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ABSTRACT: The recently found intermetallic FeSn5 phase
with defect structure Fe0.74Sn5 has shown promise as a high
capacity anode for lithium-ion batteries (LIBs). The theoretical
capacity is as high as 929 mAh g−1 thanks to the high Sn/Fe
ratio. However, despite being an alloy, the cycle life remains a
great challenge. Here, by combining Fe0.74Sn5 nanospheres
with reduced graphene oxide (RGO) nanosheets, the
Fe0.74Sn5@RGO nanocomposite can achieve capacity retention
3 times that of the nanospheres alone, after 100 charge/
discharge cycles. Moreover, the nanocomposite also displays
its versatility as a high-capacity anode in sodium-ion batteries
(SIBs). The enhanced cell performance in both battery
systems indicates that the Fe0.74Sn5@RGO nanocomposite can be a potential anode candidate for the application of Li-ion
and Na-ion battery.
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■ INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are currently the
most popular power source for electric vehicles.1−5 Meanwhile,
conceptually identical sodium-ion batteries (SIBs) also received
much interest as an alternative due to the low cost and
environmental benefits.6−9 In both battery systems, high-
capacity anode materials hold the key to meeting future high
energy density requirements. Therefore, tin (Sn)-based systems
have been studied extensively.10,11 As an anode material in
LIBs, Sn has high theoretical gravimetric capacity (994 mAh
g−1) and volumetric capacity (7313 mAh cm−3), as compared
with 372 mAh g−1 and 883 mAh cm−3 of the state-of-the-art
graphite. Meanwhile, Sn can electrochemically alloy with Na
and form a Na15Sn4 alloy, delivering a theoretical capacity of
847 mAh g−1.12,13 The fact that a sodium ion cannot intercalate
into graphite makes Sn very appealing in SIBs.
The major challenge for Sn anodes in both battery systems is

the poor cycling stability due to the large volume change (257%
in LIB and 420% in SIB, respectively) upon charge/discharge
processes.14−16 Therefore, many efforts have been made to
improve the electrochemical performance, such as Sn-based
oxide,17 Sn−M (M = active/inactive metal) alloys, Sn−C
materials,18 and their composites.19−25 The main idea behind
these approaches is to buffer the volume change, via
incorporating alien species to Sn.
Recently, we reported a new intermetallic FeSn5 phase, which

appeared to supplement the existing Fe−Sn intermetallics
(FeSn, FeSn2, and Fe5Sn3) in the phase diagram.26 It is thought

that the defect structure of Fe0.74Sn5 can stabilize the phase at
room temperature. Its theoretical capacity of 929 mAh g−1 was
the highest among the reported M (electrochemically
inactive)−Sn intermetallic anodes in LIBs. As expected, the
Fe0.74Sn5 nanospheres showed much higher capacity than the
intensively studied FeSn2 and could stabilize capacity for 15
cycles. However, afterward, the capacity started to fade rapidly.
Presumably, the material could experience fatigue failure after
15 cycles, and a new mechanism is needed to further improve
its cycling stability.
To address the issue on cycling stability, reduced graphene

oxide became of great interest to us. It can act as a superior
substrate to load electrochemically active materials and relieve
the large volume changes, resulting in improved cycle life.24,27

In another prior work, we blended graphene nanosheets with
porous Si nanowires in the anode film.28 The capacity of Si
nanowires was doubled as compared with their capacity in the
presence of regular carbon black. The anode also maintained
good cycling stability.
Herein, we made a Fe0.74Sn5@RGO nanocomposite for the

first time through a one-pot wet chemistry synthesis and
demonstrate the combining effect of Fe0.74Sn5 and RGO on
extending the anode’s cycle life with high capacity. Moreover, it
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is interesting that the improvement can be applied to both LIBs
and SIBs.

