due to micropores in the structure and heterointerfaces of
FeSeOx.

[67–69] Although the ICE for the Si/FeSeOx@NGC/
N-CNT anode was low for the first cycle, it immediately increased
to 96% after four cycles of activation and maintained high
Coulombic efficiency (CE) values (>99%) throughout the cycling
process, indicating the formation of a stable SEI layer.
Furthermore, an increase in the effective C content of the struc-
ture generally leads to a relatively lower discharge capacity of the
materials, and the Si/FeSeOx@NGC/N-CNT microspheres
exhibit a higher carbon content of 44 wt% than the
Si/FeSeOx@NGC microspheres (1.7 wt%) due to the presence
of N-CNTs. Nevertheless, the almost similar or slightly higher
initial discharge capacity of Si/FeSeOx@NGC/N-CNTs than that
of Si/FeSeOx@NGC microspheres attests to the enhanced rate
characteristics due to the N-CNTs, providing numerous
conductive pathways for better charge transfer characteristics
and improved diffusion kinetics. Overall, the CV and initial
discharge–charge voltage profiles suggest that the structural
merits induced by the coherent design strategy in the
Si/FeSeOx@NGC/N-CNT microspheres enhanced Li-ion redox
kinetics and improved cell performance.

To validate the CV and initial voltage profile results, the
cycling and rate performances of Si/FeSeOx@NGC/N-CNT,
Si/FeSeOx@NGC, and Si/AC microspheres were evaluated.
The cycling performance of different cells featuring prepared
anodes with different structural and phase characteristics was
investigated at current densities of 0.5, 1.0, and 3.0 A g�1

(Figure 6c and S16, Supporting Information). Before assessing
the cycling properties at 0.5 A g�1, activation steps were carried
out at 0.1 A g�1 for two consecutive cycles. As observed, the
Si/FeSeOx@NGC/N-CNT anode exhibited stable cycling
performance until 400 cycles, delivering a reversible discharge
capacity of 954mAh g�1 with a high CE of 99.8% (Figure S16a,
Supporting Information). This indicates a capacity retention of

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2025, 6, 2400354 2400354 (11 of 19) © 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

 26884062, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202400354 by JA

E
 SE

O
B

 L
E

E
 - C

hungbuk N
ational U

niversity , W
iley O

nline L
ibrary on [05/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-structures.com


85% with an average decay rate of 0.038% per cycle. The excellent
cycling performance of the cell with the Si/FeSeOx@NGC/
N-CNT anode was attributed to the synergistic effect between
multiple components. For instance, after the initial discharge/
charge process, FeOx/FeSex nanoparticles with heterointerfaces
were formed from FeSeOx nanoparticles. Subsequently, the Si
and FeOx/FeSex nanoparticles mitigated the volume expansion
of each other owing to their different redox reaction voltages dur-
ing the charge/discharge process, resulting in a stable cycling
performance. Additionally, the NGC matrix enhanced the struc-
tural integrity of the nanostructure by restraining the volume
expansion of the Si and Fe species. Although numerous strate-
gies have been employed to mitigate volume expansion, anodes
that include Si may still undergo pulverization and delamination
from the Cu current collector owing to volumetric stress during
the discharge/charge process. Therefore, N-CNTs were intro-
duced onto the surface of the Si/FeSeOx@NGC microspheres
to prevent the fragments of the compromised structure from
completely detaching, enabling stable and continuous electro-
chemical reactions. Comparatively, the discharge capacities of
the Si/FeSeOx@NGC microspheres decrease rapidly until the
50th cycle and stabilize thereafter. The sharp decrease is
attributed to various factors, namely, the lowest surface area
(Figure S7c, Supporting Information) resulting in sluggish
Li-ion diffusion kinetics, insufficient NGC matrix (Table S1,
Supporting Information) to suppress the volume expansion of
electroactive materials such as Si and Fe species, and finally,
absence of N-CNTs, which hinders the fast charge transfer char-
acteristics during the redox processes. Correspondingly, the cell
with Si/FeSeOx@NGC anode displayed a discharge capacity of
only 80mAh g�1 and a CE of 99.7% at the end of 400th cycle,
resulting in a capacity retention of just 8% with an average decay
rate of 0.23% per cycle. Similarly, the Si/AC microspheres ini-
tially exhibited the highest capacity because of the high theoreti-
cal capacity of Si (4200mAh g�1). However, they demonstrated
poor cycling performance because the microspheres lack
FeSeOx nanoparticles and carbonaceous materials to accommo-
date the volumetric stress caused by the Si nanoparticles.
Consequently, the Si/ACmicrosphere anode delivers a reversible
capacity of 430mAh g�1 at the end of 400th cycle (CE of 99.0%).
The capacity retention was only 18% with an average decay rate of
0.21% per cycle. Similar capacity trends were observed at a high
current density of 1.0 A g�1, as shown in Figure S16b,
Supporting Information. To evaluate the cycling performance
at the current density of 1.0 A g�1, multiple activation steps were
carried out at 0.1, 0.2, and 0.5 A g�1 for two cycles each. At the
end of 700th cycle, Si/FeSeOx@NGC/N-CNT anode maintains a
discharge capacity of 615mAh g�1 with a CE of 99.5% and a
capacity retention of 99% (with an average capacity decay rate
of just 0.0021%). In contrast, Si/FeSeOx@NGC and Si/AC
anodes exhibit discharge capacities of 68 and 4mAh g�1 with
capacity retention of 15% and 0.2%, respectively, at the end of
the 700th cycle. Furthermore, Si/FeSeOx@NGC/N-CNT micro-
spheres exhibit outstanding cycling performance even at a high
current density of 3.0 A g�1 compared to Si/FeSeOx@NGC and
Si/AC microspheres (Figure 6c). After the activation steps at 0.1,
0.5, and 1.0 A g�1, cells utilizing Si/FeSeOx@NGC/N-CNT,
Si/FeSeOx@NGC, and Si/AC anodes exhibit reversible dis-
charge capacities of 806, 81, and 5mAh g�1, respectively, at

