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ABSTRACT: A new hybrid nanostructure composed of mildly reduced
graphene oxide (mRGO) nanosheets and homogeneous loading of
amorphous FeOOH with ultrafine particles (∼2 nm) is successfully
synthesized via a facile infrared irradiation approach. Surprisingly, the as-
prepared FeOOH/mRGO hybrid exhibits high reversible capacity, long-
term stability, and excellent rate performance, when used as an anode
material for lithium-ion batteries. A high reversible capacity of 767 mA h
g−1, with a coulombic efficiency of ∼100%, can be achieved at a high
current density of 1000 mA g−1 even after 600 discharge/charge cycles.
The superior electrochemical performances are attributed to the
synergistic effects of the small particle size, amorphous structure, and
conductive mRGO.
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■ INTRODUCTION

Rechargeable lithium-ion batteries are the key parts of portable
electronic devices, electric/hybrid electric vehicles, and the
storage of renewable energy.1−4 Graphite, the mostly
commonly commercial anode material, cannot meet the ever-
increasing demand for high-performance lithium-ion batteries
because of its low theoretical specific capacity (372 mA h g−1)
and limited rate capability.5 It is highly challenging but desirable
to develop novel anode materials with larger capacities and
higher lithium diffusion rates.3 Fabricating various carbona-
ceous nanocomposites and nanostructures seems to be the
most applicable strategies.6−14 Graphene, a two-dimensional
carbon material, has attracted much interest in the fields of
energy-storage applications because of its high surface area,
superior electrical conductivity, chemical stability and excellent
mechanical flexibility,15−19 Up to now, many graphene-based
hybrid anodes have been prepared,20−24 and they indeed
exhibit enhanced electrochemical performances compared to
their bare counterparts. Besides, the preparation of nano-
architectures with amorphous structure has been reported to be
an effective route to obtain fast lithium insertion/extraction
kinetics and long lifespan.25−28

In recent years, iron oxides/hydroxides (e.g., Fe2O3, Fe3O4,
and FeOOH) as anode materials for lithium-ion batteries have
aroused much attention because of their low cost, nontoxicity,
and high capacity.29−37 Various nanostructured Fe2O3 and
Fe3O4 are explored and exhibit enhanced capacity and
cyclability.29−33 In contrast, FeOOH is rarely studied because
of insulating nature and unstability. Zhang et al. reported that

α-FeOOH can uptake and extract a large amount of Li via the
conversion reaction mechanism.35 Tabuchi et al. reported that a
β-FeOOH film anode can deliver a high initial capacity of 846
mA h g−1.36 Nevertheless, the cycle life of FeOOH-based
anodes is limited because of the low conductivity and large
volume change during the uptake/release of lithium.35,36 To
meet the ever-increasing energy demand, therefore, it is highly
desirable but challenging to develop high-capacity and long-
lifespan FeOOH-based anode materials.
In this work, we report on a novel infrared irradiation

approach to synthesize amorphous FeOOH with ultrafine
particles (∼2 nm) grown on mRGO nanosheets. Because of
advantageous combination of ultrafine nanoparticles, amor-
phous structure and conductive mRGO, the as-prepared hybrid
exhibits high reversible capacity, excellent rate capability, and
long cycle life when evaluated as an anode material for lithium-
ion batteries.

■ EXPERIMENTAL SECTION
Materials Synthesis. Firstly, GO was obtained by the modified

Hummers method.38,39 Then the as-prepared GO was mildly reduced
using hydrazine hydrate as a reducing agent. Namely, the as-prepared
GO (100 mg) was dispersed in water (100 mL) by sonication. The
hydrazine hydrate (1.0 mL, 32.1 mmol) was then added. This
suspension was heated in an oil bath at 90 °C for 6 h, and mRGO was
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finally obtained. For synthesis of amorphous FeOOH/mRGO
composite, a facile infrared irradiation method was explored. In a
typical procedure, 100 mg of mRGO was dispersed in 50 mL of
deionized (DI) water under sonication for 1 h to form a homogenous
suspension. Then, 2 mmol of iron(III) nitrate nonahydrate (0.8080 g)
was added directly into the suspension under stirring. The mixed
suspension was heated in an oil bath at 70 °C until thick slurry formed.
Finally, the FeOOH/mRGO composite was obtained after treatment
of the resulting slurry under infrared irradiation for 2 h. For
comparison, bare FeOOH was also prepared under the same condition
with a further heat treatment at 160 °C in air for 1h.
Materials Characterization. The phase of the products was

