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H I G H L I G H T S

• Graphene oxide induces synthesis of
button-shaped amorphous Fe2O3/
rGO/CNFs films.

• The am-Fe2O3/rGO/CNFs shows a ca-
pacity of 584mA h g−1 at 2 A g−1

after 400 cycles.

• The film exhibits good flexibility and
can be utilized as flexible anodes for
LIBs.

• The hierarchical structure accounts for
the excellent electrochemical perfor-
mance.
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A B S T R A C T

Constructing high-performance flexible lithium-ion batteries (LIBs) is imperative to satisfy the rapid demand of
flexible and wearable electronics. Herein, we demonstrate a novel strategy to fabricate button-shaped amor-
phous Fe2O3/rGO/carbon nanofibers (am-Fe2O3/rGO/CNFs) films as freestanding flexible anodes for LIBs
through in-situ electrospinning and subsequent one-step carbonization. Intercalating highly oxidized GO into the
electrospun precursor not only induces tight growth of button-shaped amorphous Fe2O3 nanoparticles onto
rimous CNFs matrix, but also substantially enhances the mechanical flexibility of the resulting films. Owing to
the distinctive hierarchical structure, especially amorphous nature of Fe2O3 and intimate connection between
am-Fe2O3 and the conductive substrate, the am-Fe2O3/rGO/CNFs-20 film delivers an excellent reversible ca-
pacity of 811mA h g−1 at 0.1 A g−1, as well as remarkable rate performance and cycling stability (584mA h g−1

over 400 cycles at a high current density of 2 A g−1). The electrode also exhibits impressive flexibility, which can
power an array of light-emitting diodes, even bended and folded, demonstrating great potential for flexible LIBs.
The facile synthesis strategy and excellent electrochemical performance endow it with great potential for ap-
plication in flexible energy storage.

1. Introduction

With the rapid development of flexible electronic devices and

wearable electronics, great efforts have been devoted to fabricating
flexible power sources [1]. Among the various energy storage tech-
nologies, rechargeable lithium-ion batteries (LIBs) stand out due to
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their high energy density, appropriate operating voltage, relatively low
self-discharge, and long lifespan [2]. So high-energy flexible LIBs have
drawn considerable attention in recent years [3–5]. Generally, the
performance of LIBs greatly depends on the electrodes, especially the
anode materials [6–8]. Therefore, flexible anodes with satisfactory
electrochemical performance and robust mechanical flexibility are the
focus of scientific interests.

Owing to the good lithium storage performance, excellent con-
ductivity, and favorable flexibility, self-supporting carbon nanomater-
ials (CNMs) such as carbon nanofibers (CNFs), carbon nanowires, gra-
phene etc. show great potential as promising flexible anode materials
[9–12]. Their unique nanostructures make it easy to be assembled or
pressed into thin films or papers, which can be directly utilized as
flexible freestanding electrodes without any binder or conductive ad-
ditive. Considering the limited energy density, coupling with other
active materials provides an efficient approach to improve the re-
versible capacity of carbon nanomaterials [13–15]. Nanostructured
transition metal oxides (TMOs) are emerging as alternative anodes due
to their high theoretical capacities, which yet suffers from low con-
ductivity and poor cycling stability [16,17]. Therefore, TMOs/CNMs
composites have been extensively investigated to combine their in-
dividual advantages together [18–20]. Even so, to satisfy the future
demands for large energy and power densities, flexible anodes with
high reversible capacity and long cycle stability, as well as excellent
rate capability, still remain a big challenge [21].