the end of the 1500th cycle. As evident, the initial capacity of
the Si/FeSeOx@NGC/N-CNTmicrosphere increases for the first
50 cycles by the activation process of the electrode material,
involving initially unavailable electroactive sites gradually becom-
ing exposed and fully activated, especially at the high current
density of 3.0 A g�1.[70,71] Notably, the average CE of the
Si/FeSeOx@NGC/N-CNTmicrosphere up to the initial 50 cycles
was calculated to be 99.1% (Figure S17, Supporting
Information). The result supports the occurrence of irreversible
reactions during the initial activation process, contributing to the
increase in capacity. Moreover, the average CE was further
improved through the graphite-blending method utilized in
actual commercial processes, and the detail results are discussed
later. Compared to cycling performance at 0.5 and 1.0 A g�1, the
Si/AC anode revealed a lower discharge capacity despite the high
theoretical capacity of Si. This is due to the low intrinsic electrical
conductivity of Si, resulting in poor redox kinetics especially at
the high current density of 3.0 A g�1. During cycling at different
current densities, the Si/FeSeOx@NGC/N-CNT anode showed a
gradual increase in discharge capacity with repeated cycling. This
is due to the expansion of the heterointerfaces within the
heterostructured-FeSeOx nanocrystals and the reversible growth
of a gel-like polymeric SEI film due to electrolyte degradation.
As cycling progresses, a gradual expansion of the heterointerfa-
ces in the form of the FeOx/FeSex ultrafine crystals within the
FeSeOx crystal occurs, which facilitates the insertion and
extraction of Li-ions during cycling, allowing for more effective
utilization of the electroactive sites. Additionally, more Li-ions
could be stored due to the multilayer formation effect of
Li-ion at the edge sites of the heterointerfaces, resulting in a grad-
ual increase in capacity.[72,73] Besides, the expanded heterointer-
face of the electroactive material induces the formation of a stable
gel-like polymeric SEI film in the form of a reversible SEI layer,
turning favors fast redox kinetics; hence, an increase in capacity
was observed.[22,61,74] Moreover, the electrochemical characteri-
zation of the Si/FeSeOx@NGC/N-CNT anodes under higher
loading condition of 1.5 mg cm�2 were performed, and depicted
in Figure S18 and S19, Supporting Information, along with the
relevant discussion.

To further verify the structural merits, rate performances of
the prepared microspheres were assessed at different current
densities ranging from 0.1 to 30 A g�1, as presented in
Figure 6d. The Si/FeSeOx@NGC/N-CNT microspheres exhib-
ited discharge capacities of 1155, 1029, 885, 747, 600, 524,
459, 416, 356, 277, 233, 203, and 179mAh g�1 for the 10th cycle
at current densities of 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 5.0, 7.0, 10, 15,
20, 25, and 30 A g�1, respectively. When the current density was
reverted to 0.1 A g�1, the capacity returned to 1006mAh g�1