■ EXPERIMENTAL SECTION
Synthesis of the Fe0.74Sn5@RGO Nanocomposite. The RGO

sheets used were prepared by a modified Hummers method29 and then
were reduced as previously reported.30 The Fe0.74Sn5@RGO
composite was synthesized as follows (Scheme 1). First, 25 mg of

RGO was dispersed in 35 mL of tetraethylene glycol (TEG, 99%) by
sonication for 1 h and transferred into a three-necked flask in a
Schlenk line. Amounts of 1.57 g of polyvinylpyrrolidone (PVP, MW =
360 000) and 0.66 g of poly(2-ethyl-2-oxazoline) (PEtOx, MW =
50 000) were dissolved with vigorous stirring. Then the solution was
heated to 170 °C, and a tin(II) chloride (SnCl2, anhydrous, 99%)
solution (0.3 g in 4 mL of TEG) was mixed. After 10 min, 0.6 g of
sodium borohydride (NaBH4, 98%) in 20 mL of TEG as a reducing
agent was introduced drop by drop. After about 30 min, the
temperature of the suspensions was increased to 205 °C under argon;
an iron(III) chloride (FeCl3 anhydrous reagent grade, 97%) solution
(0.01930 g of FeCl3 in 4 mL of TEG) was injected into the mixture.
The suspension was stirred 1 h before it was cooled to room
temperature. The Fe0.74Sn5@RGO composite was harvested by
centrifugation and washed with ethanol several times. For comparison,
Fe0.74Sn5 nanocrystals were also prepared in the same conditions but
without the presence of RGO.
Materials Characterization. The collected products were

characterized by X-ray diffractometry (XRD) on a D8 Diffractometer
from Bruker instruments (Cu Kα radiation = 0.154 nm) equipped with
a scintillation counter at a scanning rate of 0.02°/s. The morphology
of the samples was observed by scanning electron microscopy (SEM,
Hitachi, S-4800) using an operating voltage of 8 kV with an energy-
dispersive X-ray spectroscopy (EDS) detector and transmission
electron microscopy (TEM, Tecnai F20). Raman spectra were
recorded on a Renishaw in Via Reflex Raman system by exciting a
532 nm Ar+ laser. The weight ratio between Fe0.74Sn5 and graphene
was determined by thermogravimetric analysis using a Pysis Diamond
simultaneous TG/DTA analyzer between 50 and 900 °C at a heating
rate of 5 °C/min in air.
Electrochemical Performance Testing. The electrochemical

properties of the materials were evaluated using CR2032-type coin
cells, which were assembled in an argon-filled glovebox with both
moisture and oxygen contents below 0.1 ppm. The working electrode
films were composed of the 80 wt % active material (Fe0.74Sn5@RGO
composite), 10 wt % carbon black (Super P), and 10 wt % poly(acrylic
acid) binder. For assembling Li-ion batteries, a lithium foil served as
both the counter and reference electrodes. The Celgard 2300
membrane was used as the separator, and 1 M solution of LiPF6 in
ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 in volume)
was used as the electrolyte solution. For assembling Na-ion batteries, a
Na foil, glass fiber, and 1 M solution of NaPF6 in ethylene carbonate/
dimethyl carbonate (EC/DMC, 1:1 in volume) was utilized as the
counter electrode, the separator, and the electrolyte, respectively. All
galvanostatic charging/discharging and GITT tests were conducted on
an Arbin MSTAT system with the voltage range of 0.005−2.0 V at
room temperature. Cyclic voltammetry (CV) between 0.005 and 2 V
at a scan rate of 0.02 mV/s was recorded using a Solatron 1470E

Electrochemical Interface in Li-ion and Na-ion batteries. The EIS of
the Fe0.74Sn5@RGO nanocomposite anode was tested with the
frequency ranging from 1 MHz to 0.001 Hz and an AC signal of 10
mV in amplitude as the perturbation.