Recently, there is growing interest in the application of amorphous
TMOs (am-TMOs) in LIBs because of their unique electrochemical be-
havior [22–24]. First-principles calculations reveal lower Gibbs free
energy change of am-TMOs than their crystalline counterparts, im-
plying superior reversibility of the conversion reaction in charge/dis-
charge processes [25]. The amorphous nature allows absence of lattice
boundaries in internal space, which facilitates the percolation and dif-
fusion of Li+ ions and leads to promoted rate capability. Consequently,
am-TMOs/CNMs composites were designed and reported as dominant
anodes for LIBs and flexible LIBs [26–28]. For instance, Wang et al.
sulfurized MoOx/ethylenediamine nanowire to synthesize amorphous
MoS2/MoO3 on nitrogen-doped carbon nanowires, which showed a
reversible capacity of 887.5 mA h g−1 at 1 A g−1 after 350 cycles [29].
Shiratori et al. decorated amorphous Fe2O3 on electrospun CNFs
through electrodeposition and subsequent thermal annealing (300 °C).
The resulting self-supporting Fe2O3/CNFs presented a capacity of
518mA h g−1 at 0.05 A g−1 [30]. To synthesize and anchor am-TMOs
active species on CNMs, low-temperature conversion/calcination, hy-
drothermal etc. methods have been employed. Nevertheless, the mild
synthesis conditions would cause incompact connection between am-
TMOs and the carbon skeletons, resulting in inferior electrochemical
performance. More importantly, many am-TMOs/CNMs composites
showed even poor flexibility, which seriously restricts their application
in flexible LIBs. Therefore, developing feasible methods to synthesize
advanced am-TMOs/CNMs flexible electrodes for LIBs is urgently
needed.

Herein, we demonstrate a novel and facile approach to fabricate
amorphous Fe2O3/rGO/carbon nanofibers (am-Fe2O3/rGO/CNFs) films
as flexible and freestanding anodes for LIBs. By employing FeSO4,
graphene oxide (GO), polyacrylonitrile (PAN), and poly-
vinylpyrrolidone (PVP) as precursors, am-Fe2O3/rGO/CNFs films are
synthesized via in-situ electrospinning and subsequent one-step carbo-
nization at 600 °C. With abundant oxygen functional groups, the in-
tercalated GO unexpectedly induces tight growth of button-shaped
amorphous Fe2O3 (am-Fe2O3) nanoparticles onto rimous CNFs, which is
well-coated by a thin layer of carbon. Simultaneously, GO is reduced to
rGO and embedded into the nanofibers, substantially enhancing the
mechanical flexibility of the electrodes. Owing to the distinctive hier-
archical structure, the resulting am-Fe2O3/rGO/CNFs composites are
evaluated as high-performance freestanding anodes for LIBs. Especially,
the am-Fe2O3/rGO/CNFs-20 film delivers an excellent reversible

capacity of 811mA h g−1 at 0.1 A g−1, as well as remarkable rate
performance and cycling stability (584mA h g−1 over 400 cycles at a
high current density of 2 A g−1). The excellent mechanical flexibility of
the film also demonstrates great potential for application in flexible
LIBs.

2. Experimental section

2.1. Preparation of am-Fe2O3/rGO/CNFs

All reagents were of analytical grade and used without further
purification. Highly oxidized GO was synthesized through an improved
mixed acid method [31]. Briefly, 3.0 g graphite flakes and 18.0 g
KMnO4 were added into a concentrated H2SO4/H3PO4 (360:40mL)
solution, which was heated to 50 °C and stirred for 12 h. The mixture
was cooled to room temperature with 400mL ice water containing 3mL
H2O2 (30%). After filtered through polyester fiber, the filtrate was
centrifuged at 4000 rpm for 4 h. The remaining solid was then filtered
and washed in succession with 5% aqueous HCl and deionized water.
The GO product was further purified by dialysis for three days.

In a typical synthesis procedure of am-Fe2O3/rGO/CNFs, 4 equiva-
lent FeSO4·7H2O and certain GO powder was added into 20mLN, N-
dimethylformamide (DMF), followed by stirring and ultrasonication for
1.0 h (25W, 40 kHz). 1 g PAN and 1 g PVP were poured into the mix-
ture and vigorously stirred to get a homogeneous precursor solution for
electrospinning. Subsequently, the solution was injected into a plastic
injector with a 19G needle of 1.1mm inner diameter and electrospun on
a spinning machine at a voltage of 20 kV. The propelling rate of the
injector was set as 2 μm s−1. The distance between spinning needle and
cylinder (rotary speed 400 r min−1) was 16 cm to collect the nanofibers
and obtain an as-spun film (FeSO4/GO/PAN/PVP), which was directly
carbonized at 600 °C for 2 h under a heating rate of 3 °Cmin−1 in ni-
trogen atmosphere. The resulting flexible film was denoted as am-
Fe2O3/rGO/CNFs. To optimize the GO addition amount, am-Fe2O3/
rGO/CNFs films with 10mg, 20mg, and 50mg GO amount were pre-
pared and denoted as am-Fe2O3/rGO/CNFs-10, am-Fe2O3/rGO/CNFs-
20, and am-Fe2O3/rGO/CNFs-50, respectively. As a control, FeOx/
CNFs-0 was synthesized under the same experimental conditions except
for adding GO. To investigate the state of rGO, rGO/CNFs-20 was also
prepared without adding FeSO4·7H2O into the precursor solution.

