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ABSTRACT: Developing electrode materials with both high energy and
power densities holds the key for satisfying the urgent demand of energy
storage worldwide. In order to realize the fast and efficient transport of
ions/electrons and the stable structure during the charge/discharge
process, hierarchical porous Fe;O,/graphene nanowires supported by
amorphous vanadium oxide matrixes have been rationally synthesized
through a facile phase separation process. The porous structure is directly
in situ constructed from the FeVO, 1.1H,O@graphene nanowires along
with the crystallization of Fe;O, and the amorphization of vanadium oxide
without using any hard templates. The hierarchical porous Fe;0,/VO,/
graphene nanowires exhibit a high Coulombic efficiency and outstanding
reversible specific capacity (1146 mAh g™'). Even at the high current
density of 5 A g™', the porous nanowires maintain a reversible capacity of
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~500 mAh g~'. Moreover, the amorphization and conversion reactions between Fe and Fe;0, of the hierarchical porous Fe;0,/
VO, /graphene nanowires were also investigated by in situ X-ray diffraction and X-ray photoelectron spectroscopy. Our work
demonstrates that the amorphous vanadium oxides matrixes supporting hierarchical porous Fe;0,/graphene nanowires are one

of the most attractive anodes in energy storage applications.
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In the past decades, concerns over environmental pollution
and depletion of fossil fuels have galvanized the endeavors to
develop alternative energy conversion/storage systems with
high energy and power densities.”> Among those different
energy conversion/storage systems in operation or under study,
lithium jon batteries (LIBs) are attracting special attention
because of their high energy density and long lifespan.>~>
Presently, as the commercial LIBs anode material, graphite has
a relatively low theoretical discharge capacity of 372 mAh g™".
Therefore, the exploitation of different anode materials with
high capacity such as alloys, metal oxides, and metal sulfides, is
urgent.” Among the high-capacity anode materials, iron oxides
have attracted much attention and been studied widely due to
their low cost, earth abundance and ease of synthesis.® '
Nevertheless, these materials often suffer from low Li* diffusion
coefficient, poor capacity retention and large volume change
during Li* insertion/extraction, thus limiting their capability as
substitutions for graphite as LIBs anodes.'' ">

The rational design and synthesis of nanowires have been
demonstrated for a variety of energy applications. For LIBs, the
nanowires provide efficient ion diffusion as well as continuous
electron transport pathway, which have demonstrated the
superiority in lithium storage applications."*~'® However, it still
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remains challenging to date how to prevent the pulverization of
the nanowires during the Li" insertion/ extraction.'®?° Porous
structure can not only increase the contact area between
electrode and electrolyte, which effectively facilitates the ion
diffusion kinetics,”'~>* but also provides more space for the
volume change during charge/discharge process, improving
their cycle performance.”®™>" Therefore, creating pores in
nanowire materials is one of the most effective strategies to
improve the electrochemical performance.***™*° In addition,
the lithium storage process involves both ion diffusion and
electron transport in the electrode materials. In order to further
achieve high-rate capability, the electric conductivity needs to
be enhanced. Because graphene exhibits superior electric
conductivity, various hybrid nanometerials of the graphene
and active materials have been fabricated and used as electrode
for LIBs recently.*’ > Moreover, the graphene layers are
favorable to stabilize the original structure, because it can
provide mechanical flexibility for the iron oxide to accom-
modate volume change during cycling.>*
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Figure 1. Schematic illustration of the porous nanowire composites with fast Li* diffusion, effective electron transport, and excellent stress relaxation

during Li* extraction/insertion.
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Figure 2. (a) XRD patterns of the FVO-NWs, FVO@G NWs, Fe;0,/VO,-P NWs, and Fe;0,/VO,/G-P NWs; (b) SEM image of FVO@G NWs;
SEM images (c,d), EDS element mappings (e,f), TEM (gh) and HRTEM (ij) images of Fe;0,/VO,/G-P NWs.

In the present work, we report amorphous vanadium oxides
matrixes supporting hierarchical porous Fe;0,/graphene nano-
wires (Fe;0,/VO,/G-P NWs) prepared by a template free
hydrothermal method and subsequent heat treatment in
reducing atmosphere.”> The measurements of Fe;0,/VO,/G-
P NWs as LIB anodes are carried out. The corresponding
results show that the as-synthesized products have manifested
the merits of an ideal electrode material: high capacity (1146
mAh g7'), fantastic rate capability (S A g!), and cycling
stability. The excellent electrochemical performance can be
attributed to the unique porous hybrid nanowire architecture.
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As illustrated in Figure 1, constructing the Fe;0,/VO,/G-P
NWs can provide not only fast Li* diffusion and effective
electron transport but also excellent stress relaxation, resulting
in the excellent lithium storage performance.

