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ABSTRACT: There is a great interest in the utilization of
silicon-based anodes for lithium-ion batteries. However, its poor
cycling stability, which is caused by a dramatic volume change
during lithium-ion intercalation, and intrinsic low electric
conductivity hamper its industrial applications. A facile strategy
is reported here to fabricate graphene oxide-immobilized NH2-
terminated silicon nanoparticles (NPs) negative electrode (Si@
NH2/GO) directed by hydrogen bonding and cross-linked
interactions to enhance the capacity retention of the anode. The
NH2-modified Si NPs first form strong hydrogen bonds and covalent bonds with GO. The Si@NH2/GO composite further
forms hydrogen bonds and covalent bonds with sodium alginate, which acts as a binder, to yield a stable composite negative
electrode. These two chemical cross-linked/hydrogen bonding interactionsone between NH2-modified Si NPs and GO, and
another between the GO and sodium alginatealong with highly mechanically flexible graphene oxide, produced a robust
network in the negative electrode system to stabilize the electrode during discharge and charge cycles. The as-prepared Si@NH2/
GO electrode exhibits an outstanding capacity retention capability and good rate performance, delivering a reversible capacity of
1000 mAh g−1 after 400 cycles at a current of 420 mA g−1 with almost 100% capacity retention. The results indicated the
importance of system-level strategy for fabricating stable electrodes with improved electrochemical performance.
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■ INTRODUCTION

Developing lithium-ion batteries (LIBs) with high energy,
power density, and long cycle life is of key importance to meet
the ever-increasing energy storage needs for various applica-
tions such as portable electronic devices, hybrid electric vehicles
(HEVs), pure electric vehicles (EVs), and even grid-scale
energy storage systems.1−3 Battery performance depends
critically on the electrode materials; therefore, the development
of new materials is very important. Graphite, which is the most
common anode material for current commercial LIBs, cannot
fulfill the requirement of high-energy applications, because of
its limited specific capacity, with a theoretical value of 372 mAh
g−1.4 Different types of anode materials with high specific
capacities have been proposed for LIBs. Among them, silicon
(Si) has attracted great attention, because of its high specific
capacity (∼4000 mAh g−1), low lithium discharge potential
(∼0.5 V vs Li/Li+), and environmental benignity.5−7 However,

the practical application of micrometer-sized bulk Si-based
electrode materials is still hampered by its low electric
conductivity and large volume change (∼400%) during the
discharge and charge processes, resulting in fracture, pulveriza-
tion, and final loss of electric contact from the current collector,
which all lead to low rate performance and fast capacity fade
upon cycling.8 It is commonly acknowledged that nano-
structured Si can partially overcome the aforementioned limits.
Nanostructured Si is more resistant to mechanical strain during
lithium-ion insertion/desertion than bulk one and could
provide shorter path length for the transport of electron and
lithium ion and improve conductivity as well as charge/
discharge rate.7 As a result, significant progress has been made
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on developing Si in the forms of nanowires,9 nanotubes,10

nanospheres,11 and nanofibers.12 Nevertheless, synthesizing Si
with special nanostructures usually involves a complex chemical
route and high-temperature processes such as chemical vapor
deposition, which is expensive and difficult to scale up.12

Developing Si-based nanomaterials with stable electrochemical
performance through relatively facile processes is still very
important and challenging.
Recently, the utilization of carbon materials in making Si

nanoparticles composites as anode materials for LIBs has
become another effective strategy to address the low rate and
poor cycle performance problems of Si nanoparticles
(NPs).13−26 A key role of carbon materials in those types of
Si-based anode nanostructures is that they can buffer the
pulverization of Si upon lithiation. Among these composites
with carbon and various morphologies of Si nanomaterials,
reduced graphene oxide (RGO)/Si NPs hybrid materials have
shown promising electrochemical performance, because RGO
has superior electrical conductivity, high surface area (2600 m2

g−1), excellent chemical stability, and strong mechanical
strength.18−26 Besides the composite materials, electrodes
made from Si NPs using special polymer binders, such as
polyacrylic acid (PAA),15,27 carboxyl-methyl cellulose
(CMC),28,29 alginate (Alg),30 CMC and PAA composite
binder,31 or mussel-inspired adhesive binders (dopamine)32

