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Abstract
Transition metal oxides (TMOs) are considered as promising anode materials for lithium-ion batteries in comparison with 
conventional graphite anode. However, TMO anodes suffer severe volume expansion during charge/discharge process. In 
this respect, a porous Fe2O3 nanorod-decorated hollow carbon nanofiber (HNF) anode is designed via a combined electro-
spinning and hydrothermal method followed by proper annealing. FeOOH/PAN was prepared as precursors and sacrificial 
templates, and porous hollow Fe2O3@carbon nanofiber (HNF-450) composite is formed at 450 °C in air. As anode materials 
for lithium-ion batteries, HNF-450 exhibits outstanding rate performance and cycling stability with a reversible discharge 
capacity of 1398 mAh g−1 after 100 cycles at a current density of 100 mA g−1. Specific capacities 1682, 1515, 1293, 987, and 
687 mAh g−1 of HNF-450 are achieved at multiple current densities of 200, 300, 500, 1000, and 2000 mA g−1, respectively. 
When coupled with commercial LiCoO2 cathode, the full cell delivered an outstanding initial charge/discharge capacity of 
614/437 mAh g−1 and stability at different current densities. The improved electrochemical performance is mainly attributed 
to the free space provided by the unique porous hollow structure, which effectively alleviates the volume expansion and 
facilitates the exposure of more active sites during the lithiation/delithiation process.
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1  Introduction

The dominated lithium-ion batteries (LIBs) as the advanced 
energy storage systems for portable electronic devices and 
electrical vehicles have achieved extraordinary progress in 
practical applications with considerable capacity performance 
[1–3]. Among the major components of the LIBs, the electrode 
material is the key to capacity performance. Currently, graphite-
based materials are still predominantly used as anode materials 
for commercial LIBs. However, graphite anode suffers a low 

theoretical capacity (372 mAh g−1) and thus hardly to meet 
the explosive demand in growing green energy because of the 
increasing concerns on environmental protection [4–7].

Therefore, it is pressing to develop new anode materials with 
high capacity performance for LIBs, and fortunately, FexOy 
would be a promising alternative due to their high theoretical 
capacity with the merits of low cost, non-flammability, and envi-
ronmental friendliness [8, 9]. In previous studies [10–14], Fe2O3 
anode delivered a high specific capacity of 1007 mAh g−1; 
however, volume expansion happening during the process of 
charge and discharge causes pulverization and failure of contact 
with the current collector. In this regard, extensive efforts have 
been devoted to design varieties of nanostructured composites 
to alleviate the volume expansion, such as 0–3D nanoparticles, 
nanowires, nanorods, and nanoboxes [15–19]. The nanomodifi-
cation of the materials and reduction of grain size are beneficial 
to improve the specific surface area (SSA), increase the active 
sites, and shorten the diffusion distance of ionic electrons [20], 
while the composite of C-based materials can effectively buffer 
the volume change of the material during cycling [21]. Nota-
bly, hollow structures with a high SSA and internal space are 
more effective in mitigating the volume change effect during 
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lithiation/delithiation than others and consequently boost the 
electrochemical performance [22–24].

In this study, porous hollow Fe2O3@carbon nanofibers 
(HNF) are prepared via a facile electrospinning, hydrother-
mal reaction followed by heat treatment (Scheme 1a). Such 
a well-designed HNF combines the advantages of vertically 
aligned hierarchical structure and sizeable SSA. Upon applied 
as anode for LIBs, the HNF-450 delivers a high initial capac-
ity of 2067 mAh g−1 at 100 mA g−1 and cycling stability 
with a stabilized capacity of 1398 mAh g−1 after 100 cycles 
owing to its unique 3D porous hollow nanofiber network for 
the alleviated volume expansion and improved Li ion storage.