Initially, in order to confirm the phase transition of iron
vanadate after annealing treatment in H,/Ar atmosphere, the
crystal structures of the four representative samples were
determined by X-ray diffraction (XRD) (Figure 2a). Before
annealing, all diffraction peaks of the iron vanadate (FVO) and
graphene decorated iron vanadate (FVO@G) can be assigned
to FeVO,1.1H,0.%® After annealing, the peaks of the as-
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Figure 3. (a) Nitrogen adsorption—desorption isotherms of Fe;0,/VO,/G-P NWs and corresponding pore size distribution (inset); (b) Raman
spectra of the graphene oxide and Fe;0,/VO,/G-P NWs; Fe 2p XPS spectra of FVO@G NWs (c) and Fe;0,/VO,/G-P NWs (e); V 2p XPS spectra

of FVO@G NWs (d) and Fe;0,/VO,/G-P NWs (f).

prepared amorphous vanadium oxides matrixes supporting
hierarchical porous Fe;O, nanowires (Fe;0,/VO,-P NWs) and
Fe;0,/VO,/G-P NWs can be assigned to Fe;O, in a Fd3m
space group (cubic unit cell) with a = 8.384 A (JCPDS: No. 01-
089-0691), except the diffraction peak appears at 26° (which is
originated from graphene layers, indicating the existence of
graphene®’) in the pattern of Fe;0,/VO,/G-P NWs. No peaks
of any vanadium oxides can be observed. However, the
inductive coupled high frequency plasma (ICP) result reveals
that the ratio of molarity of Fe and V is about 0.94:1
(Supporting Information Table S1), which proves the existence
of amorphous vanadium oxide.

The morphology and detailed structures of the as-prepared
products are further investigated by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). Before annealing treatment, SEM images of FVO@G
NWs shown in Figure 2b and Supporting Information Figure
S1 that uniform one-dimensional (1D) nanowires with about
100 nm in diameter and 2 ym in length are observed. After
annealing, the morphology is essentially preserved during the
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annealing process. Fe;0,/VO,/G-P NWs display a similar
appearance to the pristine sample FVO@G NWs (Figure 2c).
However, the highly magnified SEM image (Figure 2d) reveals
that the porous structure can be observed on the surface of
Fe;0,/VO,/G-P NWs. The similar phenomenon can be
observed between FVO-NWs and Fe;O0,/VO,/P NWs
(Supporting Information Figure S2). The elemental mapping
images (Figure 2e,f) confirm the uniform distribution of Fe, V,
O, and C. To further confirm the inner architecture and the
crystallographic structure of the Fe;O0,/VO,/G-P NWs, TEM
and the high-resolution TEM (HRTEM) were carried out.
TEM images indicate that the Fe;0,/VO,/G-P NWs are highly
porous (Figure 2gh), while FVO@G NWs are solid
(Supporting Information Figure S3). HRTEM images of
Fe;0,/VO,/G-P NWs display that several graphene layers of
about 3 nm are at the edge of the FVO nanowire (Figure 2ij).
A lattice fringe with d-spacing of about 0.253 nm corresponds
to the (311) planes of Fe;O, crystal. Moreover, amorphous
vanadium oxide can be also observed clearly in the HRTEM
image (Figure 2j), and the FFT patterns (Supporting
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Figure 4. Electrochemical characteristics: (a) CV curves of Fe;0,/VO,/G-P NWs at a sweep rate of 0.1 mV/s in the potential range from 0 to 3.0 V
versus Li/Li*; (b) galvanostatic charge—discharge curves of Fe;0,/VO,/G-P NWs at the current density of 100 mA g™'; (c) cycle performance of
Fe;0,/VO,/G-P NWs, FVO@G NWs and Fe;0,/VO,-P NWs at the low current density of 100 mA g™*; (d) rate performance of Fe;0,/VO,/G-P
NWs, FVO@G NWs, and Fe;0,/VO,-P NWs anodes; (e) cycling stability of Fe;0,/VO,/G-P NWs at the high current density of 2 A g™'; (f)
Nyquist plots of the Fe;0,/VO,/G-P NWs, FVO@G NWs, and Fe;0,/VO,-P NWs anodes, inset is the equivalent circuit.