(87% retention). In contrast, cells with Si/FeSeOx@NGC and
Si/AC anodes exhibited inferior rate properties, with discharge
capacities of 486/2390, 189/2153, 90/1552, 57/849, 33/208, and
24/8mAh g�1 at current densities of 0.1, 0.2, 0.5, 1.0, 2.0,
and 3.0 A g�1, respectively. At current densities higher than
3.0 A g�1, Si/FeSeOx@NGC and Si/AC anodes showed almost
zero capacities due to their structural instability and sluggish
redox reaction kinetics. Furthermore, in the case of Si/ACmicro-
spheres, the capacity did not recover even after reverting the
current density to 0.1 A g�1, indicating the complete collapse
of the structure especially at high current densities. To clarify
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the contribution for battery performance of each FeSeOx, Si,
and carbon components (i.e., NGC and N-CNT) in the
Si/FeSeOx@NGC/N-CNT anode, two-step acid treatments of
microspheres were carried out using hydrochloric acid and
hydrofluoric acid to selectively etch FeSeOx and Si, respectively
(Figure 6e and S20, Supporting Information). The morphology,
CV characteristics, and voltage profiles of the powders obtained
after hydrochloric acid and hydrofluoric acid treatment were
demonstrated in Figure S20a–f, Supporting Information.
From the CV curves, the complete removal of FeSeOx and
Si/FeSeOx in the composite was confirmed, respectively
(Figure S20b,e, Supporting Information). The Si-NGC/N-CNT
composite and NGC/N-CNT microspheres exhibited a reversible
discharge capacity of 617, and 259mAh g�1 at a current density
of 1.0 A g�1 for the 5th cycle (Figure S20c,f, Supporting
Information). As results of rate test, the capacity contributions
of FeSeOx, Si, and NGC/N-CNT matrix at current densities of
0.1/1.0/3.0 A g�1 were estimated at 33/48/51, 27/32/43, and
40/20/6%, respectively (Figure 6e). In other words, the capacity
contributions of FeSeOx and Si increased with increasing current
density (notably, FeSeOx increased the most), while that of the
carbon matrix decreased. The reversal of the capacity contribu-
tions of Si and FeSeOx, and the carbon matrix with increasing
current density is attributed to the sluggish Li-ion diffusion into
the carbon matrix at high current density as already
reported,[75,76] as well as the promotion of rapid redox reactions
of Si and FeSeOx by the N-CNT and NGC conductive frameworks
serving as efficient electron transport pathways. The cycling test
results at a current density of 1.0 A g�1 also supported the rate
results, exhibiting 41, 30, and 29% capacity contribution of
FeSeOx, Si, and NGC/N-CNT after 200 cycles, respectively
(Figure S20g, Supporting Information). Therefore, the remark-
able rate capability of the Si/FeSeOx@NGC/N-CNT micro-
spheres in comparison to the Si/FeSeOx@NGC and Si/AC
microspheres stems from the synergetic effect of hetero-
structured FeSeOx and Si, followed by supporting of the highly
entangled N-CNTs and NGC matrix. The heterointerface
resulting from amorphous FeSeOx enhanced the redox reaction
kinetics by allowing easy penetration of the electrolyte and
improving the diffusion rate of Li-ions. Moreover, the micropo-
rous NGCmatrix and highly entangled N-CNTs facilitate efficient
and rapid charge transfer by improving the electrical contact
between the active sites of FeOx/FeSex and Si nanoparticles inside
the electrode. The electrochemical performance of the
Si/FeSeOx@NGC/N-CNT anode was better than that of other
Si/carbon and Si/FexOy-based anodematerials with different mor-
phologies, as summarized in Table S3, Supporting Information.

Moreover, to evaluate the level for practical application of
Si/FeSeOx@NGC/N-CNT anodes, commercial graphite-blended
Si/FeSeOx@NGC/N-CNT anodes with a high active material
loading mass of ≈3.0mg cm�2 were prepared. The blend ratio
of commercial graphite and Si/FeSeOx@NGC/N-CNT was fixed
to 10:90 weight ratio, and the electrochemical properties were
evaluated under the constant current-constant voltage condition
(Figure 6f and S17, Supporting Information). FE-SEM image
and XRD result of commercial graphite are shown in
Figure S21a,b, Supporting Information. The graphite-blended
Si/FeSeOx@NGC/N-CNT anode exhibited an initial discharge
capacity of 420mAh g�1 and an ICE of 86% at current density

of 0.1 C (1.0 C= 450mA g�1; Figure S21c, Supporting
Information). As a result of the cycling test in Figure 6f, the
graphite-blended Si/FeSeOx@NGC/N-CNT anode showed a
reversible discharge capacity of 400mAh g�1 after 150 cycles
at a current density of 0.5 C, which is 33% higher than that of
commercial graphite (302mAh g�1). Significantly, the average
CE over the initial 50 cycles of the graphite-blended
Si/FeSeOx@NGC/N-CNT anode was calculated to be 99.7%
(Figure S17, Supporting Information), which is higher than
the one before graphite-blending (99.1%), highlighting the
potential of Si/FeSeOx@NGC/N-CNT anode for practical appli-
cation. Furthermore, all discharge capacities of graphite-blended
Si/FeSeOx@NGC/N-CNT anodes were much higher that of
commercial graphite at various current densities from 0.1 to
5.0 C, indicating the superior rate properties of the anodes
(Figure S21d, Supporting Information).