2 � Experimental

2.1 � Material synthesis

Preparation of FeOOH/PAN nanofibers (FeOOH/
PAN NF): Typically, 1.4  g polyacrylonitrile (PAN, 

Mw = 150,000, Sinopharm) was added into 13  mL  N, 
N-Dimethylformamide (DMF, 99.5%, Sigma-Aldrich) and 
stirred at room temperature for 10 h. After a homogene-
ous solution was obtained, it was injected into a 20 mL 
syringe with a needle of 22 G and syringed on an electro-
spinning device. A high voltage of 19 kV was applied for 
electrospinning at a flow rate of 0.9 mL/h with a distance 
of 15 cm from needle to a collector. The PAN film was 
obtained after electrospinning for 12 h. Then, 36 mmol 
FeCl3·6H2O (99%, Macklin) was dissolved in 180 mL 
deionized (DI) water under magnetic stirring at room tem-
perature for 20 min and then transferred into a Teflon-lined 
autoclave. The PAN film was then added and reacted for 
12 h at 100 °C. After the reaction, the obtained products 
were washed twice with deionized water and dried in a 
vacuum oven at 60 °C for 12 h to obtain the FeOOH/PAN 
NF film.

Preparation of hollow Fe2O3@carbon nanofibers (HNF): 
The HNF was obtained by pyrolysis of the as-prepared 
FeOOH/PAN NF in two steps. For the first stage, the 

Scheme 1   Schematic description for the synthesis process hollow Fe2O3@carbon nanofibers (a); formation mechanism of hollow Fe2O3@car-
bon nanofibers (b)
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as-prepared FeOOH/PAN NF was annealed at 600 °C with 
a ramp of 5 °C min−1 under nitrogen protection for 1 h and 
then cooled down to room temperature. In the second stage, 
the above samples were pyrolyzed at 400, 450, and 600 °C 
with a heating rate of 5 °C min−1 in the air for 1 h, and 
labeled as HNF-400, HNF-450, and HNF-600, respectively. 
It should be noted that the two-step calcination is the key 
to form the HNF. As illustrated in Scheme 1b, the thermal 
vibration causes the adjacent hydroxyl groups in FeOOH 
crystals to detach and combine into water diffusing from 
inside to outside in a dry N2 atmosphere. Meanwhile, Fe3+ 
and O2− in the crystals migrated and rearranged with more 
produced defects as a consequence of porous Fe2O3 nanorods 
formed on the carbon nanofibers (CNFs) derived from PAN 
nanofibers, and ultimately γ-Fe2O3@CNF was produced. 
Followed by heat treatment at 450 °C, migration and rear-
rangement of both Fe3+ and O2− were further driven; more 
nanorods with intense pores were produced, and γ-Fe2O3 
was transformed into α-Fe2O3. Simultaneously, the CNFs 
were partially decomposed into CO2 and CO gas overflow 
during the calcination process, producing a hollow structure 
for the fibers. Eventually, Fe2O3@carbon (HNF) electrode 
featured with a hollow structure was designed, which would 
improve the contact with the electrolyte due to its enhanced 
SSA, and effectively buffer the suffering volume expansion 
during the charging and discharging process.

2.2 � Material characterization

The crystallographic phase of samples was characterized by 
X-ray diffraction measurements (XRD, Cu Kα, γ = 1.5406 Å, 
KD2 PHASER, BRUKER AXS) at a scanning rate of 2° 
min−1 in a 2θ range from 5 to 90°. The SSA and porosity 
were determined by a Micromeritics TriStar surface area and 
pore analyzer (BET, BJH, Tristar 3020, USA). The morphol-
ogy and structure of the HNF were observed by a scanning 
electron microscope (SEM, Hitachi S4800), a transmission 
electron microscopy (TEM, JEOL JEM-2100), and high-
resolution transmission electron microscopy (HRTEM). 
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 
250XI) was used to identify the chemical state and electronic 
structure of the composites. Energy dispersive spectrometer 
(EDS, Bruker Quantax 400) was conducted to examine the 
elemental composition of the as-prepared samples.

