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Achieving excellent electrochemical performance at high charging rate has been a long-cherished dream in the field of lithium-ion
batteries (LIBs). As a part of the efforts to meet the goal, an innovative strategy for the synthesis of 3D porous highly graphitic
carbon microspheres, to which numerous hollow metal oxide nanospheres are anchored, for use as anode in LIBs is
introduced. Hollow carbon nanosphere-aggregated microspheres prepared from the spray drying process are graphitized with
the aid of metal catalysts, and subsequent oxidation selectively removed amorphous carbon, leading to the formation of highly
conductive graphitic carbon matrix. Numerous hollow metal oxide nanospheres formed simultaneously during the oxidation
process via nanoscale Kirkendall diffusion are anchored onto the carbonaceous matrix, effectively reinforcing the structural
integrity by alleviating volume changes and reducing lithium-ion diffusion lengths. The synergistic effect of combining hollow
metal oxide nanospheres with high theoretical capacity with conductive carbon matrix led to accelerated electrochemical
kinetics, resulting in high capacity at high charging rate. In addition, trapping the hollow metal oxide nanospheres inside
hollow carbon nanospheres could effectively alleviate the volume changes, which led to high structural stability. When applied
as LIB anodes, the microspheres exhibit a capacity of 411mAh g−1 after 2500 cycles at 10.0 A g−1, with ~80% capacity retention.
The anode exhibits a high capacity of 274mAh g−1 at an extremely high current density of 50.0 A g−1, thus demonstrating the
structural merits of the microspheres.

1. Introduction

Achieving satisfactory capacity and stable cycle performance
at high charging rates are the fundamental objectives for
lithium-ion batteries (LIBs) [1, 2]. Accordingly, incessant
efforts have been devoted to the development of anode mate-
rials with superb electrochemical properties [3–5]. Among
the various materials of choice, transition metal compounds
have been extensively investigated because of their high the-
oretical capacities when applied as anodes in LIBs [6–11].
Unfortunately, they suffer from capacity decay due to the
strain arising from repetitive volume changes and poor rate
capability due to low electrical conductivity [12–15]. To

overcome these drawbacks, the design and synthesis of
nanostructured anode materials are considered as a highly
effective strategy for prolonging the cycle life and enhancing
the rate capability [16, 17]. Chen et. al developed various
materials with numerous compositions, which can be
applied for enhancing the electrochemical performance
[18–24]. The introduction of pores within the nanostruc-
tured anode material can improve the structural robustness
due to the alleviation of volume changes during repetitive
cycling and enhance the rate capability owing to the facile
penetration of electrolyte and reduced lithium-ion diffusion
path [25, 26]. The nanoscale Kirkendall effect can be an effi-
cient method for the preparation of hollow nanoparticles
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since they do not require additional template-removal steps
[27, 28]. Cho et al. prepared nanofibers comprising hollow
NiO nanospheres by applying an electrospinning process
together with the Kirkendall effect [29]. The anode exhib-
ited a stable cycle performance, wherein a capacity of
707mAhg−1 was observed after 250 cycles at 1.0A g−1,
and satisfactory rate capability (636mAhg−1 at 3.0A g−1)
was also achieved.

Another effective strategy to enhance the battery perfor-
mance is compositing with carbonaceous materials, which
would allow to reduce the strain imposed on the active mate-
rial during volume changes and also endow supplementary
electrical conductivity [30, 31]. Many efforts have been put
into compositing metal oxide materials with carbon
[32–34]. Song et al. prepared porous carbon-assisted CNT-
supporting Fe3O4 nanoparticles, which enabled stable cycle
performance up to 700 cycles at 1A g-1 [35]. In addition,
Gu et al. prepared graphene nanosheet-loaded Fe3O4 nano-
particles, which exhibited stable cycle life and good rate
capability [36]. Graphitic carbon, which generally exhibits
higher electrical conductivity than amorphous carbon, has
been composited with transition metal compounds to
improve structural robustness and electrochemical kinetics
[37–39]. For example, Wang et al. prepared coral-like FeP
composited with graphitic carbon, which exhibited a stable
cycle performance (297mAhg−1 after 1000 cycles at 1.0Ag−1)
and high rate capability (238mAhg−1 at 20.0A g−1) [40].
Various three-dimensional (3D) porous amorphous carbon
matrices, to which transition metal compounds are
anchored, have been reported to act as efficient electron
transport pathways [41–43]. It would be highly desirable if
the 3D carbon matrix could be graphitized, which enables
higher electrochemical kinetics. Amorphous carbon is gen-
erally known to be graphitized at extremely high tempera-
tures under inert atmosphere, but the temperature can be
significantly reduced to below 1000°C in the presence of a
metal with catalytic effect [44, 45].

In this study, 3D porous and highly graphitic carbon
microspheres, to which numerous hollow metal oxide nano-
spheres are anchored (denoted as G-HCA-Fe2O3, where G-
HCA refers to graphitic hollow carbon aggregate), are syn-
thesized via spray drying, graphitization in the presence of
nanosized metal catalysts, and applying the nanoscale Kir-
kendall effect. Iron oxide is selected as the first target mate-
rial; iron nitrate is infiltrated into the abundant pores of the
3D porous carbon microspheres obtained through spray
drying. Subsequent heat treatment of the composite powder
in an Ar atmosphere results in the formation of Fe metal
nanoparticles, which trigger the in situ graphitization of car-
bon. Then, the resultant powder was oxidized at 350°C,
which resulted in the formation of G-HCA-Fe2O3 micro-
spheres. The specific temperature (350°C) can selectively
eliminate amorphous carbon given that graphitic carbon
with a highly ordered structure can withstand relatively high
temperatures. During oxidation, dense Fe nanospheres are
transformed into their hollow Fe2O3 counterparts owing to
the nanoscale Kirkendall effect. The formation mechanism
is comprehensively investigated by examining the structural
evolution using various analyses at each step. When applied

as an anode for LIBs, G-HCA-Fe2O3 microspheres exhibit a
stable cycle performance for 2500 cycles at 10.0A g−1 and a
high capacity even at an ultrahigh current density of
50.0A g−1. Due to the structural merits where hollow
Fe2O3 nanospheres with short lithium diffusion length are
well dispersed in the conductive 3D porous graphitic carbon
microspheres, anodes with structural robustness at fast
charging speeds could be realized.

2. Experiment

2.1. Sample Preparation

2.1.1. Preparation of Hollow Carbon Aggregate Microspheres.
Hollow carbon-aggregated (HCA) microspheres were pre-
pared from spray drying of aqueous solution containing
dextrin and colloidal SiO2@resorcinol-formaldehyde (RF)
core–shell nanospheres. Colloidal SiO2@RF nanospheres
were prepared as follows: ammonia solution (7mL, SAM-
CHUN, 25.0%) was added to a 160mL solution comprising
distilled water (20mL) and ethanol (140mL), which was
stirred vigorously for 5min. Tetraethyl orthosilicate (7mL,
SAMCHUN, 95.0%) was added to the solution and stirred
for an additional 15min. Further addition of resorcinol
(0.8 g, SAMCHUN, 98.0%) and formaldehyde (1.12mL,
Junsei, 36.0%) and stirring overnight at a temperature of
70°C resulted in the formation of RF shell. Spray drying
was applied to synthesize HCA microspheres as follows:
the colloidal solution containing SiO2@RF core–shell nano-
spheres was centrifuged once and then redispersed in dis-
tilled water, and dextrin (5 g L−1, SAMCHUN, 99.5%) was
added. A two-fluid nozzle was used to atomize the aqueous
solution at a pressure of 2.0 bar, and the inlet and outlet
temperatures were set to 300 and 120°C, respectively. To
carbonize the obtained powder, it was heat-treated at
700°C for 5 h under a flow of Ar gas inside a quartz tube.
Finally, the powder was dipped in an aqueous NaOH solu-
tion to etch SiO2, yielding HCA microspheres.