To clarify the mechanism behind the Li-ion reaction kinetics
in Si/FeSeOx@NGC/N-CNT, we obtained CV curves for the
as-prepared samples at different sweep rates, ranging from 0.1
to 2.0 mV s�1, as presented in Figure 7a. To distinguish between
diffusion-controlled and surface-controlled reactions, the peak
current (i) values obtained during the electrochemical reactions
were plotted against the voltage sweep rates (v) using the follow-
ing power-law equation[22,77]

i ¼ avb (7)

logðiÞ ¼ blogðvÞ þ logðaÞ (8)

The degree to which diffusion- and capacitive-controlled pro-
cesses are involved was assessed using variables a and b.[22,77] For
instance, if b approaches 1.0, the redox process is predominantly
capacitive- or surface-controlled, whereas if b approaches 0.5, it is
diffusion controlled. The b values were calculated using the rela-
tionship between log (i) versus log (v) for peaks 1–6, which cor-
respond to the main redox reactions and are shown in Figure 7b.
The b-values for the Si/FeSeOx@NGC/N-CNT anode are distin-
guished by the b-values related to FeSeOx (Peaks 1, 2, 5, and
6) and those related to Si (Peaks 3 and 4). The b-values for peak
1, 2, 5, and 6 related to FeSeOx in Si/FeSeOx@NGC/N-CNT
were 0.99, 0.92, 0.99, and 0.93, respectively, which were close
to 1, suggesting the dominance of surface- or capacitive-
controlled electrochemical processes. In contrast, the b-values
for peaks 3 and 4 corresponding to Si were 0.72 and 0.61,
indicating the both diffusion- and capacitive-controlled electro-
chemical processes. The reaction kinetics for Si/AC demonstrate
high b values as shown in Figure S22b, Supporting Information,
indicating that the redox processes are under capacitive control.
Meanwhile, the reaction kinetics of the Si/FeSeOx@NGC
(Figure S22d, Supporting Information) displays the lowest b val-
ues, suggesting the highest proportion of diffusion-controlled
processes among all samples. To quantitatively assess the contri-
butions of the capacitive and diffusion-controlled processes, each
process was isolated from the area under the total charge storage
curve using the following equation[78,79]

i ¼ k1vþ k2v1=2 (9)

The first term on the right-hand side (k1v) represents the cur-
rent generated by a surface-capacitive reaction, whereas the

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2025, 6, 2400354 2400354 (13 of 19) © 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

 26884062, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202400354 by JA

E
 SE

O
B

 L
E

E
 - C

hungbuk N
ational U

niversity , W
iley O

nline L
ibrary on [05/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-structures.com


second term (k2v
1/2) signifies the current from a diffusion-

controlled reaction. The proportions of capacitive reactions
relative to the total current for Si/FeSeOx@NGC/N-CNT,
Si/FeSeOx@NGC, and Si/AC microspheres at a scan rate of
2.0mV s�1 were 88, 80, and 92%, respectively (Figure 7c,e,g).
The measurement of capacitive contribution at different
scan rates ranging from 0.1 to 2.0 mV s�1 is depicted in
Figure 7d,f,h. The results of Si/FeSeOx@NGC/N-CNTs,
Si/FeSeOx@NGC, and Si/AC anodes can be attributed to the
multicomponents such as Si, FeSeOx, AC, NGC, and N-CNTs,
which are expected to have complex interactions between them.
For example, AC is characterized with capacitive-dominant
reactions by Li-ion insertion through numerous defects in the
structure.[80] Moreover, N-CNTs have capacitive-controlled mech-
anisms by limitation of Li-ion diffusion into the interior due to
their closed structure, which promotes adsorption of Li-ion onto
the N-sites of the N-CNT outer wall.[81] In the case of FeSeOx, the

