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Abstract In the present study, we report the synthesis of
Fe@Ag nanoparticles/2-aminoethanethiol functionalized re-
duced graphene oxide (rGO) composite (Fe@AuNPs-
AETrGO) and its application as an improved anode material
for lithium-ion batteries (LIBs). The structure of the
Fe@AgNPs-AETrGO composite was characterized by trans-
mission electron microscopy (TEM), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and X-ray pho-
toelectron spectroscopy (XPS). The electrochemical perfor-
mance was investigated at different charge/discharge current
rates by using CR2032 coin-type cells and cyclic voltammetry
(CV). It was found that the spherical Fe@AuNPs were highly
dispersed on the rGO sheets. Moreover, the Fe@AuNPs-
AETrGO composite showed high specific gravimetric capac-
ity of about 1500 mAh g−1 and long-term cycle stability.
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Introduction

In recent decades, there have been many reports on energy
storage devices with high energy density and long cycle life
[1]. Lithium-ion batteries (LIBs) have been applied as an im-
portant power source owing to their high operating voltage
and high energy density [2]. LIBs enable to improve the en-
ergy and power density for different kinds of application such
as portable electronic devices, power tools, and electric vehi-
cles [3–5]. Currently, the fossil fuel has been used for high
energy consumption [6]. The LIBs are one of the most impor-
tant energy storage systems from renewable sources [7–9].
For these applications, LIBs must possess higher electrical/
ionic conductivity, cycling stability, rate capability, and low
cost.

The performance of LIBs depends on the cathode and an-
ode materials. In this respect, the use of carbon-based anode
materials [10], containing carbon fibers [11], carbon nano-
tubes [12], and graphene [8, 13], could benefit the LIBs in
terms of specific capacity and cycle stability [14]. Different
investigations on graphene and reduced graphene oxide (rGO)
for electrochemical energy storage [8], electronics [15], and
biosensors applications [16] have been reported. Furthermore,
rGO has been proposed as a potential electrode material for
LIBs because of its chemical structure [8], flexibility [17],
high surface area [18], and electrical conductivity [19]. More-
over, different investigations on nanoparticle-based nanocom-
posites for electrochemical energy storage, biosensors, and
electronics applications have been reported [20–28]. There
are some composites based on carbonmaterials functionalized
by nanoparticles such as Si and Au. In addition, Fe3O4

[29–31] was used as an anode material [32, 33] to increase
the performance of LIBs. The bimetallic core@shell nanopar-
ticles can be well controlled and their morphologies show
important physicochemical properties [34, 35], which has
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made the core@shell nanoparticles to be widely used in catal-
ysis [36] and electronics [37]. Obviously, the critical factors
influencing the performance of LIBs are size and shape of the
nanoparticles and surface properties. In our study, Fe@Ag
nanoparticles/2-aminoethanethiol functionalized rGO com-
posite as an anode material was developed for the first time
and applied for lithium-ion batteries.

Experimental

Apparatus and reagents

All chemicals in the experiments were reagent grade and were
used as received. They are lithiummetal foil (99.9 %, 150 μm,
Sigma-Aldrich, USA), isopropyl alcohol (IPA, Sigma-Al-
drich, USA), silver nitrate (AgNO3, Sigma-Aldrich, USA),
ascorbic acid (C6H8O6, Sigma-Aldrich, USA), HPLC-grade
acetonitrile (MeCN, Sigma-Aldrich, USA), activated carbon
(Sigma-Aldrich, USA), iron (III) nitrate (Fe(NO3)3, Merck,
Germany), 2-aminoethanethiol (AET, Sigma-Aldrich, USA),
carbon black (Merck, Germany), polyvinylidene fluoride
(PVDF, Sigma-Aldrich, USA), N-methyl-2-pyrrolidone
(NMP, Sigma-Aldrich, USA), Cu foil (18 μm), lithium
hexafluorophosphate (LiPF6, Merck, Germany), ethylene car-
bonate (EC, Merck, Germany), dimethyl carbonate (DMC,
Merck, Germany), sulfuric acid (H2SO4, Merck, Germany),
potassium persulfate (K2S2O8, Merck, Germany), phosphorus
pentoxide (P2O5, Merck, Germany), graphite powder (Merck,
Germany), potassium permanganate (KMnO4, Merck, Ger-
many), hydrogen peroxide (H2O2, Merck, Germany), ethanol
(Merck, Germany), hydrochloric acid (HCl, Sigma-Aldrich,
USA), and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC, Sigma-Aldrich, USA). The ultra-pure
water with resistance of 18.3 MΩ cm (Human Power 1+

Scholar purification system, Korea) was used for the experi-
ments of aqueous media.