■ RESULTS AND DISCUSSION
The crystallographic phases of bare RGO, Fe0.74Sn5 nano-
spheres, and the Fe0.74Sn5@RGO nanocomposite were
identified by XRD (Figure 1). Strong diffraction peaks are

observed in Fe0.74Sn5 and Fe0.74Sn5@RGO nanocomposite
samples. The pattern can be indexed to the tetragonal structure
FeSn5 in the P4/mcc space group.26 A broad peak ascribed to
the RGO (002) crystal plane appears at ∼25° in the Fe0.74Sn5@
RGO nanocomposite. This result indicates that aggregation of
RGO sheets persisted to some extent in RGO due to strong van
der Waals interactions.30 The XRD confirms the coexistence of
RGO nanosheets and Fe0.74Sn5 nanospheres in the composite.
To determine the weight percentage of Fe0.74Sn5 nano-

spheres in the composite, thermogravimetry analysis (TGA)
(Figure S1 in Supporting Information) was carried out on the
composite sample and the Fe0.74Sn5 sample. The content of
Fe0.74Sn5 nanospheres in the composite can be calculated based
on the equation below

= ×

°

°

Fe Sn (wt%) 100% (wt %

of composite sample at 900 C)/(wt %

of Fe Sn nanosphere sample at 900 C)

0.74 5

0.74 5

It is determined that there is about 30 wt % RGO and 70 wt %
Fe0.74Sn5 nanospheres in the composite.
The morphology of the Fe0.74Sn5@RGO nanocomposite was

characterized by TEM in Figure 2a. Fe0.74Sn5 nanospheres are
dispersed on RGO nanosheets, with the size of 30−50 nm. The
small size of primary particles can avoid the widespread
problem of pulverization of high capacity anode materials. In
our previous work, regarding the size effort of Sn nanospheres
on cell performance, we found out that nanospheres with 45
nm had better stability and higher capacity.31 Therefore, 30−50
nm Fe0.74Sn5 nanospheres in the composite were investigated
here. Some agglomeration of Fe0.74Sn5 nanospheres existed in
the nanocomposite. The HRTEM image (Figure 2b) of a
Fe0.74Sn5 nanosphere shows a typical core−shell structure
where a single-crystalline intermetallic core is covered by a 3−4

Scheme 1. Schematic Diagram of the Preparation Process for
a Fe0.74Sn5@RGO Nanocomposite

Figure 1. XRD patterns of bare RGO, bare Fe0.74Sn5, and the
Fe0.74Sn5@RGO nanocomposite.
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nm thick amorphous oxide shell. The d-spacing value is 6.94 Å,
corresponding to the (100) plane of Fe0.74Sn5 nanospheres
(d(100) = 6.91 Å). The uniform distribution of the
nanospheres is further evident in the EDS mapping on carbon,
oxygen, tin, and iron elements (Figure 2c, 2d, 2e, 2f, and 2g) as
well as the SEM images (Figure S2, Supporting Information).
According to TG measurement, the weight percentage of Fe in
the nanocomposite was only 4.6%. Therefore, the signal from
the Fe element was much weaker.
To further understand the structural properties, Raman

spectra of bare RGO, bare Fe0.74Sn5, and the Fe0.74Sn5@RGO
nanocomposite were measured (Figure S3, Supporting
Information). Two characteristic peaks at 1350 and 1580
cm−1 can be seen from the disordered (D) and graphitic (G)
bands of carbon, respectively. The change in the intensity ratio
of D and G bands (ID:IG) from 0.843 in RGO to 0.885 in

Fe0.74Sn5@RGO may be due to the insertion of Fe0.74Sn5
nanospheres between RGO sheets, resulting in a more
disordered structure and more defects than pristine RGO.32

The broad peaks at 2695 cm−1 (2D) and 2910 cm−1 (D+G)
suggest the few-layer nature of the RGO.
The Fe0.74Sn5@RGO nanocomposite exhibits enhanced

capacity and cycling stability, in both LIBs and SIBs.
Theoretically, Fe0.74Sn5 itself has high capacities of 929 and
792 mAh g−1 as the anode in Li-ion and Na-ion batteries,
respectively. The existence of Fe vacancies makes the
theoretical capacity of Fe0.74Sn5 higher than that of stoichio-
metric FeSn5, i.e., 929 versus 908 mAh g−1 as Li-ion anode and
792 versus 774 mAh g−1 as Na-ion anode. It is noted that Fe
does not form alloy with either Li or Na.11,33 Thus, to our best
knowledge, Fe0.74Sn5 has the highest capacity among the
reported M (electrochemically inactive)−Sn intermetallic
anodes for SIBs.
As shown in Figure 3, Fe0.74Sn5 nanospheres alone could