2.1.2. Preparation of G-HCA-Fe2O3 Microspheres. G-HCA-
Fe2O3 microspheres were prepared via a salt-impregnation
technique using a drop-and-dry process. Ethanol solution
containing iron nitrate (0.05 g, SAMCHUN, 98.5%) was
added dropwise to HCA powder (0.02 g) and then mixed
in a mortar. The iron nitrate-infiltrated HCA microspheres
were placed in an alumina boat and heated at 900°C at a
ramping rate of 5°Cmin−1 for 3 h under an Ar gas flow, thus
forming GA-HCA-Fe microspheres. The resultant powder
was subsequently heat-treated at 350°C (ramping speed:
5°Cmin−1) for 3 and 12h under an air atmosphere to form
GA-HCA-Fe2O3 and G-HCA-Fe2O3, respectively.

2.1.3. Preparation of Carbon-Free Fe2O3 Microspheres. Car-
bon-free Fe2O3 microspheres were prepared to understand
the roles of HCA microspheres on the electrochemical
properties. Iron nitrate-infiltrated HCA microspheres
(0.05 g:0.02 g) were placed in an alumina boat and heated
at 350°C with a ramping rate of 5°Cmin−1 for 12 h in air.
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2.2. Material Characterization. Field-emission scanning
electron microscopy (FE-SEM; Hitachi, S-4800) and trans-
mission electron microscopy (FE-TEM; JEOL, JM-2100F)
were used to investigate the morphology of the prepared
microspheres. The crystallographic features of the samples
were investigated using X-ray diffraction (XRD; PANalytical,
X’Pert PRO with Cu α radiation) at the Korea Basic Science
Institute (KBSI, Daegu). The chemical nature of the samples
was characterized using X-ray photoelectron spectroscopy
(XPS; Thermo Scientific K-Alpha™) with focused mono-
chromatic Al Kα radiation. The carbon structure was ana-
lyzed using Raman spectroscopy (Jobin Yvon LabRam
HR800) with a 632.8 nm He/Ne laser as the excitation
source. Thermogravimetric analysis (TGA, Pyris 1 Thermo-
gravimetric Analyzer, Perkin Elmer) was conducted in the
temperature range of 25–800°C at a ramping speed of
10°Cmin−1 in the air to determine the amount of carbon
in the samples. The pore structures and specific surface areas
of the samples were analyzed using the Brunauer-Emmett-
Teller method with nitrogen gas as the adsorbate.

2.3. Electrochemical Measurements. Electrochemical mea-
surements were performed using 2032-type coin cells assem-
bled in a glove box. To prepare the electrode, the active
material:carbon black (Super P):sodium carboxymethyl cel-
lulose binder in a weight ratio of 7 : 2 : 1 was mixed in the
presence of distilled water in a mortar. The prepared slurry
was cast onto a copper foil using a doctor’s blade. The elec-
trode was punched in a circle with a diameter of 1.4 cm and
an average loading mass of 1.2mg cm−2. Lithium metal and
microporous polypropylene films were used as the counter
electrode and separator, respectively. LiPF6 (1 м) in fluor-
oethylene carbonate and dimethyl carbonate (1 : 1 v/v) was
used as the electrolyte. The coin cells were galvanostatically
charged and discharged in the potential range of 0.001-
3.0V at various current densities to analyze their electro-
chemical properties. Cyclic voltammograms of the electrode
materials were obtained in the same potential range at scan
rates varying from 0.1 to 2.0mVs−1 to clarify the electro-
chemical reactions and kinetics. Electrochemical impedance
spectroscopy (EIS) was performed in situ and ex situ at fre-
quencies ranging from 0.01Hz to 100 kHz.

3. Results and Discussion

A schematic of the formation of G-HCA-Fe2O3 micro-
spheres prepared via spray drying and two-step heat treat-
ment is shown in Scheme 1. Initially, a 3D porous
microspherical carbonaceous matrix (referred to as hollow
carbon aggregated (HCA) microspheres) was prepared
through facile spray drying of an aqueous solution in which
SiO2@resorcinol-formaldehyde (RF) nanospheres are dis-
persed. Following the method used in previous studies,
SiO2@RF nanospheres were synthesized in an ethanol/water
medium, which was centrifuged and redispersed in distilled
water [46]. Spray drying the brownish colloidal solution in
which dextrin was dissolved resulted in the clustering of
nanometer-sized SiO2@RF spheres into microspheres with
an average size of 2.68μm. Here, dextrin played an impor-

tant role in tightly integrating the particles together. Micro-
spheres consisting of numerous SiO2@C nanospheres were
obtained via heat treatment under an Ar atmosphere, which
carbonized the RF polymer shell; SiO2 cores were subse-
quently removed by immersion in NaOH solution. SiO2
was also present in the carbon shell, and its removal enabled
the formation of ample pores. An ethanol solution contain-
ing iron nitrate salt was dropped and dried repeatedly to
HCA powder, which triggered the infiltration of metal salt
into the pores due to the capillary force. Heat treatment of
the iron nitrate-containing HCA microspheres under Ar
atmosphere at 900°C led to the graphitization of carbon
owing to the catalytic effect of metallic Fe nanoparticles,
resulting in the formation of GA-HCA-Fe microspheres
(GA-HCA refers to HCA microspheres consisted of both
graphitic and amorphous carbon) [45]. Role of transition
metal catalysts in the graphitization of carbon was discussed
in the previous studies [47, 48]. Two main types of mecha-
nisms include (1) the dissolution of carbon into molten
metal and the precipitation of metal and graphite crystals
from saturation and (2) the formation of intermediate metal
carbide, which is decomposed and recrystallized to metal
and graphite crystals. The crystal growth of Fe nanoparticles
was inhibited because iron nitrate was located inside the
pores of the shells of HCA microspheres. Owing to the Ost-
wald ripening process, Fe metal nanoparticles migrated out-
side the carbon shell and thus formed onion-like graphitic
carbon rings in the shells of the hollow carbon nanospheres
[49]. Subsequent oxidation of the powder at 350°C for 3 h
selectively removed some of the amorphous carbon, and hol-
low Fe2O3 nanoparticles were formed owing to the nano-
scale Kirkendall effect, leading to the formation of GA-
HCA-Fe2O3 microspheres. In the initial state of oxidation,
a thin layer of Fe2O3 was formed on the surface of the Fe
metal nanoparticles, thus forming an intermediate core–
shell structure. Because iron cations with ionic radii of 76
and 65pm for Fe2+ and Fe3+ oxidation states, respectively,
diffused outward more rapidly than oxygen anions with
radius of 140 pm diffused inward, void spaces were gener-
ated adjacent to the Fe–Fe2O3 interface. Increasing the oxi-
dation time to 12 h removed most of the amorphous
carbon, and microspheres comprised of highly graphitic hol-
low carbon nanospheres to which hollow Fe2O3 nanospheres
are anchored on (G-HCA-Fe2O3 microspheres) could be
synthesized.