intrinsic heterointerfaces in the structure induces the capacitive-
controlled reaction at the numerous interfaces, and the hetero-
interface-driven mechanism further enhances the rapid surface
reaction.[28,64] In contrast, Si features diffusion-controlled Li-ion
storage mechanism by Li-ion diffusion within its crystal struc-
ture, followed by alloying reaction. Additionally, NGCs store
Li-ion through the intercalation mechanism, which is diffusion
of Li-ion into their layered structure.[82] Therefore, the higher
percentage of capacitive reactions for Si/FeSeOx@NGC/N-CNT
(88%) compared with the Si/FeSeOx@NGCmicrospheres (80%)
can be attributed to the presence of entangled N-CNTs on the
surface of the microspheres. The highly entangled N-CNTs, with
their intrinsically high electrical conductivity, not only served as a
secondary electronic transport pathway but also enhanced the
contact between microspheres, resulting in excellent Li-ion
reaction kinetics. However, Si/AC anodes exhibited a higher
capacitive-controlled reaction (92%) than Si/FeSeOx@NGC/
N-CNT anodes, consistent with b-value fitting results (Figure S22b,
Supporting Information), attributed to the structural characteris-
tics of Si/AC microsphere despite the absence of N-CNTs and
FeSeOx. Briefly, the capacitive-controlled reaction of Si/AC ano-
des can be contributed to the loosely packed structure, as shown
in the FE-SEM image (Figure 5g), and the presence of AC matrix
constituting the microsphere along with the hindered diffusion-
controlled reaction of Si by the absence of highly conductive NGC
and N-CNTs, and heterostructured-FeSeOx.

To validate the excellent Li-ion transport properties of
Si/FeSeOx@NGC/N-CNT microspheres, electrochemical
impedance spectroscopy measurements were conducted for each
sample (Figure 8). The Nyquist plots were obtained before and
after cycling in the fully charged state. Additionally, the Nyquist
plots were fitted using a deconvoluted Randle-type equivalent
circuit, as shown in Figure S23, Supporting Information, and
the fitted values are presented in Table S4, Supporting
Information. The Nyquist plots for the fresh cells (Figure 8a)
exhibited slightly higher solution resistance (Rs) values (45–47Ω)
for the Si/FeSeOx@NGC and Si/AC microspheres, suggesting
subtle differences in the electrode–electrolyte reaction.
Furthermore, the charge transfer resistance (Rct) values for
Si/FeSeOx@NGC/N-CNT, Si/FeSeOx@NGC, and Si/AC micro-
spheres were 199, 495, and 346Ω, respectively (Figure 8a). The
high electrical conductivities of N-CNTs and NGC contributed to
the lower Rct value of the Si/FeSeOx@NGC/N-CNT micro-
spheres compared with the other samples. The higher Rct value
of Si/FeSeOx@NGC compared to that of Si/AC was due to the
large crystallite size of Si/FeSeOx@NGC and negligible carbona-
ceous material content. After the 7th cycle, the Rct values for all
samples decreased (Figure 8b) because of the formation of the
SEI layer and the activation of Si particles after cycling, which
enhanced the charge transfer kinetics. Nyquist plots of the sam-
ples after the 1300th cycle are shown in Figure 8c. The Rct values
of the Si/FeSeOx@NGC/N-CNT, Si/FeSeOx@NGC, and Si/AC
microspheres were 20, 37, and 112Ω, respectively. The presence
of N-CNTs and the NGCmatrix helpedmitigate the stress caused
by the volume expansion of the microsphere, allowing the struc-
ture to remain robust even after the 1300th cycle. The higher Rct

value for the Si/AC microspheres compared to the other samples
was due to the structural instability of the microspheres caused
by the volume expansion of the Si particles. Furthermore, the

Figure 7. Electrochemical reaction dynamics analysis of a–d) Si/
FeSeOx@NGC/N-CNT, e,f ) Si/FeSeOx@NGC, and g,h) Si/AC micro-
spheres for Li-ion storage: (a) CV curves obtained at various scan rates,
(b) current response (i) versus scan rate (n) at each redox peak, c,e,g) CV
curves with the capacitive fraction shown by the red region at a scan rate of
2.0mV s�1, and d,f,h) bar chart showing the percentage of the capacitive
contribution at different scan rates.
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Galvanostatic intermittent titration technique (GITT) analysis for
Si/FeSeOx@NGC/N-CNT, Si/FeSeOx@NGC, and Si/AC ano-
des is conducted to provide deeper insights for the electrochem-
ical kinetics during the lithiation/delithiation process, as shown
in Figure 8d and S24, Supporting Information. Briefly, GITT
analysis of the Si/FeSeOx@NGC/N-CNT, Si/FeSeOx@NGC,
and Si/AC was measured at constant current pulse of 0.1 A g�1

for 30min followed by relaxation for 2 h. Additionally, the values
of Li-ion diffusion coefficient (DLiþ ) as a function of voltage were
obtained according to the following equation[83]