2.3 � Electrochemical characterizations

The electrochemical properties of the prepared samples were 
investigated by assembled CR2032 coin cell with a lithium 
foil as the counter electrode. The working electrode consists 
of active substance, carbon black, and polyvinylidene fluo-
ride (PVDF, Mw = 800,000, Sinopharm) with a mass ratio 
of 7:2:1. The mixture was ground and dispersed into proper 

N-methyl-2-pyrrolidone (NMP, 99%, Sigma-Aldrich) under 
stirring for 1 h to form a slurry. The slurry was then coated 
onto a copper foil and dried in a vacuum oven at 60 °C for 
8 h to remove the extra solvent. The loading mass of active 
material was 0.5 mg  cm−2 for each electrode. The cells 
were assembled in a glove box with high purity argon gas 
(H2O ≤ 0.5 ppm, O2 ≤ 0.5 ppm) with LiPF6 (1 M, KJ Group) 
in ethylene carbonate (EC)/diethyl carbonate (DEC)/ethyl 
methyl carbonate (1:1:1 v/v/v) as the electrolyte and Celgard 
2400 microporous polyethylene film as the separator. The 
assembled cells were rested for 12 h before the test. As for 
the full cell, the prepared HNF-450 served as anode and cou-
pled with a commercial LiCoO2 (Macklin) cathode to fabri-
cated LiCoO2//HNF-450 full cells with the same procedures 
of the half-cell. In order to reduce the initial irreversible 
capacity, the anode material was pre-lithiated before assem-
bling the full cell. Electrochemical measurements, including 
cyclic voltammetry (CV) at a scanning rate of 0.1 mV s−1 in 
the range from 3.00–0.01 V and electrochemical impedance 
spectroscopy (EIS) at a frequency range of 0.01 to 100 kHz 
with an amplification voltage of 10 mV, were performed on 
an electrochemical working station (CHI660E, Shanghai, 
China). The galvanostatic charge–discharge (GCD), cycling 
stability, and rate performance were performed on a battery 
tester (LAND Battery program, Shenzhen, China) in a volt-
age range of 0.01–3.00 V.

3 � Results and discussion

3.1 � Physical properties

XRD was performed to explore the crystallographic struc-
ture and phase composition of the composites. A series of 
peaks located at 11.9°, 16.9°, 26.8°, 34.2°, 35.3° were pre-
sented for FeOOH/PAN NF, which were attributed to (1 1 
0), (2 0 0), (1 3 0), (4 0 0), and (2 1 1) planes (JCPDS 
No.75–1594) [25] (Fig. 1a), and no obvious diffraction peaks 
were detected for PAN as a polymer. Figure 1b shows the 
XRD pattern of γ-Fe2O3@CNF with diffraction peaks at 
30.4°, 35.6°, 57.2°, and 62.9° that can be indexed to (2 2 
0), (3 1 1), (5 1 1), and (4 4 0) planes of γ-Fe2O3 (JCPDS 
No.39–1346), respectively [26]. The characteristic peak for 
amorphous carbon was not obvious because of the suppres-
sion of the strong diffraction peaks of γ-Fe2O3. In Fig. 1c, 
diffraction peaks at 24.2°, 33.2°, 35.6°, 40.9°, 49.5°, 54.9°, 
and 62.5° were showed for HNF-400, corresponding to 
(0 1 2), (1 0 4), (1 1 0), (1 1 3), (0 2 4), (1 1 6), and (2 
1 4) planes of α-Fe2O3 (JCPDS card no. 33–0664) [27, 
28]. Meanwhile, the diffraction peaks indexed to γ-Fe2O3 
(JCPDS card No.39–1346) at 30.3°, 35.6°, 43.3°, 54.9°, and 
57.3° appeared, indicating the presence of γ-Fe2O3. With 
the increasing calcination temperature in the air from 400 
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to 600 °C, the intensity of the typical diffraction peak at 
30.3° of γ-Fe2O3 for HNF-400/450/500/600 was gradually 
becoming weak and disappeared ultimately, demonstrating 
the phase transition from γ-Fe2O3 to α-Fe2O3. Besides, the 
phase transition was further recognized by the color change 
from brown to red-brown before and after heat treatment 
for HNF.