2.2. Characterization

Scanning electron microscopy (SEM) images and line-scan energy
dispersive X-ray spectroscopy (EDS) were recorded on a Hitachi S-4800
instrument. Transmission electron microscopy (TEM) images and en-
ergy dispersive X-Ray spectroscopy (EDX) were recorded on a JEM-
2100 microscope operating at 200 kV. The tensile test was performed
on a mechanical testing machine (HY0580, Shanghai Hengyi Testing
Machine Company, China). The crystal structure was characterized
with X-ray diffraction (XRD) (X’Pert PRO MPD, Holland) using Cu Kɑ
radiation (k=1.518 Å) in angle of 2 theta from 5° to 70°. Raman
spectroscopy was collected using a LabRAM HR Evolution (France). The
Mössbauer spectrum was provided with a 57Co (Pd) source at room
temperature with a Wissel electromechanical spectrometer. X-ray
photoelectron spectroscopy (XPS) analysis was conducted using an Mg
Kɑ (1486.6 eV) monochromatic X-ray source (Escalab 250Xi, Thermol
Scientific). Thermal gravimetric analysis (TGA) was conducted in air at
a heating rate of 5 °Cmin−1 (STA 409 PC Luxx, Germany).

2.3. Electrochemical measurements

The electrochemical performance of the as-prepared am-Fe2O3/
rGO/CNFs films were examined using CR2032-type coin cells at room
temperature. The films were directly cut into working electrodes
(11mm in diameter) and assembled in the cells in an Ar-filled glove box
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(O2 < 0.1 ppm and H2O < 0.1 ppm) with lithium metal as counter
electrode. Binders, conductive agents and current collector are not
necessary. The mass loading of am-Fe2O3/rGO/CNFs anodes are
1.5–2.0 mg·cm−2. Celgard 2300 membrane was utilized as the se-
parator, and the electrolyte comprised 1M LiPF6 in a 1:1 (v/v) mixture
of ethylene carbonate and dimethyl carbonate (EC/DMC). The dis-
charge and charge processes were tested on a LAND CT2001A battery
test system over a voltage range of 0.01–3.00 V vs. Li/Li+. The elec-
trochemical impedance spectroscopy (EIS) tests were performed at a
frequency range of 100 KHz–10MHz with an AC voltage amplitude of
5mV on an Ametek PARSTAT4000 electrochemistry workstation.

3. Results and discussion

The am-Fe2O3/rGO/CNFs films were synthesized by a facile method
as illustrated in Scheme 1. Serving as an additive agent and iron re-
source, respectively, GO and FeSO4 were added into the PAN and PVP
precursor solution. GO with abundant oxygen-containing groups shows
strong coordination interactions with metal ions [32]. So the Fe2+

precursors were adsorbed onto GO surface and buried into the as-spun
nanofibers through an in-situ electrospinning procedure. Flexible am-
Fe2O3/rGO/CNFs films were further obtained via subsequent one-step
carbonization. In this stage, the strong anchoring interaction and spatial
hindrance effect induced by two-dimensional GO/rGO nanosheets re-
strict the migration of iron species [33]. The different migration rate
results in formation of small amorphous Fe2O3 clusters or nanoparticles
at the nucleation sites, followed by coalescence via solid state diffusion,
resulting in button-shaped am-Fe2O3 nanoparticles. Covered by a thin
carbon layer, the am-Fe2O3 nanoparticles were tightly anchored onto
the surface of rimous CNFs matrix. With the assistance of GO, flexible
am-Fe2O3/rGO/CNFs films were readily prepared and could be utilized
as freestanding anode materials for LIBs.