Information Figure S4) reveal that the vanadium oxide is
amorphous and the iron oxide is single crystalline, which are
consistent with the XRD results. In addition, crystalline Fe;O,
and amorphous vanadium oxide nanoparticles can also be
observed in the TEM images of Fe;O0,/VO,-P NWs
(Supporting Information Figure SS). Nitrogen adsorption—
desorption isotherms are further measured to characterize the
porous structure of the products. The Brurauer—Emmerr—
Teller (BET) surface area of Fe;0,/VO,/G-P NWs is 35.9 m*
g~', which is larger than that of FVO@G NWs (25.0 m* g™')
(Supporting Information Figure S6). The nitrogen adsorption—
desorption isotherms of Fe;0,/VO,/G-P NWs (Figure 3a)
appear to be type IV curves with the H3 hysteresis loops that
can be linked to slit-shaped pores. The Barrett—Joyner—
Halenda (BJH) pore-size distribution curve (inset of Figure 3a)
displays the pore sizes in Fe;0,/VO,/G-P NWs are in the area
distribution of 2—5 nm and 20—40 nm. Raman spectra of
graphene oxide precursor and Fe;0,/VO,/G-P NWs are
shown in Figure 2b. The bands in the range of 1200—1460
cm™! and 1510—1650 cm™ are attributed to the D-band (K-
point phonons of A;, symmetry) and G-band (E,, phonons of
C sp2 atoms) of graphene,*® respectively. This result indicates
the existence of graphene oxide in the composite.

To determine the chemical composition of Fe;0,/VO,/G-P
NWs, X-ray photoelectron spectroscopy (XPS) measurements
were carried out on the FVO@G NWs and Fe;0,/VO,/G-P
NWs to investigate the oxidation states of the vanadium and
iron. Two separate peaks located at the binding energies of
711.49 and 725.27 eV are attributed to Fe** 2p,,, and 2p, ),
(Figure 3c). Meanwhile, a strong satellite peak that appeared at
around 719 €V can be ascribed to a typical character of Fe®".
The core peak for V 2p;/, (516.80 eV) in Figure 3d can be
indexed to V**. These values of binding energies are consistent
with the previously reported results.***® Therefore, the
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elements of Fe and V in the as-synthesized FVO@G NWs
exist as Fe’* and V', respectively. However, for the XPS
spectrum of the Fe;0,/VO,/G-P NWs (Figure 3e), the peaks
for Fe 2p;;, and Fe 2p,;, can be deconvoluted into two
components. Besides the existence of Fe®', two strong doublet
peaks of Fe 2p appear at the binding energies of 709.59 eV (Fe
2p,/,) and 722.80 eV (Fe 2p, ,), which are attributed to Fe>'.
Moreover, a satellite peak at 714.78 eV is observed, which can
be ascribed to a character of Fe?*.*"** The V 2p;, core peak
spectra for Fe;0,/VO,/G-P NWs in Figure 3f is composed of
two components located at 516.80 and 515.60 eV, respectively,
which can be associated with two formal oxidation degrees, +5
and +4.%°

The electrochemical performances of Fe;0,/VO,/G-P NWs
were investigated using half cells versus Li/Li** Figure 4a
shows the cyclic voltammetry (CV) curves of Fe;0,/VO,/G-P
NWs composite electrode between 0 and 3.0 V at a scan rate of
0.1 mVsLIn agreement with literature,**~* it is clear that the
CV curve of the first cycle is quite different from those of
subsequent cycles, especially for the discharge branches. In the
first discharge cycle, two well-defined peaks are observed at 0.2
and 0.4 V, which is usually ascribed to the occurrence of side
reactions on the electrode surfaces and interfaces due to SEI
formation. In comparison, the two distinct peaks are observed
at about 0.76 and 0.48 V during discharge from the second
cycle onward, corresponding to the reaction Fe;O, + 8Li" +
8¢~ — 3Fe’ + 4Li,0.** Moreover, the CV curves of Fe;0,/
VO,/G-P NWs in the subsequent two cycles almost overlap,
revealing a good reversibility. The galvanostatic charge—
discharge curves of Fe;0,/VO,/G-P NWs (Figure 4b) are
obtained at a current density of 100 mA g~ in a potential
window of 0—3.0 V. In the first discharge curve, a potential
plateau at about 0.76 V versus Li/Li* is observed for Fe;0,/
VO,/G-P NWs, which is in a good agreement with the CV
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Figure S. Fe 2p XPS spectra of as-prepared Fe;0,/VO,/G-P NWs anode, when the cell is fully discharged to 0 V (a) and fully charged to 3 V (b);
(¢) in situ XRD patterns of Fe;0,/VO,/G-P NWs; (d,e) TEM images of Fe;0,/VO,/G-P NWs after first discharge.