DLiþ ¼ 4
πτ

mbVM

MbS

� �
2 ΔEs

ΔEτ

� �
2

τ ≪
L2

D

� �
(10)

where τ is the current pulse time,mb is the mass of active material,
VM is the molar volume of the active material,Mb is the molecular
weight of active material, S is the geometric area of the electrode,
and ΔEs is the potential change after every equilibrium process.
The determination of ΔEs and ΔEτ values is presented in
Figure S25, Supporting Information. To clearly compare the
DLiþ of the three anodes calculated based on the GITT results,
a graph of the DLiþ of the three anodes during the lithiation/
delithiation process versus state of charge (SoC) is shown in

Figure 8d, and the average DLiþ values of each anode are summa-
rized in Table S5, Supporting Information. As shown in Table S5,
Supporting Information, the DLiþ value for Si/FeSeOx@NGC/
N-CNT was calculated ≈ 3.1� 10�10 cm2 s�1, which is the highest
compared to the Si/FeSeOx@NGC (0.9�10�10 cm2 s�1) and
Si/AC (0.3�10�10 cm2 s�1). The higher DLiþ value recorded for
Si/FeSeOx@NGC/N-CNT anodes is attributed to the heterostruc-
tured FeSeOx promoting kinetically favored redox reactions and
well-grown N-CNT networks acting as bridge to provide electron
transport pathways between different structures thus improving
diffusion kinetics in the hybrid nanostructure, as well as micro-
pore within the structure ensuring smooth diffusion of charged
species besides shortening of effective charge diffusion length.
Consequently, the DLiþ value for Si/FeSeOx@NGC/N-CNT sur-
passed those of Si/FeSeOx@NGC and Si/AC anodes, signifying
remarkably rapid Li-ion diffusion during the initial discharge/
charge cycle. Additionally, the real part of the impedance Z 0

was plotted against ω�1/2 (ω ¼ 2πf is the angular frequency)
for the low-frequency region after the 1300th cycle for all samples,
as shown in Figure S26, Supporting Information. The gentle slope
at low frequencies for the Si/FeSeOx@NGC/N-CNT micro-
spheres demonstrates a higher Li-ion diffusion coefficient of
the electrodes than that of the Si/FeSeOx@NGC and Si/AC

Figure 8. Nyquist impedance plots of assembled cells employed with different anodes during cycling at 3.0 A g�1: a) before cycling, b) after 7th cycle,
c) after 1300th cycle; d) Li-ion diffusion coefficient ðDLiþ Þ of different anodes calculated based on the GITT results versus the SoC; and FE-SEM, TEM
images, and elemental dot mapping images of cycled Si/FeSeOx@NGC/N-CNT electrode: e) FE-SEM image after 500th cycle, f–j) TEM images, k) HR-
TEM image, l) FE-SEM image after 1300th cycle, and m) elemental mapping images of cycled Si/FeSeOx@NGC/N-CNT electrode after 500th cycle.
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microspheres even after 1300 cycles. The higher diffusion value
for Si/FeSeOx@NGC/N-CNT anodes corroborated the structural
robustness of the prepared microsphere, enabling it to endure lon-
ger cycling durations while upholding the mechanical integrity of
the electrode. Therefore, the excellent Li-ion reaction kinetics of
Si/FeSeOx@NGC/N-CNT microspheres is validated from high
Li-ion diffusion coefficient value (Figure 8d) and the capacitive
contribution results (Figure 7d). Moreover, the electrode thickness
was measured after initial discharge, 1st cycle, and 500th cycle,
and electrode thickness variation was calculated compared to fresh
electrode to validate the structural benefits of Si/FeSeOx@NGC/
N-CNT microspheres (Figure S27, Supporting Information).
The thickness of a fresh electrode was measured as 8.3 μm
(Figure S27a, Supporting Information). After the initial discharge
process, the thickness of the electrode increased to 12.8 μm by
lithiation of the Si/FeSeOx@NGC/N-CNT anode, indicating the
thickness increase rate of 54% (Figure S27b, Supporting
Information). Additionally, the electrode thickness recovered to
10.9 μm after the initial cycle (31% thicker than fresh electrode),
suggesting an irreversible variation during cycling (Figure S27c,
Supporting Information). Accordingly, the thickness of the
electrode with accumulated irreversible variation for 500 cycles
was observed to increase by 98% to 16.5 μm (Figure S27d,
Supporting Information). Despite the large volume expansion rate
(≈360%) of Si, the electrode thickness variation of 98% after
500 cycles suggests that the volume change of Si was effectively
accommodated through synergetic effect of FeSeOx with different
reaction voltage with Si and NGC/N-CNT matrix. The electrode
thickness swelling rate of the Si/FeSeOx@NGC/N-CNT anode
is comparable to those of Si-based anodes studied previously.[84–86]