SEM images of the samples with different addition amount of GO
are shown in Fig. 1a–d. FeOx/CNFs-0 composite, that means, none GO is
added, exhibits big nanoparticles with non-uniform sizes located on
discontinuous nanofibers (Fig. 1a). The fractured feature should be
caused by excess iron salt, leading to poor spinnability and bad flex-
ibility of the resulting film (Fig. S1). As a contrast, am-Fe2O3/rGO/
CNFs-10, am-Fe2O3/rGO/CNFs-20, and am-Fe2O3/rGO/CNFs-50 all
exhibit continuous nanofibers. Since no GO nanosheets can be observed
between or around the nanofibers, rGO/CNFs-20 (to exclude the in-
fluence of iron oxides) was prepared and characterized to elucidate this
phenomenon (Fig. S2). The SEM and TEM images reveal GO nanosheets
are broken into fragments in the electrospinning process and embedded
into the nanofibers, acting as cross-linking networks to substantially
improve the flexibility of the resulting film [34]. The addition amount
of GO greatly affects the morphology and structure of the samples.
When small amount of GO is incorporated, the hindrance effect of GO is
weak, resulting in more nucleation and growth sites for iron precursors.
Small nanoparticles with uniform distribution are generated on the
surface and inner of CNFs for am-Fe2O3/rGO/CNFs-10 (Fig. 1b). As to
am-Fe2O3/rGO/CNFs-20, enhanced hindrance effect induced by GO

would lead to less nucleation and growth sites, achieving button-shaped
nanoparticles with larger size and uniform distribution (Fig. 1c).
However, excess GO causes agglomeration and formation of protuber-
ances in the am-Fe2O3/rGO/CNFs-50 nanofibers (Fig. 1d). As a result,
abundant nanoparticles are generated and distributed on the pro-
tuberances. As shown in Fig. 1e–f, the as-prepared flexible am-Fe2O3/
rGO/CNFs-20 film can be directly tailored into freestanding working
electrodes, which can be repeatedly folded for hundreds of times and
preserve their initial configuration. Tensile test was performed on am-
Fe2O3/rGO/CNFs-20, and it shows a tensile strength of 1.06 Mpa, fur-
ther revealing its good mechanical property.

Raman spectra were conducted to investigate the structural change
induced by GO. Fig. 2a illustrates the presence of two characteristic

Scheme 1. Illustration for the synthesis of am-Fe2O3/rGO/CNFs films.

Fig. 1. SEM images of the FeOx/CNFs-0 (a), am-Fe2O3/rGO/CNFs-10 (b), am-
Fe2O3/rGO/CNFs-20 (c), and am-Fe2O3/rGO/CNFs-50 (d). Digital photograph
of am-Fe2O3/rGO/CNFs-20 film (e) and its flexible test (f).

Fig. 2. Raman spectra (a) and XRD patterns (b) of FeOx/CNFs-0, am-Fe2O3/
rGO/CNFs-10, am-Fe2O3/rGO/CNFs-20, and am-Fe2O3/rGO/CNFs-50. RT
Mössbauer spectrum of am-Fe2O3/rGO/CNFs-20 (c).
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bands at around 1355 and 1590 cm−1, corresponding to D band (dis-
ordered structure) and G band (graphitic structure), respectively [35].
Compared with FeOx/CNFs-0, incorporation of GO results in enhanced
disorder and obvious increases of intensity ratio (ID/IG) from 1.13 to
1.53, 1.59, and 1.61, respectively. The similar ID/IG value of am-Fe2O3/
rGO/CNFs-10, am-Fe2O3/rGO/CNFs-20, and am-Fe2O3/rGO/CNFs-50
would provide more evidence for the embedment of GO fragments in
the nanofibers. As seen in Fig. 2b, XRD pattern of FeOx/CNFs-0 shows
diffraction peaks assigned to magnetite Fe3O4 (JCPDS: 85-1436) and
elemental Fe (JCPDS: 87-0722), arising from the thermal reduction
effect during the pyrolysis process. Interestingly, with the existence of
GO, no diffraction peaks of crystalline FeOx can be observed in the XRD
patterns of am-Fe2O3/rGO/CNFs-10, am-Fe2O3/rGO/CNFs-20, and am-
Fe2O3/rGO/CNFs-50, indicating their amorphous nature with no con-
tribution from crystalline phase. It should be noted that the small sharp
peak at around 26.5° should be ascribed to partial crystallization of α-
Fe2O3 (JCPDS no. 47-1409) or signal interference. Consequently, room
temperature (RT) 57Fe Mössbauer spectroscopy was measured to de-
termine chemical components of the nanoparticles. The spectrum of
am-Fe2O3/rGO/CNFs-20 shows a well-defined single quadrupole split
doublet of non-Lorentzian shape, arising from the electric field gradient
distribution encountered in amorphous iron (III) oxides [36]. The
isomer shift (δ=0.40mm s−1) and spectral line width (Γ1/
2= 0.58mm s−1) correspond to high-spin Fe3+ ions in octahedral co-
ordination [37]. The quadrupole splitting value (ΔEQ= 1.00mm s−1)
is relatively higher than other amorphous Fe2O3 samples, reflecting a
large distortion of the octahedral environment of Fe nuclei, which just
inosculates with their special button-shaped morphology. The above
results verify the significant role of GO on the composite structure and
mechanical flexibility of the am-Fe2O3/rGO/CNFs films, which can be
regulated by varying the GO addition amount. Intercalating highly
oxidized GO into the electrospun precursor not only induces the
synthesis of amorphous Fe2O3 nanoparticles, but also substantially en-
hances the mechanical flexibility of the resulting films. Among them,
am-Fe2O3/rGO/CNFs-20 displays the optimized ratio and best char-
acteristics for flexible lithium storage applications.