deliver 820 and 670 mAh g−1 in Li-ion and Na-ion batteries.
However, the capacity starts to drop fast after 15 cycles in the
case of LIBs and after 8 cycles in the case of SIBs. Diffraction
peaks (Figure S4a, Supporting Information) which are indexed
to the cubic structure Sn appear for the Fe0.74Sn5 anode in the
Li-ion battery after much cycling due to the agglomeration of
Sn particles. On the other hand, the existence of cubic and
tetragonal structure Sn (Figure S4b, Supporting Information) is
identified in the Na-ion battery. On the contrary, the RGO
anode has long cycling stability but low capacity, which may be
due to irreversible aggregation and/or stacking upon charge/
discharge cycles.34 The Fe0.74Sn5@RGO nanocomposite shows
much better cycling stability than Fe0.74Sn5 as well as higher
capacity than that of RGO. After 100 and 80 discharge/charge
cycles, the Fe0.74Sn5 in the composite anode can retain 674 and
240 mAh g−1 for Li-ion and Na-ion batteries, respectively. The
enhanced cycling stability can be related to the following
characteristics: (1) The flexible and conductive RGO sheets can
adhere to Fe0.74Sn5 nanospheres to keep electrical contact and
offer a “buffer zone”. Thus, they effectively accommodate the
mechanical strain from large volume change during lithium/
sodium insertion/extraction.35 (2) The presence of Fe0.74Sn5
nanospheres in the composite can relieve irreversible
aggregation and/or stacking of individual RGO nanosheets.34

Meanwhile, RGO can circumvent the aggregation of Fe0.74Sn5
nanospheres.36 (3) Large void volume between the nano-
particles and RGO sheets can promote easy penetration of the
electrolyte.37 (4) RGO contributes to the capacity due to Li/Na
storage on both sides of graphene and/or at edges, vacancies,
and disorder/covalent sites.38 In addition, the Fe0.74Sn5@RGO
nanocomposite anode also exhibits moderate rate capability
between 50−1000 mA g−1 in Li-ion battery (Figure 3c) and
20−500 mA g−1 in the Na-ion battery (Figure 3d).
To understand the electrochemical behavior of the

Fe0.74Sn5@RGO electrode, Figure 4 shows the cyclic
voltammetry (CV) curves of Fe0.74Sn5 nanospheres,
Fe0.74Sn5@RGO, and bare RGO anodes. No obvious current
peaks are present in the bare RGO anode.36,39 During the first
lithiation of Fe0.74Sn5, a broad peak at 1.2−1.7 V is observed but
is absent in the second cycle. This peak can be attributed the
formation of solid−electrolyte interface (SEI) films and/or the
irreversible lithiation of the surface oxidized layer. The
reduction peaks around 0.35 V (0.01 V) and 0.6 V (0.15 V)
are due to lithium/sodium insertion. The peaks in the positive
current include every dealloying step. For Fe0.74Sn5@RGO

Figure 2. (a) TEM image of the Fe0.74Sn5@RGO nanocomposite. (b)
Typical HRTEM images of the single tetragonal structure Fe0.74Sn5
nanosphere. (c) SEM image of Fe0.74Sn5@RGO nanocomposite. (d),
(e), (f), and (g) EDX elemental mapping of the area of (c) for carbon,
oxygen, tin, and iron, respectively.
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anode materials, during the first discharge, similarly, the broad
cathodic peaks above 1.0 V mainly come from the SEI
formation.40 The reduction peaks between 0.1 and 0.7 V
correspond to the formation of LixSn alloys (Figure 4a).11

Three broad anodic peaks located at around 0.49, 0.61, and
0.73 V result from the delithiation processes of the LixSn alloys,

which are absent in RGO. On the other hand, the desodiation
of the Fe0.74Sn5@RGO anode at the same scan rate (Figure 4b)
shows two distinct anodic peaks at around 0.25 and 0.7 V.12 In
both cases, the almost identical curves from the second cycle to
the fifth cycle suggest good reversibility of the Fe0.74Sn5@RGO
composite.