Scanning electron microscopy (SEM) images of micro-
spheres comprising SiO2@RF nanoparticles prepared via
spray drying are shown in Figure S1. Carbonization of
the microsphere resulted in the formation of SiO2@C
microspheres (Figure S2), whose SiO2 located at the core
and shell of each carbon nanosphere was later removed by
NaOH etching process. SEM images of HCA microspheres
are shown in Figure S3a, and the hollow nature of each
carbon nanosphere constituting the microsphere can be
confirmed from the transmission electron microscopy
(TEM) image (Figure S3b). To clarify the role of dextrin in
forming a highly integrated 3D carbon matrix, HCA
microspheres were prepared from a solution without
dextrin and etched with a NaOH solution. Disintegration
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of the particles was observed in the SEM image (Figure S4)
after NaOH etching, which revealed that dextrin played the
role of tightly binding the hollow carbon nanospheres
together. The morphology of HCA microspheres is well
maintained after the iron salt is infiltrated via the drop-and-
dry process, as shown in Figure S5. The morphological traits,
selected area electron diffraction (SAED) patterns, and
elemental mapping images of GA-HCA-Fe microspheres
obtained from the heat treatment of iron salt infiltrated
HCA microspheres under Ar atmosphere were closely
examined (Figure 1). The SEM image (Figure 1(a)) reveals
the microspherical morphology with nonaggregation
characteristics between the microspheres. The surface
of the hollow carbon nanospheres constituting the
microspheres appears to be more roughened than that of
HCA microspheres (Figure S3), probably owing to the
graphitization of carbon. The XRD pattern of GA-HCA-
Fe microspheres (Figure S6) revealed that α-Fe and γ-Fe
phases (JCPDS card #06-0696 and #23-0298, respectively)
were formed after the heat treatment under an Ar

atmosphere. According to a previous study, reduction of
iron occurs upon the increase in temperature; iron
compound then undergoes a carbothermic reduction to
form an intermediate carbide (FexC) [48]. When the
temperature was increased further, the carbide decomposes,
and only metallic Fe could be observed. Notably, peaks
corresponding to graphitic carbon (#75-2078) are observed,
which confirms that amorphous carbon is graphitized owing
to the catalytic effect of Fe metal during the heat treatment.
This is further evidenced by the fact that peaks corresponding
to graphitic carbon are not observed for HCA microspheres
heat-treated under an Ar atmosphere (Figure S7). Small Fe
particles are uniformly distributed over the microspheres, as
shown in the TEM image in Figure 1(b). Since Fe
nanoparticles appear relatively darker in comparison to
carbon materials, it can be observed that they are anchored
onto hollow graphitic carbon nanospheres (Figure 1(c)). Fe
nanoparticles with small sizes were observed even after
heat treatment at 900°C, since iron nitrate was originally
located inside the pores of the hollow carbon nanospheres
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Scheme 1: Schematic illustration showing the formation mechanism of G-HCA-Fe2O3 microspheres.
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and the growth of Fe particles was effectively inhibited
(before the outward migration). Interlayer spacing of 0.21
and 0.34nm corresponding to the (100) plane of Fe metal

and (111) plane of graphitic carbon, respectively, can be
clearly discerned in the HR-TEM image (Figure 1(d)). In
addition, the coexistence of amorphous carbon is observed
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(b)

200 nm
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d = 0.34 nm

GC 
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Figure 1: Morphological and structural characteristics of GA-HCA-Fe microspheres: (a) SEM, (b, c) TEM, (d) HR-TEM, and (e) close-up
TEM images; (f) SAED pattern; and (g) elemental dot mapping images.
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(top part of Figure 1(d)). The distribution of Fe particles
within the microspheres can be well explained by the
magnified TEM image in Figure 1(e). Notably, the shells
of the hollow carbon nanospheres were composed of
hollow rings; this is maybe due to the migration of Fe
metal particles, which were once located inside the carbon
shell, owing to the Ostwald ripening process that occurred
at high temperature [49]. Therefore, the shells of each
hollow carbon nanosphere are composed of onion-like
graphitic carbon rings. The SAED pattern of GA-HCA-Fe
microspheres shown in Figure 1(f) reveals various
crystallographic rings corresponding to the (105) and
(100) planes of α-Fe; the (400), (311), and (220) planes of
γ-Fe; and the (222) and (221) planes of graphitic carbon,
respectively. The elemental dot mapping images reveal that
C and Fe are uniformly distributed in a single microsphere
(Figure 1(g)).

GA-HCA-Fe microspheres were oxidized at 350°C to
transform dense metallic Fe into hollow Fe2O3 nanospheres
with high theoretical capacity and to selectively remove
amorphous carbon with relatively low electrical conductivity
and high initial capacity loss. To elucidate the advantages of
3D interconnected microspheres composed of highly gra-
phitic carbon, the oxidation time was controlled (3 and
12 h) to synthesize GA-HCA-Fe2O3 and G-HCA-Fe2O3
microspheres with different amounts of amorphous carbon.
The morphological traits, SAED patterns, and elemental
mapping images of GA-HCA-Fe2O3 and G-HCA-Fe2O3
microspheres are shown in Figure S8 and Figure 2,
respectively. The microspherical morphologies of GA-HCA-
Fe2O3 can be ascertained from the SEM image in
Figure S8a. Fe2O3 particles characterized by dark contrast
are well distributed in the graphitic-amorphous carbon
matrix, which appears to be relatively brighter (Figure S8b).
Hollow Fe2O3 nanoparticles anchored on the carbonaceous
network are observed in the close-up TEM image in
Figure S8c. Nanoscale Kirkendall diffusion that results from
the difference in the diffusion speed between ions occurred
during oxidation process, which transformed dense metallic
Fe into hollow Fe2O3 nanospheres [50]. It is notable that
onion-like graphitic carbon rings consisting of the shell of
hollow carbon nanosphere could be identified (Figure S8d),
which is due to the formation of intermediate Fe metal@GC
core–shell configuration during the heat treatment of iron
nitrate-infiltrated HCA microspheres under Ar atmosphere.
Fe metal migrated to the outside of onion-like carbon ring
due to the Ostwald ripening process, leading to the
formation of hollow carbon nanospheres with shells
comprising onion-like graphitic carbon. Interlayer spacing
of 0.27 and 0.34 nm, corresponding to (104) planes of
Fe2O3 and (111) planes of graphitic carbon, respectively,
could be ascertained in the HR-TEM image (Figure S8e).
The top-right corner of the HR-TEM image also revealed
the presence of amorphous carbon, which was not removed
due to insufficient oxidation time. The phase analysis done
by HR-TEM image was in accordance with the XRD
pattern of GA-HCA-Fe2O3 microspheres in Figure 3(a),
indicating the complete transformation of metallic Fe into
Fe2O3 during the oxidation process. Peaks corresponding to

graphitic carbon could also be observed, which corroborates
that Fe2O3 nanoparticles are composited with graphitic
carbon. The coexistence of Fe2O3 nanoparticles and
graphitic carbon was once again substantiated with the
SAED pattern (Figure S8f). As shown in the elemental
mapping images (Figure S8g), Fe, O, and C elements are
evenly distributed within a single microsphere.