JEOL 2100 HRTEM (JEOL Ltd., Tokyo, Japan) and
ZEISS EVO 50 SEM (Germany) analytic microscopies were
used to investigate the morphology of Fe@AgNPs-AETrGO
composite. Scanning electron microscopy (SEM) images
were obtained on a ZEISS EVO 50 analytic microscope
(Germany).

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on a PHI 5000 Versa Probe (Φ ULVAC-PHI, Inc.,
Japan/USA) model with monochromatized Al Kα radiation
(1486.6 eV) as an X-ray anode operated at 50 W. To prepare
the sample, one drop of the prepared Fe@AgNPs-AETrGO
solution was placed on a clear glass sheet and then dried in air.

A Rigaku Miniflex X-ray diffractometer (Japan) was used
for X-ray diffraction measurements of the material nanostruc-
tures. A scanning speed of 2θ=2°/min with a step size of 0.02°
was used to examine the samples in a range of 5–75°.

Preparation of Fe@AgNPs

To synthesize the Fe@AgNPs, 0.01 M Fe(NO3)3 (4 mL) was
prepared by diluting the Fe(NO3)3 solution with ultra-pure
water and reduced by mixing with ascorbic acid solution at a
concentration of 0.1 M (20 mL) at around 25 °C under a
nitrogen flow for 20 min. After pH of the solution was adjust-
ed to 4.0, 0.01MAgNO3 (4mL) solution was slowly added in
1 h. A dark solid solution showed that the silver shell was
coating on the iron core. Then, a magnet was used to separate
the solid and the product was further washed several times
with distilled water.

Synthesis of rGO

Graphene oxide (GO) was prepared by the modified Hum-
mers method [38, 39]. Typically, 2.5 g of graphite powder
was placed in a flask containing a mixture of 12.5 mL of
H2SO4 (98 %), 2.5 g of K2S2O8, and 2.5 g of P2O5. The
mixture was kept at 80 °C for 6 h. Then, the mixture was
cooled to room temperature and diluted with 500 mL of
ultra-pure water. The product was filtered and washed with
ultra-pure water and 125 mL of H2SO4 (98 %) was added at
0 °C. After that, 15 g of KMnO4 were added to the stirring
suspension which was kept at 20 °C. After the feeding of
KMnO4 was finished, the flask was heated to 50 °C. After
4 h, 500 mL of ultra-pure water was added to the mixture in
an ice bath. The last mixture was stirred for 2 h and diluted to
1 L with ultra-pure water. After that, the suspension was fed
slowly with 20 mL of H2O2 (30 %) and the solution started
bubbling. The color of the suspension changed to brilliant
yellow from brownish. The synthesized graphene oxide was
filtered and washed with 0.1 MHCl and ultra-pure water three
times. The graphene oxide was collected by an ultracentrifuge.

The as-prepared GO was dispersed into 200 mL water.
After that, 4 mL of hydrazine hydrate (80 wt%) was added
and the solution was heated in an oil bath at 100 °C under a
water-cooled condenser for 24 h. After the reaction, the pre-
pared rGO product was collected by vacuum filtration.

Preparation of Fe@AgNPs-AETrGO composite

The preparation of Fe@AgNPs-AETrGO composite is
shown in Scheme 1. Firstly, rGO was dissolved in ethanol
at 2 mg mL−1. The mixture was sonicated to form a ho-
mogeneous suspension. The prepared rGO suspension
was treated with 0.2 M of EDC solution for 8 h to ensure
the surface activation of residual carboxylated groups.
EDC is the most popular compound for labeling or
crosslinking to free carboxylic groups on rGO [40].
EDC can react with carboxylic acid groups to form an
active intermediate product that is easily displaced by nu-
cleophilic attack from primary amino groups in the
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reaction mixture. Therefore, we used EDC for activation
of free carboxylic acid groups of rGO. Then 1.0 mM AET
was mixed with the activated rGO suspension at a 1:1
volume ratio and kept stirring for 2 h (AETrGO). After
that, 1 mg mL−1 of Fe@AgNPs solution was mixed with
the 0.1 mg mL−1 of AETrGO solution at a 1:1 volume
ratio. Finally, the mixture was sonicated to generate a
homogeneous mixture (Fe@AgNPs-AETrGO).