Both pore size distribution and SSA of the HNF-
400/450/600 were examined by nitrogen adsorption/desorp-
tion isotherm analysis. As shown in Fig. 1d, a typical type-
IV isotherm curves at medium relative pressure points out 
the presence of mesoporous structures were presented for all 
samples. According to the Brunauter-Emmett-Teller (BET) 
method, the calculated SSAs of HNF-400, HNF-450, and 
HNF-600 were 37.7 m2g−1, 46.17 m2g−1, and 20.8 m2g−1, 

respectively. Mesopores with pore size of 2–3 nm existed 
for HNF-400/450/600 as displayed in the pore size distribu-
tion (inset of Fig. 1d). Such a large SSA of HNF-450 was 
originated from the hollow structure of the composite while 
a lower SSA for HNF-400 and HNF-600 was led by the 
bridging collapse or incomplete hollowing at an overheated 
or insufficient calcination temperature.

The morphologies of all prepared samples were revealed 
by SEM. Figure 2a shows SEM images of PAN nanofib-
ers with smooth surfaces and uniform diameter distribution 
of 300–400 nm. FeOOH nanorods with tens of nanometers 
in length and nanometers in diameter were radially grown 
on PAN nanofibers in a high-density as shown in Fig. 2b. 
To explore the effect of different calcination temperatures 
and time on the morphology of the prepared samples, SEM 

Fig. 1   XRD patterns of FeOOH/PAN (a), γ-Fe2O3@CNF (b), and varied-phase HNF (c); nitrogen isothermal adsorption/desorption curves and 
pore size distribution of HNF-400, HNF-450, and HNF-600 (d)
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Fig. 2   SEM images of PAN nanofibers (a); FeOOH/PAN composite nanofibers (b); HNF-400 (c, d); HNF-450 (e, f); HNF-450 (6 h) (g, h); and HNF-600 (i, j)
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of HNF-400, HNF-450, and HNF-600 was conducted. As 
shown in Fig. 2c and d, HNF-400 displayed a hierarchi-
cal structure overall, and Fe2O3 nanorods were vertically 
anchored on nanofibers. With increasing temperature at 
450 °C, Fe3+ and O2− migration and rearrangement were 
accelerated and more defects were formed, delivering more 
abundant and intensive pores for HNF-450 (Fig. 2e and 
f), which was also confirmed by BET results. Then at an 
extended treatment time of 6 h, HNF-450–6 suffered severe 
fracture and low porosity and the loaded Fe2O3 nanorods 
evolved into flakes though a general nanofiber structure was 
maintained (Fig. 2g and h). At 600 °C, the size of the Fe2O3 
nanorods became smaller with cured pores and relatively 
smooth surface for HNF-600 because of the completed Fe3+ 
and O2− migration and rearrangement led to a stabilized 
structure with closed pores (Fig. 2i and j).

The elemental composition and valence structure of 
HNF-450 were characterized by XPS. Figure 3a shows the 
full XPS spectra of the composite, indicating the presence 
of Fe, O, and C elements. In the high-resolution spectra of 
Fe 2p (Fig. 3b), two sharp peaks located at 724.8 eV and 
711.5 eV were displayed, referring to Fe 2p1/2 and Fe 2p3/2, 
respectively [15, 29]. Two broad satellite peaks at the high 
binding-energy side, which were about 8 eV higher than 
the characteristic peaks, pointed out there was no Fe2+. The 
peaks located at 529.5 eV, 530.8 eV, and 532.3 eV were 
attributed to O2−, C-O, and C = O [29], respectively, while 
the sharp peak at 529.5 eV belonged to oxygen in Fe2O3 
(Fig. 3c). For the C 1 s spectra of HNF-450 (Fig. 3d), three 
peaks at 284.3 eV, 285.78 eV, and 287.9 eV were ascribed 
to the C–C graphite-like structures of CNFs, C-O, and C = O 
[30], respectively.