Considering the best characteristics and great potential as flexible
electrodes, the nanostructure and properties of am-Fe2O3/rGO/CNFs-20
were detailedly studied. As shown in Fig. 3, SEM and TEM images show
that plenty button-shaped am-Fe2O3 nanoparticles are well-distributed
onto the nanofibers with a uniform diameter around 140 nm. The ri-
mous nanofibers with abundant cracks would be beneficial for the
complete wetting of the electrolyte and provide ideal channels for Li+

ions diffusion and accessible lithium storage sites [38]. According to the
high-resolution TEM images, button-shaped Fe2O3 nanoparticles can be
clearly distinguished, verifying the amorphous nature of Fe2O3 for none
lattice fringes being observed (Fig. 3c–d). The bottom-up grown am-
Fe2O3 nanoparticles are intimately attached onto the surface of CNFs
matrix. It worth mentioning that their connection is strengthened with
the coated thin carbon layer (∼2.7 nm) over the am-Fe2O3 nano-
particles. Such special core–shell structure would greatly reinforce their
connection and stability in the charge–discharge processes [39]. The
TEM images also reveals the well presence of two-dimensional rGO
nanosheets embedded into the nanofibers, in accordance with the
above result (Fig. S3). EDX mapping of am-Fe2O3/rGO/CNFs-20 dis-
plays the presence of C, N, O, and Fe elements and evidences the well-
defined distribution of am-Fe2O3 on the nanofibers (Fig. 3e). The
doped-nitrogen should derive from PAN, which is beneficial to improve
the conductivity of CNFs. The result is completely consistent with the
EDS line-scan pattern, confirming the excellent distribution and desir-
able deposition of am-Fe2O3 nanoparticles (Fig. S4).

Fig. S5 shows the XPS analysis results of am-Fe2O3/rGO/CNFs-20. In
accordance with EDX results above, the full-range XPS spectrum pre-
sents C, N, O, and Fe peaks. High-resolution Fe 2p XPS spectrum shows
Fe 2p3/2 and Fe 2p1/2 peaks at 710.4 and 724.0 eV, respectively, with a
satellite peak at 718.2 eV, corresponding to the binding energy of Fe3+