Electrochemical measurements

The electrochemical tests of rGO, Fe@AgNPs, and
Fe@AgNPs-AETrGO composite as anode materials were
investigated using CR2032 coin-type cells. LiPF6 was
used as an electrolyte solution in all the tests. The mate-
rials were prepared and attached on cells in an Ar-filled
glove box. The rGO, Fe@AgNPs, and Fe@AgNPs-
AETrGO composite were respectively mixed with carbon
black at a weight ratio of 8:1 to enhance the conductivity
for each material. NMP was used as a solvent to make a
slurry mixture. The mixtures were pasted uniformly onto
Cu foils (CF) as anode electrodes and the cathode elec-
trode was a Li metal foil. The scan rate was 50 mV s−1 for
the electrochemical performances. The reference electrode
was Ag/AgCl/KCl(sat) in aqueous media. The process of
lithiation/delithiation of Fe@AgNPs-AETrGO/Cu elec-
trode is shown in Scheme 1. The anode electrodes were
dried at 70 °C in a vacuum oven and pressed under a
pressure around 10 MPa. Celgard 2600 was used as a
separator. The electrochemical performances of rGO,
Fe@AgNPs, and Fe@AgNPs-AETrGO electrodes were
investigated by galvanostatic charge–discharge measure-
ments with a computer-controlled battery tester at room
temperature between the voltage ranges of 3.0–0.1 V.

Results and discussion

Characterization of Fe@AgNPs-AETrGO nanocomposite

The morphology of Fe@AgNPs-AETrGO composite is
shown in Fig. 1. Figure 1a presents transmission electron mi-
croscopy (TEM) image of the spherical shaped Fe@AgNPs
with an average diameter of 15–30 nm on rGO sheets. It can
be seen that the Fe@AgNPs have been distributed on the rGO
sheets. Figure 1b and Fig. 1c showSEM images of the bare Cu
foil and Cu surface modified by Fe@AgNPs-AETrGO, re-
spectively. Figure 1c shows that the Fe@AgNPs-AETrGO
composite has successfully modified Cu foil surface. The lay-
ered structure of the Fe@AgNPs-AETrGO composite can be
seen clearly from Fig 1c.

The structure of Fe@AgNPs-AETrGO composite was also
determined by X-ray diffraction (XRD) measurements
(Fig. 2). The intense and narrow peak at 2θ=22.1° refers to
the (002) plane of rGO sheets [41] and the weak peaks at 2θ=
32.4° and 45.1° were also found corresponding to (101) and
(004) planes of rGO sheets, respectively [42]. The character-
istic peaks of Fe@AgNPs also have been observed. The two
main peaks for the (110) and (220) planes of Fe at 2θ=44.2°
and 65.3° are overlapped with the (200) and (220) planes of
Ag, respectively [43]. The peak at 2θ=77.4° is the (311) plane
of Ag.

XPS results (Fig. 3) were obtained to examine the forma-
tion of Fe@AgNPs-AETrGO composite. The C1s core-level
spectrum was curve-fitted, and the peaks at 282.8, 284.3, and
285.7 eV were corresponded to C-H, C-N, and -CONH, re-
spectively. S2p spectrum was curve-fitted with two compo-
nents by a doublet 2p1/2 and 2p3/2 signals. The peak at
163.2 eV confirmed that the silver nanoparticles were grafted
to S atoms. The peak observed at 162.3 eV has shown the
unreacted thiol group of AET [31]. N1s narrow region

Scheme 1 Schematic diagram of the synthesis and modification of Fe@AgNPs-AETrGO composite on Cu foil and lithiation/delithiation sites
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spectrum was curve-fitted and the peak at 398.6 eV was
corresponded to the N-H groups of amide that forms due to
the reaction of rGO’s carboxyl groups and AET’s amino
groups. The peak at 401.2 eV was assigned to the unreacted
N-H groups of AET. Ag3d curve is characterized by a doublet
3d5/2 and 3d3/2 signals at 366.2 and 372.1 eV, respectively,
indicating the existence of Ag [44, 45]. The presence of iron
nanoparticles has been shown from the peaks of Fe 2p1/2 and
Fe 2p3/2 at 722.5 and 711.4 eV, respectively [46].

Electrochemical performance Fe@AgNPs-AETrGO
in LIB

The rate capability of a battery can be affected by various
factors such as charge transfer resistance, mass-transfer resis-
tance, and ohmic resistance. It is generally known that small-

sized nanoparticles deposited on carbonmaterials such as rGO
provide high specific surface area and fast redox reactions,
which can reduce the charge transfer resistance [47].