Fig. 3   XPS survey spectrum of HNF-450 (a), high-resolution spectra of Fe 2p (b), O 1 s (c), and C 1 s (d)

375Advanced Composites and Hybrid Materials  (2022) 5:370–382

1 3



The mass ratio of carbon in the composites was determined 
by TGA and DTA tests. As shown in Fig. 4a, the weight loss of 
FeOOH/PAN precursor was less than 6.6% before 200 °C due to 
the evaporation of crystal water. Then, PAN underwent a cycli-
zation process from 200 to 280 °C with a weight loss of 4.1%. 
Afterwards, the FeOOH was transformed into γ-Fe2O3, and PAN 
was carbonized with an over 29.4% weight loss when heating to 
600 °C. The carbon phase of γ-Fe2O3/CNFs was decomposed 
by oxidation at around 800 °C [31, 32]. Meanwhile, γ-Fe2O3 
was in situ converted to α-Fe2O3 with a mass retention of 43.2% 
(Fig. 4b). Therefore, the carbon content in HNF-450 was cal-
culated to be 4.8%, which was consistent with the XPS results.

The TEM was performed to further analyze the hollow inte-
rior of the HNF-400, HNF-450, and HNF-600 nanofibers. As 
shown in Fig. 5a, the porous Fe2O3 nanorods were uniformly 
distributed on the fiber surface, perpendicular to the fiber 
axially, with an overall discontinuous hollow shape. As the 
heat treatment process proceeds, the gas overflow was accel-
erated and clear through channels with a diameter of about 
100 nm appear inside HNF-450 (Fig. 5b). As for HNF-600 
(Fig. 5c), its continuous hollow channels were maintained, but 
the surface-loaded nanorods become clear and smooth. In the 
HR-TEM, Fe2O3 crystals with clear lattice space of 0.368 nm 
and 0.252 nm were observed for HNF-450, corresponding to 
the (012) lattice plane of α-Fe2O3, and the (311) lattice plane 
of γ-Fe2O3 are shown in Fig. 5d. Meanwhile, elements of Fe, 
O, and C were detected in the EDS spectrum of HNF-450 
(Fig. 5e), reflecting the expected composition of the sample 
and aligning with the elemental mapping results (Fig. 5f).

3.2 � Electrochemical performance

The CV measurements were performed between 0.01 and 
3.00 V at a scanning rate of 0.1 mV s−1 to explore the 

electrochemical reaction process of HNF-400, HNF-450, 
and HNF-600. In the first cycle, a cathodic peak at 0.67 V 
related to the reduction reaction from Fe3+ to Fe with the 
formation of SEI film and Li2O was identified for HNF-
450 electrode (Fig. 6b) and expressed as Li2Fe2O3 (cub
ic) + 4Li+  + 4e−  → 2Fe + 3Li2O. The voltage plateau at 
0.91 V was attributed to the phase transformation from 
LixFe2O3 (hexagonal) into Li2Fe2O3 (cubic), which was 
easier to be detected due to its incomplete phase transi-
tion from γ-Fe2O3 to α-Fe2O3 for HNF-400. In the anodic 
sweeping, two broad peaks at about 1.70 and 1.77  V 
ascribed to the oxidation reaction from Fe0 to Fe2+, and 
Fe3+ (2Fe + 3Li2O ↔ Fe2O3 + 6Li+  + 6e−) was displayed 
[33, 34]. From the third cycle onwards, the cathodic peak 
gradually shifted from 0.67 to 0.87 V because of the acti-
vation of the electrode materials and fine-tuning of the 
structures, while the irreversible reaction during the lithi-
ation process delivered a weakening of the peak intensity. 
For the CV curves of HNF-400 (Fig. 6a) and HNF-600 
(Fig. 6c), similar profiles as that of HNF-450 were pre-
sented, indicating the identical oxidation/reduction pro-
cesses were experienced.
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Fig. 4   TGA and DTA curves of FeOOH/PAN nanofibers in N2 (a) and γ-Fe2O3@CNFs in air (b)
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The galvanostatic discharge–charge curves at the 1st, 
2nd, 3rd, 5th, and 10th cycle over a potential range from 
0.01 to 3 V at a current density of 100 mA g−1 for HNF-
400, HNF-450, and HNF-600 are shown in Fig. 6d–f. A 
small amount of lithium was inserted into the Fe2O3 matrix 
from open-circuit voltage which corresponded to 2Fe + 3
Li2O ↔ Fe2O3 + 6Li+  + 6e−. With the proceeded lithia-
tion process, a phase transition from LixFe2O3 to Li2Fe2O3 
occurred. Besides, a long voltage plateau at around 0.85 V 
was distinctly identified in the first discharge process due 
to the transition of Fe3+ to Fe0 and the evolution of Li2O 
(Fe2O3 + xLi+  + xe−  → LixFe2O3) [19]. The initial capac-
ity of HNF-400, HNF-450, and HNF-600 was identified as 
1882, 2067, and 1802 mAh g−1, respectively, which was 
much higher than that of the theoretical one (1007 mAh g−1). 