ions [40]. Notably, in comparison with C1s XPS spectrum of GO, am-
Fe2O3/rGO/CNFs-20 displays a significant decrease in the C–O peak,
suggesting the deoxygenation of GO to rGO in the thermal treatment
process [41]. Thus, the buried rGO fragments not only serves as cross-
linking networks to improve the spinnability and flexibility, but also
provides enhanced conductive channels for electron transport along the
nanofibers. O 1 s XPS spectrum of am-Fe2O3/rGO/CNFs-20 can be di-
vided into three peaks at 532.8, 531.5, and 530.5 eV, corresponding to
the binding energy of C−O, Fe−O−C, and Fe−O, respectively [42].
The dominant Fe−O−C peak reveals strong chemical bonding between
the carbonaceous substrate and Fe2O3 [43]. Such strong interaction
would be beneficial to the fast electron transfer and buffer the expan-
sion of Fe2O3, leading to improved electrochemical properties. Thermal
gravimetric analysis (TGA) was conducted in air at a heating rate of
5 °Cmin−1 to evaluate the Fe2O3 content (Fig. S6). The sample starts to
lose weight along with temperature rises. The main weight loss between
300 °C and 500 °C is mainly ascribed to carbon pyrolysis of CNFs and
rGO. Only Fe2O3 was left after heating to 800 °C, and the mass per-
centage of Fe2O3 is calculated to be 19.5 wt% in am-Fe2O3/rGO/CNFs-
20.

The obtained am-Fe2O3/rGO/CNFs composites are flexible free-
standing films and can be directly utilized as anodes for LIBs without
any binder, conductive agent or current collector. Coin cells were made
to evaluate the electrochemical properties of the samples. Cyclic per-
formance of FeOx/CNFs-0, am-Fe2O3/rGO/CNFs-10, am-Fe2O3/rGO/
CNFs-20, and am-Fe2O3/rGO/CNFs-50 were firstly compared at a cur-
rent density of 1 A g−1 (Fig. 4a). All the composites show a sharp ca-
pacity decrease in the first few circles, followed by gradual increasing of
the capacity, which is common for TMO-based electrodes [44,45]. The
initial drops is generally caused by decomposition of electrolyte and
formation of solid electrolyte interphase (SEI) film, while the following
rise is generally attributed to electrochemical activation and reversible
growth of a polymeric gel-like SEI film on the surface of the progres-
sively pulverized particles resulting from electrochemical grinding ef-
fect [46]. Due to the existence of FeOx active species (especially Fe3O4),
FeOx/CNFs-0 displays a relatively stable cyclic performance and

Fig. 3. SEM image (a) and TEM images of am-Fe2O3/rGO/CNFs-20 at different
magnifications (b-d). TEM image and corresponding EDX elemental mappings
of C, N, O, and Fe, respectively (e).
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presents a discharge capacity of 524mA h g−1 over 350 cycles [47].
Comparably, the smaller size and uniform distribution of amorphous
Fe2O3 in am-Fe2O3/rGO/CNFs-10 avoids serious nanoparticle pulver-
ization and thus leads in a sluggish capacity rise, affording an enhanced
capacity of 646mA h g−1 after 350 cycles. Due to the larger nano-
particle size, am-Fe2O3/rGO/CNFs-20 involves in electrochemical ac-
tivation and reversible growth of a polymeric gel-like film on the pul-
verized nanoparticles in the charge/discharge processes. The sample
delivers an obvious rise and finally reaches a high reversible capacity of
739mA h g−1 over 400 cycles. While am-Fe2O3/rGO/CNFs-50 displays
unstable performance, the capacity of which decreases from
714mA h g−1 to 548mA h g−1 after 350 cycles because of its unstable
protuberance structure. Therefore, intercalation of GO can alter the
composite characteristics, which further influence their electrochemical
properties. As expected, am-Fe2O3/rGO/CNFs-20 achieves the best
electrochemical performance. Cyclic performance of am-Fe2O3/rGO/
CNFs-20 at 0.1 A g−1 was further determined (Fig. 4b). The sample
delivers a discharge and charge capacity of 1378 and 825mA h g−1 in
the first cycle, respectively, with a coulombic efficiency (CE) of 60.0%.
The relatively low CE is mainly caused by the irreversible formation of
SEI film, as well as the abundant active sites on CNFs to cause de-
composition of the electrolyte [48,49]. Whereafter, the electrode shows
a stable reversible capacity and finally affords 811mA h g−1 after 150
cycles, with CE maintained steadily around 100%.