Furthermore, follow-up strategies could be conducted including
the barrier coating on the Si nanoparticles,[87–89] optimization
of the binder system,[90,91] advanced electrode design methodolo-
gies,[92,93] Si deposition to conductive scaffold using silane,[94,95]

doping techniques,[92,96] and optimization of electrolyte for
Si-based anodes[97,98] in the future. To gain deeper insights into
the structural resilience, we obtained FE-SEM and TEM images
(Figure 8e–m) of the cycled electrode after cycling at 3.0 A g�1.
At the end of 500th cycles, the FE-SEM and TEM images for
the cycled Si/FeSeOx@NGC/N-CNT electrode in Figure 8e,f
reveal that the microspheres retained their original spherical
morphology. Notably, the presence of highly entangled N-CNTs
preventing the fragments of the compromised structure from
completely detaching in the microsphere (highlighted) is evident
from Figure 8g. In Figure 8h,i, the Si and FeSeOx nanoparticles
are shown to remain within the carbon matrix without collapsing
or detaching during the cycling processes, indicating that the
N-CNTs and NGC matrix effectively accommodated the volume
expansion. The TEM image in Figure 8j displays that the crystal-
line Si nanoparticles are polycrystallized and amorphized during
the repeated lithiation/delithiation process, as reported in the
previous literature.[99–101] The HR-TEM image of polycrystalline
nanoparticles (Figure 8k) exhibits a lattice fringe spacing of
0.31 nm, corresponding to the (111) plane of Si. After 1300
continuous cycles (Figure 8l), substantial changes were observed.
For instance, densely packed large crystals were observed, with no
obvious N-CNTs, primarily due to the significant volume expan-
sion of the active materials. Remarkably, the spherical shape
of the microsphere still remained intact, suggesting outstanding

structural robustness. Elemental mapping of the cycled
Si/FeSeOx@NGC/N-CNTmicrospheres in Figure 8m also reveals
an even distribution of Si, Fe, Se, O, C, and N elements within the
nanostructures, providing evidence that Si and FeSeOx maintain
electrical contact without detaching from the structure. In con-
trast, the FE-SEM image for Si/FeSeOx@NGC cycled electrode
in Figure S28a, Supporting Information, suggested partial ruptur-
ing of the spherical morphology along with the large crystal
evolution, primarily due to unrestrained volume expansion.
Likewise, the cycled morphology of Si/AC (Figure S28b,
Supporting Information) reveals complete obliteration of the
spherical morphology due to unaccounted volume expansion.
These results strongly affirm the structural merits of Si/
FeSeOx@NGC/N-CNT microspheres. The structural advantages
not only account for high electrical conductivity within the
nanostructure, which eventually supports kinetically favored redox
processes, but also inhibit the volume expansion, thereby improv-
ing the overall electrochemical performance.

Overall, we have designed an advanced anode in the form
of Si/FeSeOx@NGC/N-CNT microspheres with high-rate
properties and prolonged cycling performance, well supported
by the synchronization strategy between the various components.
This synergy successfully addresses the critical issues associated
with the Si-based composite anodes and, therefore, could be
applied for other nanostructures employed for wide range of
applications.

3. Conclusion

We successfully synthesized a silicon hybrid anode material
using a facile spray pyrolysis technique and multistep heat treat-
ment. This multicomponent anode material consists of porous
microspheres containing biphasic silicon-amorphous iron
selenite nanocrystals enveloped within an NGC matrix and
encased by well-grown highly intertwined N-doped CNTs.
Comprehensive physical and electrochemical analyses revealed
synergistic effects between the various components within the
hybrid anode. These interactions facilitate swift charge transfer
and unhindered movement of the charged species, thus support-
ing superior redox reaction capabilities. The amorphous metal
selenite phase not only bolsters the structural integrity of the
overall nanoarchitecture, but also expedites the diffusion
of lithium ions, thereby promoting kinetically favored electro-
chemical processes. Benefited from the structural merits,
Si/FeSeOx@NGC/N-CNT, as a hybrid anode, exhibited out-
standing electrochemical properties, including an impressive
high-rate capability of up to 30 A g�1, prolonged cycling stability
across different current densities (0.5, 1.0, and 3.0 A g�1), and
improved lithium-ion diffusion characteristics. Moreover,
graphite-blended Si/FeSeOx@NGC/N-CNT anodes with a high
active material loading mass of ≈3.0 mg cm�2 were evaluated the
level for practical application, exhibited an initial CE of 86, and
33% higher reversible discharge capacity than that of commercial
graphite. Therefore, the microstructural and electrochemical
insights gained in this work are poised to chart new frontiers
in the development of hybrid multicomponent anodes for diverse
energy storage systems.
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4. Experimental Section