identified using a powder X-ray diffraction (XRD) diffractometer
(X’Pert PRO, PANalytical B.V., Holland) with Cu Kα1 irradiation (λ =
1.5406 Å). The chemical state of the products was studied by X-ray
photoelectron spectroscopy (XPS) using a VG MultiLab 2000 system
(Thermo Scientific). The photoelectrons are excited using a
monochromatic Al Kα X-ray source. The morphology was observed
by field-emission scanning electron microscopy (FESEM, FEI Sirion
200), which is coupled with an energy-dispersive X-ray (EDX)
spectrometer (Oxford Intrument) for composition analysis. Trans-
mission electron microscopy (TEM, JEOL 2100F) was used to
investigate the microstructure of the products. Raman spectra were
recorded using a Renishaw Invia spectrometer. The source of
irradiation is an Ar+ laser of 514.5 nm operating at room temperature.
Thermogravimetric (TG) data were obtained on a TG analyzer
(PerkinElmer Diamond) at 10 °C min−1 in air.
Electrochemical Measurement. The working electrode was

made of the as-prepared FeOOH/mRGO hybrid (or bare FeOOH),
acetylene black (Super P), and polyvinylidene fluoride (PVDF) as a
binder (80:10:10, weight ratio). The coin cells (2032-type) consisted
of a lithium foil as the counter electrode, a membrane (Celgard 2300)
as the separator, and 1 M LiPF6 in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (v/v = 1:1) as the electrolyte. Cyclic
voltammetry (CV), electrochemical impedance spectrometry (EIS),
and galvanostatic charge/discharge measurements were carried out
according to ref 20.

■ RESULTS AND DISCUSSION
Figure 1 shows a schematic illustration for the formation of the
FeOOH/mRGO composite. In a typical procedure, an iron(III)

nitrate/mRGO suspension was slowly dried and transformed to
the sticky slurry during the solvent vaporization. The FeOOH
nanoparticles were then gradually deposited and embedded in
the mRGO network under infrared irradiation. Figure 2a
displays the typical XRD pattern of the resulting FeOOH/
mRGO product that was obtained after infrared irradiation. No
obvious diffraction peaks were observed, confirming the
amorphous structure of the as-prepared material. A typical
survey XPS spectrum for the as-prepared FeOOH/mRGO
composite was shown in Figure 2b, indicating the existence of
Fe, O, and C. The peaks of Fe (Fe 2s, 2p1/2, 2p3/2, LMM, 3p)
and O (O 1s, KLL) can be assigned to characteristic of
FeOOH.40 Figure 2c displays the high-resolution XPS spectrum

of Fe 2p. Two main peaks at 725.0 and 711.4 eV were found,
corresponding to the Fe 2p1/2 and Fe 2p3/2 spin-orbit peaks of
FeOOH.40 The peak of C 1s arises from mRGO, and the high-
resolution C 1s spectrum is shown in Figure 2d. It can be well
fitted into four peaks that are attributed to carbon atoms from
different oxygen-containing functional groups. The strong C 1s
peak at 284.5 eV corresponds to graphitic carbon in mRGO,
whereas the other three peaks at higher binding energies arise
from the oxygenated carbons: C−O (286.4 eV), CO (287.9
eV), and O−CO (289.0 eV).41 Compared with those of the
RGO-based composites,20,42−44 these peaks show much higher
relative intensity, indicating the existence of much more
oxygen-containing functional groups in the mRGO of the
resulting composite. Figure S1 in the Supporting Information
shows the high-resolution XPS spectrum of O 1s for the
FeOOH/mRGO composite. The O 1s peak at 530.0 eV may
arise from Fe3+ in FeOOH.40 Also, there appears a small peak at
532.6 eV for O 1s, indicating that oxygen-containing groups
bonded with C atoms exist in mRGO.41