To fully uncover the electrochemical mechanism, galvanostatic
discharge–charge profiles of am-Fe2O3/rGO/CNFs-20 were performed
in 0.01–3.0 V voltage range at 1 A g−1 (Fig. 4c). In the first discharge
process, the inclined slope between 1.4 and 0.8 V and voltage plateaus
at 0.7 V reveals the reduction of Fe3+ to Fe2+ and Fe2+ to Fe0, re-
spectively [50]. The long slope below 0.7 V should mainly originate
from the Li+ ions storage in CNFs. Correspondingly, in the charge
curve, the sloped region from 0.8 to 1.9 V is attributed to the reverse
oxidation reaction of Fe0 to Fe3+ [40,51]. In line with the cyclic per-
formance, the electrode shows a capacity loss in the first few cycles,
followed by a gradual upswing. The capacity stabilizes at around
734mA h g−1 in the 200th cycle, with a CE approaching 100%. The
discharge and charge curves almost overlap in the following 300th and
400th cycle, implying the sustained excellent reversibility of the

conversion mechanism in the anode. Remarkably, with the increase of
recycling time, the voltage hysteresis becomes much narrower as con-
firmed by the closer discharge/charge voltage profiles, suggesting faster
reaction kinetics of the electrode owing to the amorphous nature of
Fe2O3 [52–54].

Fig. 5a presents a robust and stable rate performance of am-Fe2O3/
rGO/CNFs-20 at different current densities ranging from 0.1 to 2 A g−1.
After 100 cycles at a current density of 2 A g−1, am-Fe2O3/rGO/CNFs-
20 delivers a specific capacity of 889mA h g−1 at 0.1 A g−1. When the
current density is changed to 0.2, 0.5, 1, and 2 A g−1, the electrode
presents high capacities of 819, 738, 664, and 570mA h g−1, respec-
tively. As the current density is recovered to 0.1 A g−1, a reversible
capacity of 875mA h g−1 is achieved. Considering the great potential
for LIBs with high energy and power densities, its long-term cyclic
performance was subsequently conducted at a high current density of 2
A g−1 (Fig. 5b). After a sharp decrease in the first few cycles, the ca-
pacity goes up and shows a long stable reversible capacity about
580mA h g−1 in the following cycles (CE around 100%), and finally
affords a satisfactory capacity of 584 after 400 cycles. Table 1S shows
the electrochemical performance of Fe2O3-based anode materials re-
ported in recent literatures. One can find that the am-Fe2O3/rGO/CNFs-
20 displays comparable or superior performance to previous studies.
Especially, as a flexible electrode, the composite shows excellent re-
versible capacities and good stability at high current densities. As a
further proof of concept, the am-Fe2O3/rGO/CNFs-20 film was also cut
into rectangle pieces and assembled into a flexible LIBs. As shown in
Fig. 5c-f, the flat packaged battery can power an array of commercial
colored light-emitting diodes (LEDs). Notably, the battery still works
normally when it is bended and folded to different angles (around 45°,
90°, and 180°), demonstrating the excellent mechanical flexibility of
am-Fe2O3/rGO/CNFs-20 electrode and its great potential for applica-
tion in flexible energy storage devices.

In order to shed light on the superior electrochemical performance
of the am-Fe2O3/rGO/CNFs electrodes, electrochemical impedance
spectroscopy (EIS) measurements were recorded (Fig. 6a). The semi-
circle at high-medium frequency is assigned to the charge-transfer re-
sistance (Rc) and Li+ ions migration resistance through the SEI film
(Rs). While the inclined line at low frequency is related to the Warburg

Fig. 4. Performance comparison of FeOx/CNFs-0, am-Fe2O3/rGO/CNFs-10, am-Fe2O3/rGO/CNFs-20, and am-Fe2O3/rGO/CNFs-50 at 1 A g−1 (a). Cyclic performance
and corresponding CE of am-Fe2O3/rGO/CNFs-20 at 0.1 A g−1 (b). Charge/discharge voltage profiles of am-Fe2O3/rGO/CNFs-20 (c).
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impedance (Ws), which is associated with the diffusion of Li+ ions into
the bulk electrodes [55,56]. Compared with FeOx/CNFs-0, the

increasing amount of GO leads to obvious gradual decrease of the
semicircle diameter, suggesting improved charge transfer and Li+ ions
diffusion kinetics. The strong interfacial interaction between con-
ductive CNFs substrate and am-Fe2O3 guarantees the rapid charge
transfer. The rimous CNFs with abundant cracks facilitate the complete
wetting of the electrolyte, providing shorter and faster channels for Li+