Preparation of Si/FeSeOx@NGC/N-CNT Microspheres: Porous
microspheres comprising biphasic silicon-amorphous iron selenite
(Si/FeSeOx) nanocrystals enveloped within an NGCmatrix with well-grown
and highly intertwined N-CNTs (Si/FeSeOx@NGC/N-CNT) were prepared
using a facile spray pyrolysis technique and multistep heat treatment.
To prepare the spray solution, polyvinylpyrrolidone (2.0 g) (PVP;
DAEJUNG, Mw= 40 000) and iron(II) nitrate enneahydrate (0.15 M)
(Fe(NO3)3.9H2O; KANTO CHEMICAL CO., INC., 98.5%) were dissolved
in distilled water (200mL) and stirred for 1 h. Subsequently, Si nanopow-
ders (2.0 g) (ϕ= 40–120 nm, LIOYANG TONGRUN INFO Technology.
Co., Ltd., >99%) were added to the solution and the mixture was ultra-
sonicated for 3 h, followed by vigorous stirring for 24 h. This solution, con-
taining Si/Fe-salt/PVP, was then transferred to an ultrasonic nebulizer
connected to a vertical quartz reactor. The nebulizer produced aqueous
droplets, which were conveyed through a quartz reactor preheated at
700 °C, with N2 serving as the carrier gas at a flow rate of 10 Lmin�1.
A detailed schematic of the spray pyrolysis technique is shown in
Scheme S1, Supporting Information. Afterward, the powders obtained
from the spray pyrolysis underwent a first heat treatment process in an
N2 atmosphere at 800 °C for 5 h, with a ramping rate of 5 °Cmin�1.
During this step, highly intertwined N-CNTs were grown using the
as-prepared powder, which was loaded into an alumina crucible with a
small alumina boat filled with dicyanodiamide (DCDA; Sigma–Aldrich,
99%) and covered with a lid. The weight ratio of the as-prepared powder
to DCDA powder was maintained at 1:10. Following the first heat treat-
ment, the resulting powder underwent a second heat treatment step
for selenization at 300 °C for 6 h (heating rate of 5 °Cmin�1) under a
mixture gas of H2/Ar (5:95= vol%) to facilitate the formation of the
FeSe2 phase within the structure. Se powder (SAMCHUN, 99.5%) was
used as the source of selenium gas during the process. Finally, the
Si/FeSeOx@NGC/N-CNT microspheres were obtained by a third heat
treatment step involving oxidation at 250 °C for 3 h in an air atmosphere.

Preparation of Si/FeSeOx@NGC and Si/AC Microspheres: For compari-
son, we also prepared microspheres comprising biphasic silicon-
amorphous iron selenite (Si/FeSeOx) nanocrystals enveloped within an
NGC matrix, but without well-grown N-CNTs. These microspheres,
denoted as Si/FeSeOx@NGC, were synthesized using identical spray
pyrolysis and heat treatment procedures. The as-prepared powder
obtained after spray pyrolysis was subjected to a two-step heat treatment.
The first step involved selenization, followed by oxidation under the
aforementioned heating conditions. This resulted in the formation of
Si/FeSeOx@NGC microspheres. Additionally, microspheres composed
solely of Si nanoparticles within an AC matrix (i.e., without the inclusion
of amorphous FeSeOx, NGC matrix, and well-grafted N-CNTs) were syn-
thesized for a more comprehensive comparison. These microspheres,
denoted as Si/AC microspheres, were produced using a one-pot spray
pyrolysis process. To outline the synthesis procedure briefly, the spray solu-
tion for Si/AC microspheres was prepared by adding PVP (2.0 g) and Si
nanopowders (2.0 g) to distilled water (200mL). The mixture was ultraso-
nicated for 3 h, followed by vigorous stirring for 24 h. The temperature of
the thermal reactor and flow rate of the N2 carrier gas were maintained at
700 °C and 10 Lmin�1, respectively. Notably, the detailed material charac-
terization techniques along with cell assembly and electrochemical mea-
surement information are included in the supporting information file.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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