To increase the fraction of graphitic carbon in the micro-
spheres, GA-HCA-Fe microspheres were oxidized at 350°C
for 12 h. The resultant characteristics of the prepared micro-
spheres are presented in Figure 2. The microspherical mor-
phology remained intact although most of the amorphous
carbon was eliminated (Figures 2(a) and 2(b)). Hollow
Fe2O3 nanospheres obtained via nanoscale Kirkendall diffu-
sion are observed in the close-up TEM image in Figure 2(c).
Hollow Fe2O3 nanoparticles with a void@Fe2O3 configura-
tion are observed in the HR-TEM image in Figure 2(d). Fur-
thermore, onion-like graphitic carbon, which serves as a
conductive pathway for electron transport, can be observed.
Thus, G-HCA-Fe2O3 microspheres are considered to be
composed of hollow carbon nanospheres with shells consist-
ing of onion-like graphitic carbon rings onto which hollow
Fe2O3 nanoparticles are anchored. Notably, amorphous car-
bon is not observed, thereby implying that an oxidation time
of 12h removes a substantial amount of amorphous carbon.
The TEM image of a fractured G-HCA-Fe2O3 microsphere,
along with its magnified image shown in Figure S9a,b,
reveals that Fe2O3 nanospheres are anchored to the carbon
surface, as further corroborated by the elemental mapping
images (Figure S9c-f). The coexistence of Fe2O3 phase and
the graphitic carbon is observed in the XRD pattern in
Figure 3(a). The SAED pattern in Figure 2(e) reveals (110),
(024), (116), and (214) planes corresponding to the d-
spacing of Fe2O3 and (101) and (111) planes relevant to
graphitic carbon. The elemental dot mapping images in
Figure 2(f) reveal that iron oxide nanoparticles are well
distributed within the 3D graphitic carbon matrix. The
overlapped elemental mapping image of G-HCA-Fe2O3
microspheres is provided in Figure S10, which clearly
revealed the distribution of each element. To investigate
the universality of this synthetic strategy, GA-HCA-Ni
microspheres were prepared by infiltration of nickel nitrate
into HCA microspheres and subsequent heat treatment
under Ar atmosphere (900°C). The SEM images of GA-
HCA-Ni (Figure S11a) microspheres bore resemblance to
its GA-HCA-Fe counterpart. The XRD pattern of the
prepared powder in Figure S11b exhibited a peak at 26.6°,
revealing the successful formation of graphitic carbon.

To elucidate the role of the 3D conductive G-HCA
matrix in the electrochemical properties, carbon-free 3D
porous Fe2O3 microspheres were also prepared by oxidizing
iron nitrate-infiltrated HCA microspheres at 350°C for 12 h.
The morphologies, SAED pattern, and the elemental map-
ping images are provided in Figure S12; the prepared
microspheres exhibited spherical morphologies, which can
be confirmed from the SEM image in Figure S12a. The
TEM image in Figure S12b well elucidates the 3D porous
morphology of the prepared powder. The XRD pattern of
the carbon-free microspheres (Figure 3(a)) reveals broad
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peaks corresponding to the Fe2O3 phase, implying that the
crystallite size is considerably small. This is in line with the
close-up TEM image shown in Figure S12c where the small
Fe2O3 nanocrystals comprising the porous microsphere
could be well discerned. Interlayer spacing of 0.22 and
0.25 nm and various crystallographic rings with d-spacing
in the HR-TEM image and SAED pattern in Figure S12d,e
ascertains the formation of Fe2O3 phase. The elemental
mapping images reveal the existence of Fe and O elements;
C element was eliminated due to the combustion of
amorphous carbon (Figure S12f). Digital photographs of
powder corresponding to carbon-free Fe2O3 and G-HCA-
Fe2O3 microspheres are shown in Figure S13. The
carbon-free Fe2O3 microspheres present a reddish color,
which is a typical indication for Fe2O3-based materials
(Figure S13a). The oxidation of iron nitrate-infiltrated
HCA microspheres comprised of amorphous carbon at

350°C for 12h resulted in the complete elimination of
carbon. In contrast, heat treatment of iron nitrate-
infiltrated HCA microspheres under Ar atmosphere during
the preparation of G-HCA-Fe2O3 microspheres successfully
transformed some amorphous carbon into graphitic carbon
with higher thermal stability. Therefore, G-HCA-Fe2O3
microspheres that are comprised mainly of graphitic carbon
exhibited black color originating from graphitic carbon
material (Figure S13b).

The X-ray photoelectron spectroscopy (XPS), thermo-
gravimetric analysis (TGA), Raman analysis, and electro-
chemical impedance spectroscopy (EIS) were used to track
the changes in the material characteristics of GA-HCA-Fe,
GA-HCA-Fe2O3, G-HCA-Fe2O3, and carbon-free Fe2O3
microspheres, and their results are presented in Figure 3.
The core-level XPS spectra of the samples are provided in
Figures 3(b)–3(d) and S14. The C 1 s XPS spectra shown in
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Figure 2: Morphological and structural characteristics of G-HCA-Fe2O3 microspheres: (a) SEM, (b, c) TEM, and (d) HR-TEM images; (e)
SAED pattern; and (f) elemental dot mapping images.
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Figures 3(b)–3(d) reveal four peaks at 284.1, 285.1, 286.2,
and 288.4 eV, corresponding to sp2 carbon, sp3 carbon, and
C–O and C=O bonds, respectively [51, 52]; sp2 carbon and
sp3 carbon correspond to graphitized and amorphous car-
bon, respectively, and the area under the peaks can be used
to determine their percentages [52]. The percentages of sp2

carbon in GA-HCA-Fe, GA-HCA-Fe2O3, and G-HCA-
Fe2O3 microspheres are 71.0, 73.0, and 75.4%, respectively,
with increasing oxidation time. The percentage of sp3 carbon
appears to be high even after oxidation since carbon tape
was used for the XPS analysis, but the increasing trend of
the percentage of sp2 carbon was conspicuous. This result
demonstrates that the amorphous carbon could be removed
during the oxidation in a time-wise manner. In the TGA
analysis shown in Figure 3(e), the weight of GA-HCA-Fe
microspheres increases starting from 300°C, and this is
attributed to the transformation of metallic Fe into Fe2O3.
The theoretical weight increase during the phase change is
approximately 43wt%, but the y value does not reach