Such a large capacity of HNF was attributed to the large 
number of spin-polarized electrons stored in the reduced Fe 
nanoparticles in Li2O during low-voltage discharge process 
[35].

The cycling performance of HNF-400, HNF-450, 
and HNF-600 was evaluated at a current density of 
100 mA  g−1 (Fig. 7a). Benefiting from the hierarchi-
cal hollow structure can buffer the volume expansion of 
Fe2O3 nanoparticles during the charge/discharge cycling; 
the HNF-450 remained an outstanding reversible capac-
ity of 1398 mAh g−1 even after 100 cycles with the cou-
lombic efficiency of almost 97%. In contrast, only 1236 
and 902 mAh g−1 discharge capacities survived for HNF-
400 and HNF-600, respectively. Figure 7b shows the rate 
capability of the HNF-400, HNF-450, and HNF-600. The 

Fig. 5   TEM images of HNF-400 (a), HNF-450 (b), and HNF-600 (c); HR-TEM images of HNF-450 (d); EDS spectroscopy of HNF-450 (e); 
and EDS elemental mapping of Fe, O, and C for HNF-450 (f)
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discharge capacities of HNF-450 were 1758, 1682, 1515, 
1293, 987, and 686 mAh g−1 at the current densities of 
100, 200, 300, 500, 1000, and 2000 mA g−1, respectively. 
The discharge capacity recovered to 1748 mAh g−1 when 
the current density was reversed to 100 mA g−1. In strong 
contrast, both HNF-400 and HNF-600 generally delivered 
low discharge capacities of 1291, 1199, 967, 655, 411, 
and 279 mAh g−1 and 1071, 941, 740, 530, 344, and 231 
mAh g−1 with the increasing current densities. Outstand-
ing cycling performance at a high current density of 1.0 
A g−1 was also demonstrated for HNF-450 with a revers-
ible capacity of 814 mAh g−1 after 250 cycles (Fig. 7c). 
In comparison with the previously reported 1D Fe2O3/C 
composites [36–41], the as-prepared HNF-450 electrode 
exhibited much better rate performance owing to the 
improved migration efficiency of lithium ions through 
smooth diffusion channel endowed by its unique hollow 
nanofiber structure.

The charge transfer resistance and ion transfer resistance 
were characterized by the electrochemical impedance analy-
sis (EIS). As shown in Fig. 7d, the Nyquist plots consisted 
of a semicircle at the high frequency range and a spike at 
the low frequency region, representing the charge transfer 
resistance (Rct) and Li+ diffusion for HNF-400, HNF-450, 
and HNF-600, respectively. Of them, the HNF-450 elec-
trode reveals a lower Rct of 330 Ω with the smallest diam-
eter of semicircle than that of HNF-400 (457 Ω) and HNF-
600 (623 Ω) in the first cycle due to its high SSA, stable SEI 

film, and engineered structure [19]. Fast kinetic of electro-
chemical reaction was deployed, and the Rct of HNF-450 
dropped to 125 Ω after 100 cycles (Fig. 7e), indicating the 
gradual activation of the electrode materials and improved 
kinetics upon cycling. Moreover, the structural stability of 
HNF-450 electrode was deeply investigated by SEM. As 
shown in Fig. 7f, the fiber structure with nanorods anchored 
on nanofibers was well maintained even after 250 cycles 
for HNF-450, strongly manifesting the excellent structural 
stability and capability of alleviating volume expansion 
with cycling.