The general morphology of the as-obtained material was
investigated by FESEM. Figure 3a shows the low-magnification
FESEM image of the FeOOH/mRGO composite. There exist a
large number of micrometre lateral dimension nanosheets in
the product. FESEM observations at a higher magnification
(Figure 3b) reveal that the surface of these nanosheets is much
rougher in comparison with that of the bare mRGO (see Figure
S2 in the Supporting Information). This indicates that a thin
nanostructured layer of FeOOH has been successfully grown
on the surface of the mRGO. The elemental composition of the
product was probed by EDX analysis (see Figure S3 in the
Supporting Information). The results indicate that the as-
prepared sample is composed of Fe, O, and C, which is
consistent with the XPS results (Figure 2b−d). In addition, the
EDX elemental mappings indicate the uniform distribution of
Fe, O and C in the FeOOH/mRGO composite (see Figure S4
in the Supporting Information). Additionally, the chemical
composition of the bare FeOOH product was determined by
EDX (see Figure S5 in the Supporting Information). The
atomic ratio of O to Fe is evaluated to be about 1.98:1,
consistent well with that of FeOOH. Raman spectroscopy is an

Figure 1. Schematic illustration for the formation of the FeOOH/
mRGO composite.

Figure 2. (a) Representative XRD pattern of the amorphous FeOOH/
mRGO hybrid. XPS spectra of the FeOOH/mRGO hybrid: (b) survey
XPS spectrum and high-resolution of (c) Fe 2p and (d) C 1s spectra.
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important tool to study carbonaceous materials. Figure S6 in
the Supporting Information shows the Raman spectrum of the
FeOOH/mRGO hybrid. Two characteristic peaks are observed
at 1351 and 1593 cm−1, consistent with the typical Raman
modes of the D band (disordered induced phonon mode) and
the G band (graphite band) of carbon, respectively. TG was
carried out in air to determine the chemical composition of the
bare FeOOH and the FeOOH/mRGO composite (see Figure
S7 in the Supporting Information). As shown in Figure S7a in
the Supporting Information, the TG curve of the bare FeOOH
exhibits a 11.5 wt % weight loss from 250 to 400 °C, which is
slightly larger than the theoretical value of the weight change
from FeOOH to Fe2O3 (10.1 %). Figure S7b in the Supporting
Information shows the TG result for the as-formed FeOOH/
mRGO hybrid. The weight change between 250 and 700 °C is
due to both the decomposition of FeOOH and the combustion
of mRGO. Thus, the RGO content in the product is evaluated
to be about 31.0 wt %.
Figure 4a shows a typical TEM image of the resulting

material. The light contrast can be assigned to the mRGO
matrix. In comparison, the dark contrast suggests the FeOOH
nanoparticles of higher projected mass density. These
extremely tiny nanoparticles of ∼2 nm in size are
homogeneously dispersed on the mRGO substrate in a very
dense manner almost without aggregation (Figure 4b). The low
aggregation suggests that the mRGO nanosheets are important

to achieve well-dispersed FeOOH nanoparticles. The corre-
sponding SAED pattern (Figure 4c) indicates that these
ultrafine FeOOH nanoparticles are amorphous, which is
consistent with the XRD results (Figure 2a).
mRGO plays an important role in the decomposition of

iron(III) nitrate and the formation of amorphous FeOOH
nanoparticles. As evidenced by the XPS results (Figure 2b−d),
the mRGO nanosheets still contain a plenty of functional
groups such as −CO and O−CO after mild reduction.
These mRGO nanosheets could be well dispersed in water due
to these oxygen-containing functional groups. During the
synthesis process, two main steps are probably included: (a)
When Fe3+ ions were added into the mRGO suspension, the
Fe3+ ions were attached to those negatively charged oxygen-
containing functional groups through electrostatic interaction.
(b) The black mRGO nanosheets absorbed the energy of
infrared radiation, which promoted the formation of
amorphous FeOOH nanoparticles on the mRGO. Meanwhile,
the infrared radiation may help to the further reduction of the
oxygen-containing functional groups, thus further improving
the conductivity of mRGO. In the control experiments, we also
explored the influence of the mRGO and infrared radiation on
the formation of amorphous FeOOH nanoparticles. If the
mRGO was not utilized or the hybrid was dried at 70 °C
instead of infrared radiation, FeOOH nanoparticles cannot be
obtained. For the preparation of bare FeOOH, a further heat

Figure 3. FESEM images of the obtained FeOOH/mRGO hybrid.