The curves of first cycle charge and discharge of rGO,
Fe@AgNPs, and Fe@AgNPs-AETrGO anodes at 0.1 C rate
between 0.01 and 3.0 voltages of Li+/Li are shown in Fig. 4.
The Fe@AgNPs anode shows specific charge capacity of
641 mAh g−1 and discharge capacity of 348 mAh g−1. The
specific charge capacity of Fe@AgNPs-AETrGO anode is at
2185 mAh g−1, which is much higher than that of rGO and
Fe@AgNPs. This indicates that the Fe@AgNPs-AETrGO
composite significantly reduced the diffusion resistance of
the lithium ions in the LiPF6 electrolyte and increased the
specific capacities and conductivity of the electrode [48, 49].
The presence of Fe@AgNPs can increase the layer gap of the
rGO, making high Li-ion adsorption and reducing diffusion
resistance of lithium ion. In addition, the rGO support in-
creased the conductivity of the composite material.

Figure 5 represents initial 50 charge/discharge curves at
0.1 C rate corresponding to 100 mA g−1 of the as-prepared
Fe@AgNPs-AETrGO anode in coin-type test cells using lith-
ium foil as the counter and reference electrodes between 0.01
and 3.0 V (vs. Li+/Li). In Fig. 5, a voltage plateau around
0.74 V (vs. Li /Li+) and the specif ic capaci ty at
2185 mAh g−1 were observed at the first lithiation, corre-
sponding to the electrolyte decomposition and solid electro-
lyte interface (SEI) formation [50]. The SEI layer was a multi-
layer structure with a thickness of 100–150 nm. The thickness
of Cu foil was 18μm and the thickness of anode electrode was
controlled at the same value. Due to the thin SEI layer, the
Fe@AgNPs-AETrGO/Cu electrode has a large specific sur-
face area. As seen in Fig. 5, the large irreversible capacity loss
after the 1st cycle is related to the large specific surface area of
Fe@AgNPs-AETrGO composite and the SEI on the electrode
[51]. The maximum theoretical capacities for rGO and
Fe@AgNPs are about 562 and 641 mAh g−1, respectively.
The irreversible capacity of the Fe@AgNPs-AETrGO anode
in the first cycle is much higher than the theoretical capacities
of rGO and Fe@AgNPs. The extra capacity for the first cycle

Fig. 1 a TEM image of Fe@AgNPs-AETrGO composite; b SEM
images of bare Cu foil; and c Fe@AgNPs-AETrGO/Cu electrode

Fig. 2 XRD pattern of the Fe@AgNPs-AETrGO composite
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over theoretical value is attributed to the formation of SEI film
on the surface of Fe@AgNPs-AETrGO composite. Another
reason is the presence of abundant unsaturated carbon atoms
on the Fe@AgNPs-AETrGO composite, which may catalyze
the electrolyte decomposition [52].

The electrochemical behaviors of the Fe@AgNPs-
AETrGO in Li-ion cell in the initial 50 cycles were displayed
in Fig. 6 [53, 54]. The anodic scan shows two peaks at 1995
and 2315 mV, respectively, which correspond to the oxidation

reactions of Fe0 to Fe2+ and Ag0 to Ag+, respectively. From
the 1st to the 50th cycle, slight changes in the current densities
and the positions of the oxidation peaks are attributed to po-
larization due to the electronic resistance of active
Fe@AgNPs-AETrGO composite. In addition, the interfacial
kinetic resistance against intercalation/extraction represents
that the composite electrode has good irreversibility of the
oxidation reactions of Fe0 to Fe2+ and Ag0 to Ag+. On the
other hand, the cathodic scan resulted in mainly two peaks at

Fig. 3 XPS spectra of Fe@AgNPs-AETrGO composite

Fig. 4 Typical charge/discharge curves at 0.1 C of rGO, Fe@AgNPs,
and Fe@AgNPs-AETrGO as anode for the first cycle

Fig. 5 Typical charge/discharge curves at 0.1 C of Fe@AgNPs-AETrGO
as anode for the first 50 cycles
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695 and 805 mV, respectively, and these peaks can be attrib-
uted to the electrochemical reduction of Fe2+ and Ag+ ions,
respectively, with lithium in the electrode. It is clearly seen
that there is a difference between the first and the subsequent
cycles. For the first cycle, a sharp cathodic peak appears at
about 695 mV, which is associated with the electrolyte decom-
position to form SEI films [55] and the reduction of Fe2+ to
Fe0. In the subsequent cycles, this strong peak completely
decreased, indicating no more irreversible SEI formation of
electrolyte. From the subsequent cycles, the redox peaks occur
at around 805 mV, attributed to the irreversible electrochemi-
cal reduction of Fe2+ and Ag+ ions with lithium in the
electrode.