Figure 3. (a, b) Cycling performance of Fe0.74Sn5 nanospheres, the Fe0.74Sn5@RGO nanocomposite, and bare graphene at 50 mA/g current density
in Li-ion battery and 20 mA/g current density for Na-ion battery. The Coulombic efficiencies of Fe0.74Sn5 nanospheres and Fe0.74Sn5@RGO
nanocomposite are denoted by a solid square (red) and solid circle (black). (c, d) Rate performance of the Fe0.74Sn5@RGO nanocomposite at varied
current densities in Li-ion battery and Na-ion battery (note that the capacity values in the Fe0.74Sn5@RGO nanocomposite in the graph were
calculated based on Fe0.74Sn5 particles).

Figure 4. (a, b) Cyclic voltammograms of bare RGO, Fe0.74Sn5 nanospheres, and the Fe0.74Sn5@RGO nanocomposite of the initial five cycles
scanned at a rate of 0.02 mV/s between 0.005 and 2 V in Li-ion and Na-ion batteries.
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Figure 5 documents galvanostatic charge and discharge
curves of the Fe0.74Sn5@RGO nanocomposite anode for the
initial five cycles at a current density of 50 mA g−1 for Li-ion
battery and 20 mA g−1 for Na-ion battery. For comparison, the
results of Fe0.74Sn5 nanospheres and pure RGO are also
presented. During the first lithiation/delithiation, the specific
discharge and charge capacities are 1256 and 790 mAh g−1 for
Fe0.74Sn5 nanospheres, 1073 and 435 mAh g−1 for bare RGO
nanosheets, and 1554 and 671 mAh g−1 for the Fe0.74Sn5@

RGO nanocomposite. For the nanocomposite, lithiation mainly
occurs below 0.5 V, which is similar to Fe0.74Sn5 nanospheres.
However, its plateaus are not as pronounced as the ones in
Fe0.74Sn5 nanospheres. During charging, the nanocomposite
exhibits a change in slope at around 300 mAh g−1. The profile
of the nanocomposite suggests that the (de)lithiation processes
are controlled by both Fe0.74Sn5 and RGO.
For the SIB application, in Figure 5b, the major Na−Sn

alloying voltages are around 0.2 and 0.01 V for Fe0.74Sn5

Figure 5. (a, b) Galvanostatic charge and discharge curves of Fe0.74Sn5 nanospheres, the Fe0.74Sn5@RGO nanocomposite, and bare RGO anodes of
the initial five cycles between 0.005 and 2 V at 50 mA/g current density for Li-ion battery and 20 mA/g for Na-ion battery.

Figure 6. (a, b) Potential response and (c, d) reaction resistance of the Fe0.74Sn5@RGO nanocomposite during GITT measurement (a, c) in a Li-ion
cell at 20 mA/g and (b, d) in a Na-ion cell at 10 mA/g for the second cycle.
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nanospheres. The desodiation curve consists of two plateaus:
one between 0.1 and 0.3 V and the other around 0.6 V. These
potential plateaus are in good agreement with the CV peaks.
Again, the (de)sodiation plateaus are not as obvious in the
composite as in the Fe0.74Sn5 nanospheres, reflecting the
influence from RGO. In addition, the lower capacity in Na-ion
batteries than in Li-ion batteries may be related to the poor
electrochemical alloying/dealloying kinetics since Na ions are
about 55% larger than Li ions in radius.12