Figure 4. (a, b) TEM images and (c) SAED pattern of the FeOOH/mRGO hybrid.
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treatment at 160 °C for 1 h was needed after infrared radiation
(see Figure S8 in the Supporting Information). These results
demonstrate that both the mRGO and infrared radiation paly
critical roles in the formation of the well-dispersed amorphous
FeOOH nanoparticles on mRGO nanosheets. The general
reaction for the formation of FeOOH may be simplified as
follows

+ → + +− +Fe(NO ) 3H O Fe(OH) 3NO 3H3 3 2 3 3 (1)

→ +Fe(OH) FeOOH H O3 2 (2)

The electrochemical performances of the amorphous FeOOH/
mRGO composite were evaluated by CV and galvanostatic
discharge−charge cycling. Figure 5a depicts the representative
CV curves of the amorphous FeOOH/mRGO hybrid cycled at
a scan rate of 0.2 mV s−1 in the voltage range of 0.01−3.0 V vs.
Li+/Li. In the first curve, there are three cathodic peaks at
around 1.70, 1.20, and 0.75 V, respectively. Meanwhile, two
broad peaks at 1.58 and 1.88 V can be observed in the anodic
process. The cathodic peaks are ascribed to the Li reaction with
FeOOH to produce nanoparticles of Fe embedded in an
amorphous matrix of LiOH and Li2O (FeOOH + 3Li+ + 3e− →
Fe + LiOH + Li2O), while the anodic peaks correspond to the
oxidation of Fe nanoparticles into Fe2O3 nanoparticles (2Fe +
3Li2O → Fe2O3 + 6Li+ + 6e−).35 In the second cycle, there is
only a slight migration of the main reduction peak (from 0.75 V
to 0.78 V), which is different from that of the bare FeOOH (see
Figure S9 in the Supporting Information). This phenomenon
may result from the enhanced kinetics of the amorphous
FeOOH/mRGO hybrid.45 From the second cycle onward, the
reduction peak at about 0.78 V in the cathodic process and the
oxidation peaks at about 1.61 and 1.92 V in the anodic scans are
clearly observed, and they overlap well with those in the
following cycles, indicating the highly reversible reduction and
oxidation of the as-prepared material (Fe2O3 + 6Li+ + 6e− ↔
2Fe + 3Li2O).

35 For the bare FeOOH electrode (see Figure S9
in the Supporting Information), similar redox peaks are

observed in the first cycle of the CV curves. However, they
decline rapidly in the subsequent cycles, indicating the poor
reversibility.
Figure 5b shows the discharge/charge curves of the

amorphous FeOOH/mRGO hybrid at a current density of
200 mA g−1 in the voltage range of 0.01−3.0 V vs. Li+/Li. In the
first curve, there are three obvious voltage plateaus (∼1.70,
∼1.18 and ∼0.78 V vs. Li+/Li) in the discharge process,
corresponding to three lithiation steps,36 in a good agreement
with the CV results. At the same time, there exists a long slope
in the low-potential region. The specific capacity corresponding
to this region of the first discharge curve may be due to the Li
insertion in mRGO.21 The first charge curve exhibits a long
sloped region at ∼1.70 V due to the oxidation reaction of Fe.
The as-obtained material delivers a reversible charge capacity of
1015 mA h g−1 with a coulombic efficiency of 67.1% in the first
cycle. The initial capacity loss may result from the irreversible
lithium loss due to the electrolyte decomposition to form a
solid electrolyte interphase (SEI) layer and possibly interfacial
lithium storage.46,47 From the second cycle onward, the
discharge/charge curves remain steady and reversible, con-
sistent with the CV results. The cycling performance of the
amorphous FeOOH/mRGO composite was evaluated at 1000
mA g−1 in the voltage range of 0.01−3.0 V vs. Li+/Li. As shown
in Figure 5c, the amorphous FeOOH/mRGO hybrid electrode
exhibits extraordinary cyclability with high capacity. A reversible
capacity of ∼767 mA h g−1 with a coulombic efficiency of
∼100% can be achieved after 600 discharge/charge cycles.
Importantly, the amorphous FeOOH/mRGO composite shows
excellent rate capability (Figure 5d). Even under the current
density as high as 2000 mA g−1, the as-prepared electrode still
exhibits a favorable capacity of ∼608 mA h g−1, which is still
much higher than the theoretical capacity of graphite (∼372
mA h g−1). Notably, after the measurements at various current
densities, the capacity can recover to the initial reversible
values, implying good reversibility and very stable cycling
performance. In contrast, the electrode made of bare FeOOH