The capacity value of 1500 mAh g−1 for Fe@AgNPs-
AETrGO composite is much higher than that of the
Fe@AgNPs and rGO. This suggests that there is obviously
synergistic effect between Fe@AgNPs and rGO. Such high
charge–discharge specific capacity of the Fe@AgNPs-
AETrGO electrode indicates that the contact between
Fe@AgNPs and rGO is very efficient to resist the changes
in the volume of Fe@AgNPs. The rGO provides the
cushion-like effect during lithium ion insertion and desertion,
and thus contributes greatly to the enhancement of electro-
chemical property. The remarkable performance reveals the
beneficial effects of well-deposited Fe@AgNPs on the rGO
surface. Furthermore, the enhanced lithium storage properties
can be also attributed to the small effective diffusion length
associatedwith the well-dispersed Fe@AgNPswith small par-
ticle size on the rGO surface. The ability to charge and dis-
charge Li-ion batteries at higher rate is important in practical
use.

We also have investigated the electrochemical performance
of rGO, Fe@AgNPs, and Fe@AgNPs-AETrGO electrodes by
changing rates of charge–discharge current densities. Figure 7
shows the specific capacities of rGO, Fe@AgNPs, and

Fe@AgNPs-AETrGO in a range of 0.1–1.0 C. The capacity
decreased with increasing charge/discharge rate and the spe-
cific capacity of 718 mAh g−1 was measured at a current rate
of 1.0 C for Fe@AgNPs-AETrGO material. On the other
hand, the specific capacity decreases quickly at 0.1 C current
rate for the Fe@AgNPs and it was observed as 112 mAh g−1

for the current rate of 1.0 C. The capacity of 137 mAh g−1 for
the rGO electrode was observed at the same rate. The grafting
of Fe@AgNPs on the surface of rGO provides positive effects
such as increasing the stability of Fe@AgNPs and active
groups of the Fe@AgNPs on the surface for Li ions. Figure 7
also shows that, when the current rate decreases to 0.1 C, the
capacities of the three samples restore almost the original
amounts, which suggests that the three samples all have ex-
cellent circulation property. Moreover, the capacities of the
three samples were quite stable at the high 1 C rate, indicating
good lithium ion diffusivity in the three samples.

According the electrochemical test results, the properties of
the improved lithium storage resulted from the smaller diffu-
sion length of lithium and the well-dispersed Fe@AgNPs on
rGO sheets. The rGO sheets as a support have good dispersion
and increase stability of the Fe@AgNPs. Hence, the well-
dispersed Fe@AgNPs may assure a smaller and effective dif-
fusion length improving the performance of LIBs. As a result,
high lithium storage and great cycling and rate performance
are realized by the Fe@AgNPs-AETrGO composite. Addi-
tionally, the stability of the Cu foil modified with
Fe@AgNPs-AETrGO was also investigated. After 1 month,
the current response is maintaining at approximate 95.48 % of
the original value, suggesting the very promising performance
for the future of Li-ion batteries.

Conclusion

In this study, we synthesized Fe@AgNPs on AET functional-
ized rGO and characterized their properties using TEM, XPS,
SEM, and XRD. The synthesized Fe@AgNPs-AETrGO

Fig. 6 Cyclic voltammogram curves of the Fe@AgNPs-AETrGO anode
material for the initial 50 cycles

Fig. 7 The rate capability of Fe@AgNPs-AETrGO, Fe@AgNPs, and
rGO electrodes
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composite as an anode material in LIBs significantly improves
the performance and remains stable even after 50 cycles. The
Fe@AuNPs-AETrGO composite showed a high specific
gravimetric capacity of about 1500 mAh g−1 and long-term
cycle stability. The highly improved electrochemical perfor-
mance of Fe@AgNPs-AETrGO composite is attributed to the
small size and dispersion of Fe@AgNPs on rGO sheets. This
study demonstrates that the rGO support plays significant
roles in improving the storage capacity, cycle life, and rate
capability of the anode electrode by avoiding the aggregation
of Fe@AgNPs and working as a substrate for lithium inser-
tion/desertion.
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