results. The irreversible capacity loss in the first cycle can be
attributed to the formation of SEI film.*¥~*° Noticeably, the
Coulombic efficiency of Fe;0,/VO,/G-P NWs in the first cycle
reaches up to 79%, much higher than other reported materials
based on conversion reaction.’’ In addition, CV and charge—
discharge curves of FVO@G NWs are also carried out as
control experiments (Supporting Information Figure S7 and
S8). After 30 cycles, the Fe;0,/VO,/G-P NWs composite
electrode exhibits a reversible capacity of about 1164 mAh g~".
Figure 4c shows cycle performance of the Fe;0,/VO,/G-P
NWs, FVO@G NWs and Fe;0,/VO,-P NWs at a current
density of 100 mA g~' for 30 cycles. It is obvious that Fe;O,/
VO,/G-P NWs exhibits highest reversible capacity after 30
cycles. To further investigate the electrochemical performance
of Fe;0,/VO,/G-P NWs, FVO@G NWs, and Fe;0,/VO,-P
NWs the rate capability of the three samples were further
compared. With the rate increasing, the Fe;0,/VO,/G-P NWs
anode exhibits the least capacity decrease among the three
samples (Figure 4d and Supporting Information Figure S10).
For example, when the current density increases to 2 A g~', the
specific capacity of Fe;0,/VO,/G-P NWs still remains 808
mAh g™ (84.4% of the capacity obtain in 0.1 A g~"), which is
much larger than that of FVO@G NWs (12.0%) and Fe;0,/
VO,-P NWs (11.7%). Remarkably, the reversible capacity is
also retained to about 500 mAh g~' even with the rate up to 5
A g™ (Supporting Information Figure S11). Additionally, the
Fe;0,/VO,/G-P NWs anode also exhibits good cycling
stability at high current density as shown in Figure 4e. The
capacity retention remains 99% after 100 cycles at 2 A g~
(capacity retention = final specific capacity/the highest specific
capacity during cycling). The cycling performance of
Fe;0,,VO,/G-P NWs, FVO@G, and Fe;0,/VO,-P NWs at
2 A g for 200 cycles is also shown in Supporting Information
Figure S10. Such excellent high rate performance and cycling
stability at high charge/discharge rates are significantly higher

than in previously reported works on Fe;O, nanostructures and
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Fe;0,/carbon hybrids (as shown in Supporting Information
Figure S12). Moreover, three-electrode cell was assembled to
test the galvanostatic charge and discharge curves of Fe;O,/
VO,/G-P NWs in voltage ranges in 0—3.0 and 0.1-3.0 V (vs
Li/Li*) at 2 A g~' (Supporting Information Figure S13), the
discharge capacity of Fe;0,/VO,/G-P NWs in voltage ranges
in 0—3.0 and 0.1—3.0 V displayed almost the same (Supporting
Information Figure S14), indicating that the metallic Li
deposition on the electrode might have little contribution to
the capacity when the cutoff voltage is set to 0 V versus Li/Li".

The electrochemical impedance spectra (EIS) were used to
provide further insights (Figure 4f). All the Nyquist plots are
composed of a depressed semicircle in the medium-frequency
region followed by a slanted line in the low-frequency region.
Figure 4f inset shows the equivalent circuit that gives rise to a
good fit for the EIS spectra of Fe;0,/VO,/G-P NWs, Fe;0,/
VO,-P NWs and FVO@G NWs with the fitting parameters
presented in Supporting Information Table S2. In the
equivalent circuit (inset of Figure 4f), Rs represents the
equivalent series resistance that includes all Ohmic resistance
due to the electrolyte and other parts of the cell. CPE refers to
constant phase elements, revealing the nonideal capacitance
due to the surface roughness, while Rct and Rf stand for the
charge transfer resistance through the electrode/electrolyte
interface and the contacts in between nanowires, respectively.>>
The values of Rct for the Fe;0,/VO,/G-P NWs electrodes
were calculated to be 56 €, which is much lower than that of
Fe;0,/VO,/P NWs (146 Q) and FVO@G NWs (112 Q),
respectively. This indicates the unique hierarchical porous
nanowires indeed enhance the charge transfer across the
electrode/electrolyte interface.