Figure 5. Electrochemical performance of the amorphous FeOOH/mRGO hybrid: (a) CV curves at a scan rate of 0.2 mV s−1 in the voltage range of
0.01−3.0 V vs. Li+/Li, (b) discharge/charge curves for the 1st, 2nd, 3rd, and 4th cycles (current density: 200 mA g−1; potential range: 0.01−3 V vs.
Li+/Li), (c) cyclability and coulombic efficiency (current density: 1000 mA g−1; potential range: 0.01−3 V vs. Li+/Li), and (d) capacity over cycling
at various current densities of 200, 500, 1000, 1500, and 2000 mA g−1 in the voltage range of 0.01−3.0 V vs. Li+/Li.
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exhibits much worse electrochemical performance, which shows
a quick decrease in capacity even at a low current density of 200
mA g−1 (Figure 6). The high capacity, good cycling stability and

rate capacity of the amorphous FeOOH/mRGO hybrid could
be reasonably attributed to the advantageous combination of
small FeOOH nanoparticles (∼2 nm) with amorphous
structure and conductive mRGO. The small primary FeOOH
particles render a very short transport length for both lithium
ions and electrons upon the discharge/charge cycling. More-
over, the reaction kinetics could be improved due to the
amorphous structure.26 The mRGO nanosheets in the
composite can serve as an elastic and highly conductive frame
work to maintain the electrical contact from the FeOOH
nanoparticles to the current collectors.
The enhanced electrical conductivity of the amorphous

FeOOH/mRGO composite was confirmed by EIS (Figure 7).

The semi-circle observed in the high and middle frequency
range corresponds to the charge transfer resistance at the
interface of the composite electrode. The inclined line in the
lower frequency, typical of the Warburg impedance, generally
reflects the lithium-ion diffusion within the bulk electrode.
According to the Nyquist plots of the two samples, the
FeOOH/mRGO electrode has a charge transfer resistance
value of 160 Ω, which is much smaller than that of the bare
FeOOH electrode (450 Ω), revealing a lower charge-transfer
resistance in the FeOOH/mRGO composite mainly due to the
higher electrical conductivity of the composite. This result
indicates that the FeOOH/mRGO electrode possesses a high
electrical conductivity, hence resulting in high capacity and
good rate capability. To understand the excellent cycling
performance of the amorphous FeOOH/mRGO hybrid, the
morphology and microstructure variation after cycling were
investigated. Figure 8 shows the representative TEM image of
the FeOOH/mRGO hybrid after 600 discharge/charge cycles
at 1000 mA g−1. It is obviously demonstrated that the FeOOH

nanoparticles are still well-dispersed on the mRGO substrate in
the initial state even after 600 cycles, indicating good structure
stability of the as-prepared composite. Benefiting from the
unique composite nanostructure, the strain and stress of the
volume change upon cycling could be effectively accommo-
dated, and agglomeration of ultrafine FeOOH nanoparticles is
avoided, leading to highly reversible stability. Therefore, the
synergetic effect of the small particle size, amorphous structure,
and conductive mRGO may contribute to the superior
electrochemical performances of the as-prepared FeOOH/
mRGO hybrid.

■ CONCLUSIONS
In summary, we have developed a facile infrared irradiation
approach for the synthesis of a unique FeOOH/mRGO
nanocomposite, featuring amorphous FeOOH nanoparticles
with ∼2 nm diameter uniformly grown on the mRGO
nanosheets. This method is highly promising for cost-effective
and large-scale production. The as-prepared FeOOH/mRGO
composite as an anode material exhibits high reversible
capacity, excellent cyclability and rate capability, which could
be attributed to the enhanced ionic and electronic transport in
the electrode. The advantageous combination of the small
particle size, amorphous structure and mRGO enables a
promising anode material for next-generation high-performance
lithium-ion batteries. Moreover, the present synthesis method
could be extended to prepare other mRGO-based transition-
metal oxide/hydroxide hybrids for lithium-storage applications.
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Figure 6. (a) Discharge/charge curves and (b) cycling performance of
the bare FeOOH electrode at a current density of 200 mA g−1 cycled
between the voltage of 3−0.01 V vs. Li/Li+.

Figure 7. Electrochemical impedance spectra of the FeOOH/mRGO
hybrid and bare FeOOH electrodes.

Figure 8. TEM image of the FeOOH/mRGO hybrid after 600 cycles
at a current density of 1000 mA g−1 cycled between the voltage of 3−
0.01 V vs. Li/Li+.
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