143wt% due to the weight loss corresponding to the com-
bustion of the carbonaceous material near the similar tem-
perature. The total amorphous and graphitic carbon
content in GA-HCA-Fe microspheres calculated from the
TGA curves is 67.4wt%. For GA-HCA-Fe2O3 and G-HCA-
Fe2O3 microspheres, the carbon material contents calculated
from TGA curves are 35.5 and 19.7wt%, respectively. The
result shows that more amorphous carbon is included in
GA-HCA-Fe2O3 microspheres, indicating that oxidation
time (3 h) was insufficient to remove all amorphous carbon.
The TGA curve of carbon-free Fe2O3 microspheres was also
obtained, where no weight fluctuation above 250°C was
observed; the weight loss below the specific temperature
may be due to the water species adsorbed on the surface of
the sample. The Fe 2p and O 1 s XPS spectra of GA-HCA-
Fe, GA-HCA-Fe2O3, G-HCA-Fe2O3, and carbon-free
Fe2O3 microspheres are shown in Figure S14. Fe 2p3/2 and
Fe 2p1/2 regions in the Fe 2p spectrum of GA-HCA-Fe
microspheres (Figure S14a) can be deconvoluted into four
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Figure 3: Material characterization of GA-HCA-Fe, GA-HCA-Fe2O3, G-HCA-Fe2O3, and carbon-free Fe2O3 microspheres: (a) XRD
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peaks at 706.6/719.5, 709.8/722.9, 712.1/724.5, and 716.1/
726.7 eV corresponding to metallic Fe, Fe2+, Fe3+, and
satellites, respectively [53, 54]. Owing to the heat treatment
of iron-salt-impregnated HCA microspheres under an Ar
atmosphere, metallic Fe particles were formed, as
determined using the XRD pattern shown in Figure S6.
Fe2+ and Fe3+ oxidation states can be observed because of
surface oxidation due to exposure to air. GA-HCA-Fe2O3,
G-HCA-Fe2O3, and carbon-free Fe2O3 microspheres
exhibited peaks corresponding to Fe2+ and Fe3+ oxidation
states and their satellites (Figure S14c,e,g). In the O 1 s
spectra of all samples (Figure S14b,d,f,h), three peaks
centered at 529.5, 531.4, and 532.7 eV can be assigned to
the lattice oxygen (Fe–O), surface hydroxyl group (–OH),
and adsorbed water (H2O), respectively [55]. Raman
spectroscopy was performed to compare the degree of
graphitization of carbon in G-HCA-Fe2O3 and GA-HCA-
Fe2O3 microspheres (Figure 3(f)). The peaks at 1350 and
1590 cm−1 are related to the D-band (amorphous carbon)
and G-band (graphitic carbon) of carbon materials,
respectively [56–59]. The ID/IG values can be used to
understand the degree of graphitization, which were
calculated as 1.11 and 1.38 for G-HCA-Fe2O3 and GA-
HCA-Fe2O3 microspheres, respectively, indicating that
the carbon in G-HCA-Fe2O3 microspheres exhibits a
higher degree of graphitization [60]. This suggests that
amorphous carbon can be selectively removed during
oxidation at 350°C. Furthermore, EIS was used to evaluate
the charge-transfer resistance of GA-HCA-Fe2O3, G-HCA-
Fe2O3, and carbon-free Fe2O3 microspheres. The Nyquist
plots obtained after cell assembly were deconvoluted using
the Randles-type equivalent circuit model in Figure S15; the
depressed semicircle at relatively high frequencies can be
used to calculate the charge-transfer resistance (Rct)
[61–64]. The Rct values for G-HCA-Fe2O3, GA-HCA-
Fe2O3, and carbon-free Fe2O3 microspheres are 49, 58, and
62Ω, respectively. G-HCA-Fe2O3 and GA-HCA-Fe2O3
microspheres exhibited lower resistance in comparison to
carbon-free Fe2O3 microspheres since they are composited
with 3D porous carbon matrix which acts as a conductive
pathway for electrons. The lower Rct value of G-HCA-
Fe2O3 microspheres in comparison to GA-HCA-Fe2O3
microspheres is probably due to the higher degree of
graphitic carbon with high electrical conductivity in G-
HCA-Fe2O3 microspheres. The electrical conductivity of
G-HCA-Fe2O3 microspheres measured from four-point
probe method was 6 1 × 10−2 Sm−1. The surface areas and
porosity profiles of the samples were analyzed using the
Brunauer–Emmett–Teller method (Figure S16). From the
N2 adsorption/desorption isotherms, the specific surface
areas of G-HCA-Fe2O3, GA-HCA-Fe2O3, and carbon-free
Fe2O3 microspheres are determined as 81, 119, and 61m2g−1,
respectively. G-HCA-Fe2O3 microspheres exhibited smaller
specific surface area in comparison to GA-HCA-Fe2O3
microspheres, which can be attributed to the lower content
of carbon with higher specific surface area in comparison to
Fe2O3 material. In addition, graphitization of carbon is
known to result in the coalescence of pores in amorphous
carbon [65]. Therefore, G-HCA-Fe2O3 microspheres with

smaller amount of carbon with highly graphitic nature
probably exhibited a smaller specific surface area. Both G-
HCA-Fe2O3 and GA-HCA-Fe2O3 microspheres exhibited a
type IV isotherm, indicating the presence of mesopores in
carbon materials. Carbon-free Fe2O3 microspheres also
exhibit a high specific surface area owing to the porous
internal nanostructure. The BJH pore size distribution
revealed the presence of pores ~3nm, which is in line with
the TEM image in Figure S12c revealing the presence of
pores between the Fe2O3 particles.

The electrochemical properties of G-HCA-Fe2O3, GA-
HCA-Fe2O3, and carbon-free Fe2O3 microspheres were ana-
lyzed (Figure 4). Cyclic voltammograms (CVs) of G-HCA-
Fe2O3, GA-HCA-Fe2O3, and carbon-free Fe2O3 micro-
spheres obtained for the first 5 cycles at a sweep rate of
0.1mVs-1 in the voltage window of 0.001-3.0V are shown
in Figure 4(a) and S17. Considerable differences in the first
and subsequent cycles could be observed, which indicates
an irreversible phase transformation during the insertion/
extraction process in the first cycle. In the case of G-HCA-
Fe2O3 microspheres, during the initial cathodic scan, the
main reduction peaks were observed at 1.6V and 0.7V
(Figure 4(a)). The peaks at 1.6V and 0.7V are associated
with the insertion of Li+ into Fe2O3 (Fe2O3+xLi

++-
xe-→LixFe2O3) and the conversion reaction of LixFe2O3 to
metallic Fe along with the formation of solid electrolyte
interphase (SEI) layer on the electrode surface, respectively
[66, 67]. According to the literature, the minor peak at
approximately 1.0V may be ascribed to the partial phase
transition from hexagonal LixFe2O3 to cubic Li2Fe2O3 upon
additional Li uptake [67, 68]. A sharp cathodic peak is
observed near 0V, which is attributed to the intercalation
of Li+ in the graphitic carbon layer [69]. In the first anodic
scan, a peak at 0.1V is associated with the deintercalation
of Li+ from the carbon layer [69]. In addition, two peaks at
1.6V and 1.85V could be observed, which are attributed to
the oxidation reactions corresponding to the transformation
from metallic Fe to Fe2+ and Fe2+ to Fe3+, respectively [70].
In the subsequent cycles, some cathodic peaks disappear
and develop into a peak at approximately 0.8V, which corre-
sponds to the reversible conversion reaction that leads to the
complete transition to metallic Fe [67]. The CV profiles are
considerably overlapped, implying that highly reversible
electrochemical reactions occur during the charge–discharge
processes. The CV curves of GA-HCA-Fe2O3 microspheres
in Figure S17a are analogous to those of G-HCA-Fe2O3
microspheres, demonstrating a similar electrochemical
reaction mechanism. However, slight differences are observed;
for instance, the peak intensity of the conversion reaction at
around 0.7V was decreased due to the presence of amorphous
carbon and the relatively lower amount of Fe2O3 than G-
HCA-Fe2O3 microspheres as proven by the TGA results
(Figure 3(e)). For the CV curves of carbon-free Fe2O3
microspheres in Figure S17b, the peak at approximately
0V, which is attributed to graphitic carbon materials, is
not observable. Galvanostatic charge–discharge curves of
G-HCA-Fe2O3, GA-HCA-Fe2O3, and carbon-free Fe2O3
microspheres obtained at 1.0Ag-1 are shown in
Figure 4(b). During the first discharge, a distinct plateau is
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observed at around 0.72V, which agrees with the potential
at which the main conversion reaction occurs in CV
curves [67]. The slopy plateau of G-HCA-Fe2O3 and GA-
HCA-Fe2O3 microspheres at around 0V is attributed to
the intercalation of Li+ into the graphitic carbon layer
[69]. The initial discharge capacities of G-HCA-Fe2O3,
GA-HCA-Fe2O3, and carbon-free Fe2O3 microspheres are
1236, 1142, and 1589mAhg-1, respectively, and their
initial Coulombic efficiencies (ICE) are 65.3, 63.8, and
73.0%. G-HCA-Fe2O3 and GA-HCA-Fe2O3 microspheres
exhibit lower ICE values in comparison to carbon-free
Fe2O3 microspheres owing to the presence of carbon,
which are characterized by low ICE. The slightly higher
ICE for G-HCA-Fe2O3 microspheres than GA-HCA-Fe2O3
microspheres is attributed to the lower carbon content. It
can be also explained by the fact that amorphous carbon
generally exhibits lower ICE in comparison to graphitic
carbon [71]. The cycling performances of the three
electrodes at a current density of 1.0Ag-1 are shown in
Figure 4(c); G-HCA-Fe2O3 microspheres exhibited stable
cycle performance, where a reversible capacity of 914mAhg-1