XPS was used to elucidate the valence states change of the
element (Fe) in sample Fe;0,/VO,/G-P NWs during charge/
discharge process (Figure Sa)b). The broad peak for Fe in the
discharged sample can be deconvoluted into two peaks of 3p at
532 and 56 eV corresponding to Fe’ and Fe** states,

dx.doi.org/10.1021/nl5025694 | Nano Lett. 2014, 14, 6250—-6256
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respectively. When the cell is fully charged, the broad peak for
Fe in the charged sample can be deconvoluted into two peaks
of 3p at 54.9 and 57.7 eV corresponding to Fe** and Fe’* states,
respectively. These values of binding energies are consistent
with the previously reported results.>*** To further investigate
the reaction mechanisms that occur in Fe;O,/VO,/G-P NWs
electrode materials, we used an in situ X-ray diffraction
technique. The as-prepared composites in situ cell was
discharged to 0 V and then charged to 3.0 V using a constant
current of 100 mA g~' at 25 °C and was never removed from
the diffractometer (Figure Sc). During the first discharge the
diffraction peaks (30.1° and 35.5°, which are in agreement with
those of the (220) and (311) planes of Fe;O,, respectively)
from the Fe;0,/VO,/G-P NWs shift to a lower angle due to
the expansion of the electrode host matrix as Li atoms are
inserted. In addition, the two diffraction peaks become weaker
and weaker until fully disappeared, and no obvious diffraction
peak can be observed during the following charge and
discharge. This is likely due to the amorphous electrode
materials formed after Li* insertion. To further investigate the
phase transformation details of the sample, we carried out the
TEM analysis of Fe;0,/VO,/G-P NWs electrode material after
cycle. The TEM images (Figure Sd,e) show the amorphous
material can be observed clearly (crystalline Fe;O, is difficult to
find in Fe;0,/VO,/G-P NWs).

On the basis of the results above, the superior high-rate and
cycling performance of Fe;0,/VO,/G-P NWs are attributed to
the synergetic advantages of graphene and porous nanowires, as
illustrated in Figure 1. On the one hand, conductive graphene-
decorated porous nanowire offers efficient electron transport
and rapid ion diffusion pathways, provide mechanical flexibility
for the iron oxide to accommodate volume changes during
cycling. On the other hand, the porous structure increases the
contact area between electrode and electrolyte, which reduce
the Ret (Figure 4f), resulting in the excellent rate capability.
Besides, the porous nanowires reduce the self-aggregation of
active materials and the amorphous vanadium oxides matrixes
supporting stable porous structure can also rapidly accom-
modate the volume variations during repeated Li* insertion/
extraction, which guarantee the effective electron contact upon
longed cycling, leading to the attractive structural stability
(Supporting Information Figure S15) and good cycle life.

In summary, amorphous vanadium oxides matrixes support-
ing hierarchical porous Fe;O,/graphene nanowires have been
synthesized via a facile phase separation process in H,/Ar.
Fe;0,/VO,/G-P NWs exhibit high reversible capacity (1146
mAh g™'), remarkable rate capability (5 A g™'), and good high-
rate cycling stability (the capacity retention remains 99% after
100 charge/discharge cycles at 2 A g™'). Moreover, the
electrochemical reaction mechanism of the Fe;O,/VO,/G-P
NWs was also investigated by in situ XRD and XPS. The
amorphization and conversion reactions between Fe and Fe;0,
are revealed proceeding on the amorphous vanadium oxide
matrixes. The excellent electrochemical performance can be
attributed to the synergetic advantages of graphene and porous
nanowires, which provide bicontinuous electron/ion pathways,
large electrode—electrolyte contact area and facile strain
relaxation. This kind of novel porous composite nanowire
structure and the effective strategy can be further applied to the
high-performance energy storage devices.
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