Figure 6 represents the potential response during the
galvanostatic intermittent titration technique (GITT) measure-
ment. The equal duration of pulses is 0.5 h, while the rest time
is set for 4 h to reach quasi-equilibrium potentials. It is clear
that the discharge overpotential of both battery systems
decreases with the state of discharge (SoD), which means
that the diffusion length was becoming shorter.41 The volume
contraction during lithium/sodium extraction worsens the
contact between particles, leading to the increase of the
charging overpotential as the state of charge (SoC) increases.
The overpotential during the pulse is proportional to the
reaction resistance. Low reaction resistance can result from low
electrolyte resistance, good kinetics of the surface charge
transfer, or fast ionic diffusion. In both battery systems, the
reaction resistance decreases during discharging and exhibits a
gradual increase during charging. The average resistance of the
Fe0.74Sn5@RGO nanocomposite anode in the Na-ion battery is
about two times higher than that in the Li-ion battery. The
findings are also confirmed by the GITT results during the first
cycle (Figure S5, Supporting Information). Further, the
diffusion coefficient of Li ions and Na ions in the Fe0.74Sn5@
RGO nanocomposite anode for both Li-ion and Na-ion
batteries has been extracted from GITT for the second cycle
(Figure S6, Supporting Information). The lithium-ion diffusion
coefficient in the Fe0.74Sn5@RGO anode was on the order of
10−10∼10−12 cm2/s, and the diffusion coefficient of the sodium
ion was 10−11∼10−13 cm2/s. The higher Li-ion diffusion
coefficient than the one in Na-ion batteries could be attributed
to the smaller size of Li ions in radius.
In addition, electrochemical impedance spectroscopy (EIS)

was taken after the cells were discharged to 0.3 V, as shown in
Figure 7. The plot consists of one arc in the high frequency
region which can be associated with SEI and charge-transfer
processes and a slanted line in the low-frequency region due to
the Li+/Na+ ion diffusion. As seen, the larger semicircle in the

Na-ion battery implies a thicker SEI layer and/or poorer
kinetics of the surface charge transfer than the Li-ion battery.
Slower diffusion of Na+ ions than that of Li+ ions can be
reflected by the long low-frequency tail. Further, the electro-
chemical system of Fe0.74Sn5@RGO in Li-ion and Na-ion
batteries can be modeled and interpreted with the help of the
equivalent circuit shown in the inset of Figure 7,42 where R0 is
the electrolyte resistance, R1 the resistance between the SEI film
and the electrolyte, Rct the charge-transfer resistance between
the SEI and Fe0.74Sn5@RGO nanocomposites, and CPE1 and
CPE2 are the capacitance of the SEI and the double layer on
Fe0.74Sn5@RGO nanocomposite. The interface resistance
decreased from 520 to 310 Ω in Nyquist plots for the
Fe0.74Sn5@RGO nanocomposites in Na-ion and Li-ion batteries
displaying a depressed semicircle in the high-middle-frequency
region and an oblique straight line in the low-frequency region.
The EIS results are in good agreement with the total reaction
resistance measured using GITT.

■ CONCLUSION
A Fe0.74Sn5@RGO nanocomposite was successfully synthesized
via a simple modified wet-chemistry process. It presents as a
high-performance anode material for both Li-ion and Na-ion
batteries. The Fe0.74Sn5 nanospheres obtained are 30−50 nm in
size and dispersed on RGO sheets. Fe0.74Sn5 nanospheres in the
composite can deliver capacities of 957 and 611 mAh g−1 for
LIBs and SIBs, respectively. Fe0.74Sn5 in the composite can
retain 674 mAh g−1 in LIBs and 240 mAh g−1 in SIBs after 100
and 80 discharge/charge cycles, respectively. The enhanced
electrochemical performance indicates that the designed
structure of nanosized Fe0.74Sn5 dispersed on conducting
RGO sheets accommodates structural strain, improves electrical
conductivity, and shortens transportation lengths for both Li/
Na ions and electrons. Furthermore, GITT and EIS measure-
ments reveal high resistance, slow diffusion of ions, poor
kinetics of charge transfer and thick SEI layer when used for
SIBs, which would explain the difference in the degree of
improvement in two battery systems.
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