was delivered for the 500th cycle. GA-HCA-Fe2O3
microspheres also exhibited high structural robustness and
showed capacity of 818mAhg-1 after 500 cycles. From such
cycling performances, it can be deduced that the design of
such carbon-composited 3D porous structure efficiently
reinforced the overall structural stability, leading to excellent
electrochemical performances. The reason for the stable
cycle performance of both G-HCA-Fe2O3 and GA-HCA-
Fe2O3 microspheres can be attributed to the unique structure
of the 3D porous carbonaceous matrix, where hollow Fe2O3
nanoparticles are anchored on the surface of the inner
shell of each hollow nanosphere subunit. The matrix could
not only enhance the electrical conductivity but also buffer
the volumetric variation of numerous hollow Fe2O3
nanospheres during charge–discharge process. The hollow
interior of Fe2O3 nanospheres itself could also effectively
accommodate the stress received during repetitive cycles.
In addition, G-HCA-Fe2O3 microspheres delivered higher
capacities than GA-HCA-Fe2O3 microspheres due to the
lower amount of amorphous carbon present in the
composite electrode as well as higher portion of onion-like

graphitic carbon rings that provided electron transportation
channel. In the case of carbon-free Fe2O3 microspheres
comprised of porous Fe2O3 nanoparticles, the anode exhibits
a higher capacity in comparison to G-HCA-Fe2O3 and
GA-HCA-Fe2O3 microspheres because it is not composited
with carbon species. However, the anode undergoes severe
capacity fading during the initial 40 cycles, since it could
not endure the huge volume changes due to the absence of
the 3D porous carbon shielding that can effectively prevent
the pulverization of electrode. The rate performances of
G-HCA-Fe2O3, GA-HCA-Fe2O3, and carbon-free Fe2O3
microspheres tested at various current densities are
presented in Figure 4(d) and Figure S18. G-HCA-Fe2O3
microspheres exhibit reversible capacities of 855, 789,
722, 631, 557, 506, 465, 426, 390, 329, and 274mAhg-1

at current densities of 0.5, 1.0, 2.0, 5.0, 10, 15, 20, 25,
30, 40, and 50Ag-1, respectively (Figure 4(d)). In the case of
rate performance of GA-HCA-Fe2O3 microspheres shown in
Figure S18, reversible capacities of 811, 735, 657, 557, 484,
434, 390, 351, 316, 258, and 209mAhg-1 were delivered at
the same current densities. The capacity gaps between G-
HCA-Fe2O3 and GA-HCA-Fe2O3 clearly demonstrate that
the difference in the degree of graphitization in the
composite anode causes difference in electrical conductivity,
which affected the rate capability of the electrode materials.
When the current density is restored to 0.5A g−1, G-HCA-
Fe2O3 displays a discharge capacity of 916mAhg−1, which
is comparable to the initial reversible capacity at the same
rate. For carbon-free Fe2O3 microspheres, the capacity
decreases from 1165 to 26mAhg−1 when the current
density is changed from 0.5 to 50.0A g−1. Although the
anode is characterized by small Fe2O3 nanoparticles
interspersed with small pores, which generally results in a
good rate capability, high capacities could not be retained at
an ultrahigh current density of 50.0Ag−1. The degree of
voltage gap widening in G-HCA-Fe2O3 microspheres with
changes in current density was lower than that of GA-HCA-
Fe2O3 and carbon-free Fe2O3 microspheres, indicating the
lower degree of polarization changes (Figure S19). The
remarkable rate performance of G-HCA-Fe2O3 microspheres
can be attributed to the highly conductive 3D porous
graphitic carbon microspheres, which allow higher electrical
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Figure 4: Electrochemical properties of G-HCA-Fe2O3, GA-HCA-Fe2O3, and carbon-free Fe2O3 microspheres: (a) CV curves of G-HCA-
Fe2O3 microspheres, (b) charge-discharge profiles at 1.0 A g-1 for the initial cycle, (c) cycle performance at 1.0 A g-1, (d) rate performance,
and (e) long-term cycle performance at 10.0 A g-1.
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conductivity and facile electrolyte penetration into the
electrode. Furthermore, hollow Fe2O3 nanoparticles
anchored on the conductive carbon matrix, which are
formed by nanoscale Kirkendall diffusion, effectively
reduced the lithium-ion diffusion path and accelerated the
electrochemical kinetics. To clearly demonstrate the roles
of compositing graphitic carbon matrix and the degree of
graphitization in the carbon materials, the rate capability
of the three samples was also compared using retained
capacity (%) vs. current density (Figure S20) since their
absolute capacities are different. The long-term cycle
stability tests of G-HCA-Fe2O3, GA-HCA-Fe2O3, and
carbon-free Fe2O3 microspheres were carried out at a high
current density of 10.0A g-1, and the results are shown
in Figure 4(e) and Figure S21. For G-HCA-Fe2O3
microspheres, the capacity increases during the first 50
cycles owing to the progressive activation of the porous
electrode materials at high current densities. The electrode
exhibits superior long-term cycle stability, where a
reversible capacity of 410mAhg-1 for the 2500th cycle was
obtained and the capacity retention measured from the
50th cycle was 78.6%. The long-term cycle performances
of GA-HCA-Fe2O3 and carbon-free Fe2O3 at 10Ag-1 are
shown in Figure S21; reversible capacity of 261mAhg-1

was delivered after the 1500th cycle in the case of GA-
HCA-Fe2O3 microspheres. The capacities of carbon-free
Fe2O3 microspheres dropped dramatically, which
ascertains that HCA microspheres play a critical role in
terms of cycle stability. The results demonstrate that the
unique nanostructure of the anode composited with a
highly conductive graphitic carbon matrix endows long-
term cycle stability even at a high current density of
10Ag-1. To confirm the structural advantages of G-HCA-
Fe2O3 microspheres, the thickness of the prepared
electrodes before and after the cycling test (100 cycles at
10Ag-1) was measured. The thickness of electrodes
comprising G-HCA-Fe2O3 microspheres increased from
17.2 to 17.5μm, whereas that comprising carbon-free Fe2O3
microspheres increased from 16.1 to 41.3μm (Figure S22).
The electrochemical performance of G-HCA-Fe2O3
microspheres was compared with Fe2O3 material-based
materials as well as hollow metal oxide nanospheres with
similar morphology applied as anodes for LIBs (Table S1,2).
Carefully designed G-HCA-Fe2O3 microspheres with
well-defined nanostructure, aimed at achieving high
electrochemical performance at high charge rate, showed
superior lithium-ion storage characteristics among the
various anode materials. To confirm the role of G-HCA in
G-HCA-Fe2O3 microspheres, G-HCA was prepared from
etching out Fe2O3 in G-HCA-Fe2O3 microspheres with
hydrochloric acid. G-HCA powder exhibited lower
capacities in comparison to G-HCA-Fe2O3 microspheres,
but the cycle performance was highly stable (Figure S23).
Therefore, it can be assumed that the high capacity is
derived from Fe2O3 material with high theoretical capacity
and the structural robustness is provided by G-HCA
matrix. The reversible capacities of G-HCA decreased from
434.8 to 40.6mAhg-1 when the current density is increased
from 0.5 to 50.0A g-1. The capacity is rather low, but as will

be demonstrated by the surface kinetics analysis in Figure 5,
it allows highly surface-capacitive reaction, resulting in high
rate performance of G-HCA-Fe2O3 microspheres.