Overall, the superior electrochemical performance of 
HNF-450 was highly related with its unique structures 
and attributed to the following points: (i) the vertical 
arranged low-dimensional nanorods not only improved 
ion and electron diffusion kinetics but also facilitated the 
electrode activation reaction due to its large SSA; (ii) the 
hollow porous structure could effectively alleviate the vol-
ume expansion during charge/discharge process and offer 
smooth channels for ion and electron transition; (iii) the 
existed carbon phase significantly enhance the conductiv-
ity of the electrode materials; (iv) the annoying agglom-
eration of metal oxides was significantly improved count-
ing on the cross-linked 3D network for fast ion/electron 
diffusion.

Furthermore, full cells with HNF-450 anode and LiCoO2 
cathode were assembled (Fig. 8a). The negative and positive 
capacity ratio (N/P) was designed to be 1.05 to verify the 

Fig. 6   Cyclic voltammetry curves of HNF-400 (a), HNF-450 (b), and HNF-600 (c); galvanostatic charge–discharge curves of HNF-400 (d), 
HNF-450 (e), and HNF-600 (f)
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Fig. 7   Cycling performance of HNF-400/450/600 composites at 
100  mA  g−1 (a); rate performance of HNF-400/450/600 compos-
ites at different current densities (b); cycling performance of HNF-
450 at 1 A g−1 (c); Nyquist plots with equivalent circuit of HNF-

400/450/600 electrodes (d); Nyquist plots with equivalent circuit after 
1 and 100 cycles of HNF-450 (e); and SEM image of HNF-450 after 
250 cycles (f)
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application value. Figure 8b illustrates the charge/discharge 
profiles of LiCoO2//HNF-450 full cell at a current density 
of 1000 mA g−1 in a voltage range of 0.5–4.3 V. An initial 
charge/discharge capacity of 614/437 mAh g−1 was deliv-
ered, indicating the importance of the pre-lithiation process 
in reducing initial irreversible capacity. In the following 2nd, 
3rd, 5th, and 10th cycles, the identified reversible capacities 
were 366, 315, 297, and 235 mAh g−1, respectively. In Fig. 8c, 
cycling performances showed that a reversible capacity of 
106 mAh g−1 remained even after 600 cycles at 1000 mA g−1 
with an almost 100% coulombic efficiency, demonstrating 

the excellent cycling stability of the LiCoO2//HNF-450 full 
cell. For a real application demonstration, a yellow LED bulb 
(2.0–2.2 V, 20 mA) was successfully lighted. Figure 8d shows 
the rate performance of LiCoO2//HNF-450 full cell; the capac-
ities were 300, 173, 124, 92, 69, and 57 mAh g−1 at current 
densities of 500, 1000, 1500, 2000, 2500, and 3000 mA g−1, 
respectively. The discharge capacity recovered to 248 mAh g−1 
when the current density was reversed to 500 mA g−1. Such an 
outstanding electrochemical performance of LiCoO2//HNF-
450 full cell strongly demonstrated its promising application 
in practice.

Fig. 8   The mechanism illustration (a), galvanostatic charge–discharge curves (b), cycling performance (c), and rate performance (d) of LiCoO2//
HNF-450 full cells
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4 � Conclusions

A unique structure of hollow Fe2O3@C nanofibers deco-
rated by porous nanorods was prepared via hydrothermal 
synthesis followed with a two-step calcination. Upon 
examined as anode materials for LIBs, the highest revers-
ible capacity of 1398 mAh g−1 after 100 cycles at a cur-
rent density of 100 mA g−1, as well as superior cycling 
stability and rate performance, was delivered for HNF-
450. Such an excellent lithium storage performance can 
be attributed to the unique porous hollow structure con-
sisting of vertically grown porous and agglomeration-free 
Fe2O3 nanorods, which would greatly shorten the diffusion 
distance of lithium ions and promote the contact with the 
electrolyte. Additionally, the hollow structure effectively 
buffered the volume change effect during repeated lithia-
tion/delithiation while the amorphous carbon effectively 
reduced the resistance of the electrode. The excellent 
capacitance performance of HNF-450 was also demon-
strated in the assembled full cells coupled with a LiCoO2 
cathode. The proposed strategy can also be applied to 
design novel nanostructured TMO electrode materials and 
consequently boosted the electrochemical energy storage 
and conversion efficiency.
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