ions diffusion. However, as confirmed by the SEM results above, excess
GO causes serious agglomeration in CNFs and leads to a quite low slope
in the low frequency range for am-Fe2O3/rGO/CNFs-50. In comparison,
am-Fe2O3/rGO/CNFs-10 and am-Fe2O3/rGO/CNFs-20 show much
higher slope than FeOx/CNFs-0, indicating higher Li+ ions diffusion in
the electrodes. The robust architectural stability of the electrode was
further confirmed by the SEM result (Fig. 6b). Compared with Fig. 1c
above, additional smaller nanoparticles are distributed on CNFs after
400 charge/discharge cycles at of 2 A g−1, which should be ascribed to
exposure of buried am-Fe2O3 to the surface, as well as partial pulver-
ization of am-Fe2O3 through the electrochemical cycle processes. The
whole composite is coated by a layer of SEI film on the surface. Still, the
am-Fe2O3/rGO/CNFs-20 composite shows excellent stability and
maintains its hierarchical structure.

On account of the above results, the superior lithium-ion storage
properties of am-Fe2O3/rGO/CNFs-20 should be attributed to its dis-
tinctive hierarchical structure. The addition of GO strengthens the
mechanical flexibility of the film and induces the formation of amor-
phous am-Fe2O3 nanoparticles, which possess high capacitive storage
and lower reaction activation energy compared with crystalline ones

Fig. 5. Rate capability (a) and long-term cyclic capability at 2 A g−1 (b) of am-Fe2O3/rGO/CNFs-20. Photographs demonstration of the flexibility of the freestanding
am-Fe2O3/rGO/CNFs-20 electrode by flat (c), and bended for 45° (d), 90° (e), and 180° (f), respectively.

Fig. 6. Nyquist plots of FeOx/CNFs-0, am-Fe2O3/rGO/CNFs-10, am-Fe2O3/
rGO/CNFs-20, and am-Fe2O3/rGO/CNFs-50 (a). SEM image of am-Fe2O3/rGO/
CNFs-20 after 400 cycles at 2 A g−1 (b). Schematic illustration diffusion paths
of Li+ ions into am-Fe2O3 (c) and the hierarchical microstructure of am-Fe2O3/
rGO/CNFs (d).
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(Fig. 6c) [19]. Without the lattice boundaries, the isotropic structure
affords accessible transmission tunnels and storage sites for Li+ ions,
leading to faster reaction kinetics [42]. Moreover, the conductive CNFs
with abundant cracks provide ideal channels for the electrolyte wetting,
Li+ ions diffusion, and electron transportation (Fig. 6d). With intensive
connection to anchor the am-Fe2O3 active species, the CNFs matrix not
only efficiently accommodate the volume changes of am-Fe2O3, but also
guarantees its robust structure and satisfactory reversible stability in
extended cycling. In view of these fantastic structure and properties,
flexible electrodes with superior electrochemical performance are de-
servedly achieved.

4. Conclusion

In summary, we have successfully developed novel button-shaped
amorphous Fe2O3/rGO/carbon nanofibers films through facile in-situ
electrospinning and subsequent one-step carbonization. Intercalation of
highly oxidized GO induces growth of button-shaped amorphous Fe2O3

nanoparticles located onto rimous CNFs matrix and simultaneously
improves the mechanical flexibility of the resulting film. The amor-
phous nature enables Fe2O3 to achieve high capacitive storage, faster
reaction kinetics, and excellent reversibility during electrochemical
processes. The intimate connection between am-Fe2O3 and conductive
carbon skeleton can facilitate electron transport, alleviate volume
change, and enhance structural stability. Owing to the distinctive
hierarchical structure, the am-Fe2O3/rGO/CNFs-20 film delivers an
excellent reversible capacity of 811mA h g−1 at 0.1 A g−1, as well as
remarkable rate performance and cycling stability (584mA h g−1 over
400 cycles at a high current density of 2 A g−1). The electrode also
exhibits satisfactory flexibility and great potential for application in
flexible LIBs. We believe this work may open up a feasible avenue for
the synthesis of amorphous TMOs based composites and designing of
high-performance electrodes for flexible LIBs and beyond.
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