To understand the origin of the high rate capability of
G-HCA-Fe2O3 microspheres, CV curves at various sweep
rates from 0.1 to 2.0mVs−1 were obtained to understand
the electrochemical kinetics, as shown in Figures 5(a)–
5(c). The relationship between the obtained peak current (i)
and sweep rate (v) can be described by the power law, as fol-
lows [72, 73]:

i = avb, 1

log i = log a + b log v 2

After applying logarithms to both sides of Equation (1),
the b value can be obtained by linearly fitting log a versus
log v (Equation (2)). The b value indicates whether the
diffusion-limited element or the surface-capacitive element
is dominant in electrochemical reactions [72, 73]. Specifi-
cally, a b value approaching 0.5 indicates that the diffusion-
limited reaction is dominant, whereas a value approaching
1 implies that the surface-capacitive reaction predominantly
occurs. The b values for peaks 1 (anodic) and 2 (cathodic)
of each sample, where the main electrochemical reactions
occur, are calculated as shown in Figures 5(d)–5(f). The b
value significantly differs depending on the existence of the
3D porous carbon matrix. G-HCA-Fe2O3 and GA-HCA-
Fe2O3 microspheres composited with carbon exhibit consid-
erably higher b values than that of carbon-free Fe2O3 micro-
spheres, which exhibit relatively low b values of 0.678 and
0.462. G-HCA-Fe2O3 microspheres exhibited higher b value
in comparison to GA-HCA-Fe2O3 microspheres, which can
be attributed to the higher degree of graphitic carbon with
high electrical conductivity. Furthermore, the degree of
surface-capacitive and diffusion-limited elements can be
quantitatively distinguished using the following equation
[74, 75]:

i = k1v + k2v
1/2 3

In Equation (3), the first (k1v) and second (k2v
1/2) terms

imply surface-capacitive and diffusion-limited contribu-
tions, respectively. The capacitive contribution analyzed at
various sweep rates is shown in Figures 5(g)–5(i). Carbon-
free Fe2O3 microspheres exhibit much lower surface-
capacitive contribution than those of G-HCA-Fe2O3 and
GA-HCA-Fe2O3 microspheres with graphitic carbon, indi-
cating that the existence of a conductive carbon matrix con-
siderably influences the surface-capacitive reaction kinetics
during the charge–discharge process. For example, at a
sweep rate of 2.0mVs−1, G-HCA-Fe2O3, GA-HCA-Fe2O3,
and carbon-free Fe2O3 microspheres exhibit surface-
capacitive contributions of 96, 91, and 62%, respectively, with
reference to the empirically obtained current (Figure S24). G-
HCA-Fe2O3 microspheres exhibit a higher percentage of
capacitive elements than GA-HCA-Fe2O3 microspheres,
demonstrating that the degree of graphitization of the
carbon material significantly affects the acceleration of the
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electrochemical kinetics, which is consistent with the results
of the rate capability test results.

To identify the cause of the stable cycle performance and
the high electrochemical kinetics of G-HCA-Fe2O3 micro-
spheres in comparison to GA-HCA-Fe2O3 and carbon-free
Fe2O3 microspheres, ex situ EIS Nyquist plots for the 1st,
100th, and 400th cycles (Figures 6(a)–6(c)) and ex situ SEM
images after 400 cycles at 1.0Ag−1 (Figures 6(d)–6(f)) were
obtained. As mentioned previously (Figure 3(g)), consider-
ing the newly assembled cell, the Rct values for G-HCA-
Fe2O3 microspheres are lower than those for GA-HCA-
Fe2O3 and carbon-free Fe2O3 microspheres. The Nyquist
plots of the samples after the initial cycle shown in
Figure 6(a) reveal that Rct values decreased to a large extent
due to the formation of ultrafine nanocrystals. From the 1st

cycle and onward, another semicircle at higher frequency
could be observed, which corresponds to the resistance aris-
ing from SEI film formed at the surface (Rf ). After 100
cycles, G-HCA-Fe2O3 and GA-HCA-Fe2O3 microspheres
exhibited much lower resistance in comparison to carbon-
free Fe2O3, indicating the structural destruction of carbon-
free Fe2O3 during repetitive cycling. The Rf /Rct values of

G-HCA-Fe2O3, GA-HCA-Fe2O3, and carbon-free Fe2O3
microspheres after 400 cycles at 1.0Ag-1 were 4/18, 18/38,
and 44/76Ω, respectively. Rf /Rct values were especially small
in the case of G-HCA-Fe2O3 microspheres which implies the
structural robustness of the electrode as well as stable SEI
layer formation on the surface. For better understanding,
various battery parameters obtained from the Nyquist plots
using Zview software are summarized in Table S3 [76–81].
The after-cycle SEM image of G-HCA-Fe2O3 microspheres
in Figure 6(d) reveals that spherical morphology was well
maintained, and the small individual primary hollow
carbon nanospheres constituting the microspheres were
well discerned. This indicates that the 3D porous
conductive highly graphitic carbon matrix and hollow
Fe2O3 nanospheres anchored on the surface played an
effective role in alleviating the volume changes during
cycling and preventing the pulverization of the electrode
material. GA-HCA-Fe2O3 microspheres also retained their
microspherical morphologies well even after 400 cycles, but
some type of coating layer relevant to the SEI materials
could be observed at the surface (Figure 6(e)). In the case
of carbon-free Fe2O3 microspheres, structural deformation

0

20

40

60

80

100

Co
nt

rib
ut

io
n 

(%
)

Sweep rate (mV s–1)
0.1 0.2 2.01.50.80.4 1.2

Diffusion
Capacitive

80 86 90 92 93 95 96

(g)

0

20

40

60

80

100

Co
nt

rib
ut

io
n 

(%
)

Sweep rate (mV s–1)
0.1 0.2 2.01.50.80.4 1.2

Diffusion
Capacitive

73 76 80 83 86 88 91

(h)

27 32
38

45
53 57 62

0

20

40

60

80

100

Co
nt

rib
ut

io
n 

(%
)

Sweep rate (mV s–1)
0.1 0.2 2.01.50.80.4 1.2

Diffusion
Capacitive

(i)

Figure 5: Electrochemical reaction kinetics analysis: (a–c) CV curves obtained at various sweep rates, (d–f) fitted log (peak current) vs. log
(scan rate), and (g–i) capacitive contribution at various sweep rates for (a, d, and g) G-HCA-Fe2O3, (d–f) GA-HCA-Fe2O3, and (g–i)
carbon-free Fe2O3 microspheres.
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Figure 7: Continued.
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and bulky agglomeration occurred since the 3D porous
carbon material was absent and the microsphere could not
withstand the repetitive volume changes. The SEM images
of a single microsphere after 400 cycles at 1A g-1 revealed
how the SEI layer is formed in each anode (Figure S25);
the small particles that comprise G-HCA-Fe2O3 microspheres
exhibited independent characteristics meaning that the thin
SEI layer was formed on the surface (Figure S25a). GA-HCA-
Fe2O3 microspheres maintained the original spherical shape;
however, some agglomeration of the SEI layer could be
observed on the surface of the microsphere (Figure S25b).
In the case of carbon-free Fe2O3 microspheres, structural
degradation occurred, and the SEI layer formed on the
surface could be clearly discerned (Figure S25c).

To further elucidate the high electrochemical kinetics
resulting in the structural robustness at high current densi-
ties, in situ EIS analysis was performed (Figure 7). The
Nyquist plots of G-HCA-Fe2O3, GA-HCA-Fe2O3, and
carbon-free Fe2O3 microspheres obtained during the charge–
discharge process at 0.1Ag−1 are shown in Figures 7(a)–7(c).
The negative and positive signs in Figure 7 indicate that
the cell is in the discharge and charge states, respectively.
Here, two depressed semicircles that appear in high- and
medium-frequency regions, along with a linear component
that appears at low-frequency region could be observed.
From these, Rtot, which is referred to as the sum of Rct
and Rf , and diffusivity as a function of potential could be
obtained and shown in Figures 7(d)–7(f) and
Figures 7(g)–7(i), respectively [82]. Rtot values for all three
samples exhibit increasing trends while being discharged
to 0.001V and decreasing trends upon charging to 3.0V.
The increase in Rtot upon discharging to −1.0V may be
attributed to the strain arising from volume changes during
lithiation and phase transition from hexagonal α-LixFe2O3
to cubic Li2Fe2O3 [67, 68]. Upon lithiation to −0.001V,
increase in Rtot values was observed even though there was
a decrease in resistance due to the formation of Fe metal
with high conductivity during conversion reaction at ~
−0.7V [66, 67]. This effect is negated by the increase in
Rtot owing to the formation of a highly resistive SEI film
on the electrode surface. During the charging process, the

Rtot values for all the samples gradually decrease as delithia-
tion progresses, possibly because of the volume contraction
and the decomposition of the highly resistive SEI layer. At
potential higher than 2.0V, Rtot values did not show much
fluctuation since most of the SEI layer was decomposed.
Notably, the Rtot values for carbon-containing Fe2O3 elec-
trodes are considerably lower than those for carbon-free
samples because the carbon framework provides the anodes
with high electrical conductivity. The Rtot value for G-HCA-
Fe2O3 microspheres is lower than that for GA-HCA-Fe2O3
owing to the highly graphitic nature of carbon in the 3D
framework. Additionally, lithium-ion diffusion coefficients
(DLi+) can be calculated from the equation presented below
(Equation (4)), whose parameters are described well in the
previous studies [83]:

DLi+ = 0 5
RT

sn2F2cσ

2
4

DLi+ values of the three samples skyrocketed at potential
near ~−0.7V where conversion reaction that results in the
formation of Fe metal with high electrical conductivity
occurs, which indicates that the phases that comprise the
electrode play a great role in diffusivity. Similarly, DLi+
values decline substantially after the conversion reaction
that occurs at potential of approximately 2.0V during the
charge process. The DLi+ values for G-HCA-Fe2O3, GA-
HCA-Fe2O3, and carbon-free Fe2O3 microspheres are
between 1 5 × 10−21 and 6 3 × 10−20, 5 7 × 10−22 and 2 6 ×
10−20, and 1 0 × 10−22 and 5 6 × 10−20, respectively. The
lithium-ion diffusion coefficients at different voltages are
summarized in Table S4. G-HCA-Fe2O3 and GA-HCA-
Fe2O3 microspheres exhibit higher DLi+ values than those
for the carbon-free Fe2O3 microspheres at most potentials,
which explains the high rate capability of those samples.
Carbon-free Fe2O3 microspheres also showed good DLi+,
and some DLi+ values were comparable to the carbon-
containing samples. This may be attributed to the highly
porous nanostructure composed of small Fe2O3 nanoparticles,
which contributes to good diffusivity. However, because
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Figure 7: (a–c) In situ EIS Nyquist plots of the electrodes obtained at preselected potentials, (d–f) relationship between Rtot vs. potential and
(g–i) DLi+ vs. potential for the initial discharge and charge processes corresponding to (a, d, and g) G-HCA-Fe2O3, (b, e, and h) GA-HCA-
Fe2O3, and (c, f, and i) carbon-free Fe2O3 microspheres.
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the structure is easily pulverized at high current densities
(Figure S21) and the electrode is not composited with
carbon with high electrical conductivity, the electrode
exhibited low rate capability.

The difference in the DLi+ of G-HCA-Fe2O3, GA-HCA-
Fe2O3, and carbon-free Fe2O3 microspheres was further val-
idated by the Randles-Sevcik equation (Equation (5)), whose
parameters are well described in the previous studies, to elu-
cidate the origin of fast redox kinetics in G-HCA-Fe2O3
microspheres [84].

Ip = 0 4463nFAC
nFnDK

+

RT

1/2
= 269, 000 n3/2ADLi

+1/2C v1/2

5

The DLi+ values are calculated from the linear fitting
of the data relevant to the peak current (Ip) and v1/2

(Figure S26). In this study, A, n, and C, which correspond
to the area of the electrode, number of electrons involved in
the electrochemical reaction, and lithium-ion concentration,
are 1.5 cm2, 6, and 0.001mol cm−3, respectively. The DLi+
values for G-HCA-Fe2O3, GA-HCA-Fe2O3, and carbon-free
Fe2O3 microspheres for the cathodic/anodic peaks are
1 26 × 10−12/4 01 × 10−13, 8 36 × 10−13/3 31 × 10−13, and
2 54 × 10−13/1 38 × 10−13, respectively. The galvanostatic
intermittent titration technique (GITT) was applied to
further confirm that the rate capability of G-HCA-Fe2O3
microspheres was superior to those of GA-HCA-Fe2O3
and carbon-free Fe2O3 microspheres (Figure S27). The DLi+
values for the anode materials are calculated according to
Fick’s second law, the parameters of which have been
described in previous reports [85].

DLi+ =
4
πτ

mBVM

MBS

2
⋅

ΔEs

ΔEτ

2
6

GITT analysis was performed at a current density of
0.1A g−1 for 10min followed by a relaxation time of 30min
(Figure S27a-c). During the initial discharge and charge
processes, DLi+ values for G-HCA-Fe2O3 microspheres are
higher than those for GA-HCA-Fe2O3 and carbon-free
Fe2O3 microspheres at almost all potentials (Figure S27d,e).
These results suggest that compositing transition metal
oxides with carbon materials that exhibit higher electrical
conductivity enhances the diffusion characteristics of
lithium-ions. In addition, achieving a higher degree of
graphitization in carbon materials led to an accelerated
electrochemical kinetics.

4. Conclusion

In summary, a design strategy for the synthesis of 3D porous
highly graphitic carbon microspheres to which numerous
hollow metal oxide nanospheres are anchored and their
application as anode for LIBs is reported. A facile spray dry-
ing process was used to generate 3D microspheres with
numerous well-defined pores, which were subsequently infil-
trated with iron salt using a drop-and-dry process. A series

of heat treatment under Ar and ambient atmospheres
formed highly graphitic carbon via the catalytic effect of
metallic iron and the selective removal of amorphous carbon.
Additionally, during the oxidation process, transformation of
dense Fe into hollow Fe2O3 nanospheres simultaneously
occurred owing to the nanoscale Kirkendall effect. Numerous
hollow Fe2O3 nanospheres with reduced lithium-ion diffu-
sion length were well-anchored on the inner surface of highly
graphitic 3D porous carbon matrix, resulting in superb elec-
trochemical properties, as evidenced by the ultrastable long-
term cycle performance at high current density (10.0A g-1)
and high rate capability (at 50.0A g-1). It is believed that the
design strategy of anchoring hollow particles onto highly
conductive 3D conductive carbon matrix can be tailored for
use in various applications including energy storage, cata-
lysts, and drug delivery.
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