have been found to have good cycle stability in more recent
years. The cycle life improvement by using PAA, CMC, and Alg
binders was attributed to the binding interaction between the
functional groups on the polymers and the surface oxide on Si
NPs. According to the above-mentioned strategies, it is clear
that most of the research on the Si-based anode materials has
been focused on either designing Si-based novel nanostructures
or manufacturing the stable electrodes using novel binders.
However, such investigations of active materials or binders have
not provided sufficient solutions to the technological challenges
for the development of the modern battery industry. It may be
helpful to pay attention to the development of the electrode
system as a whole. It is expected that further improvement of
the cycle life and rate performance of Si-based anode materials
can be realized by optimizing the complete system and studying
the interactions between these individual components.
In this paper, a novel strategy for constructing enhanced

interfacial bonding for silicon-based anodes is reported for
energy storage. Specifically, a NH2-terminated Si/GO (Si@
NH2/GO) composite was fabricated. GO was selected as a
substrate to anchor the Si@NH2, because it can increase the
chemical interaction via cross-linking reaction derived from
both the high surface area and the rich functional groups on its
surface. RGO, which has been extensively studied as a
component for composite materials previously,13−26 was not
adopted, because of the insufficient number of functional
groups on its surface. The fabrication of the composite
materials involves a two-step design to build three stable
interfaces between Si NPs and aminopropyltriethoxysilane
(APTES), APTES and GO, and GO and binder. The as-
obtained electrode exhibited much improved cycling perform-
ance and good rate capability, which made it an effective
strategy to design a novel Si-based electrode with good
performance.

■ EXPERIMENTAL SECTION
Si NPs were purchased from Alfa Aesar. Aminopropyltriethoxysilane
(APTES) and other reagents were purchased from Aladdin. All

reagents were used as received without further purification. The Si
NPs were first treated by HCl solution to obtained OH-terminated Si
(Si@OH) NPs. Then, the Si@OH NPs were NH2-terminated via the
surface grafting of APTES in toluene solution.33,34 The APTES on the
Si surface can function as a buffer, and it also can provide a positively
charged surface to realize the self-assembling of Si and the negatively
charged graphene oxide (GO)35 by hydrogen bonding interac-
tion.20,21,24,25 A cross-linking reaction then happened between the
buffer and GO by thermal treatment in Ar. After the Si@NH2/GO
nanocomposite was mixed with sodium alginate (Salg) binder in water,
another chemical binding reaction between GO and binder would take
place through thermal treating the mixture on the current collector in a
vacuum. In addition, this low-temperature heat treatment process can
partially remove and/or chemically modify some of the functional
groups on the GO surface and improve the electronic conductivity36 of
the as-prepared Si@NH2/GO nanocomposite.

Preparation of NH2-Terminated Si Nanoparticles (Si@NH2
NPs)..33,34 In a typical experiment, the pursued Si NPs were immersed
in hydrochloride solution (37%) for 1 h at room temperature with
high-speed stirring. Thereafter, the product was filtered, washed by
deionized water three times, and dried under vacuum at 80 °C for 2 h
to obtain the OH-terminated Si nanoparticles (Si@OH NPs). Then,
the Si@OH NPs (500 mg) were dispersed into 50 mL of dry toluene
solution via sonication for 2 h. Afterward, 0.5 mL of APTES was
poured in and the mixture was refluxed at 110 °C for 24 h under a
nitrogen atmosphere. Subsequently, the product was filtered, washed
by acetone three times, and dried under vacuum (0.01 MPa) at 60 °C
overnight.

Preparation of the Si@NH2/GO Composite. GO nanosheets
were prepared from natural graphite using a modified Hummers’
method.37,38 The suspension of Si@NH2 (1 mg mL−1) in water was
added dropwise into a diluted (GO) aqueous dispersion (1 mg mL−1,
pH 6.0) under fast stirring (400 rpm) for 2 h. The precipitate was
filtered and washed by ethanol three times, followed by a thermal
treatment at 150 °C in a furnace for 12 h under an Ar atmosphere.

Preparation of the Si@OH/GO Composite. Si@OH/GO
composite was prepared using a procedure similar to that used for
the preparation of Si-@NH2/GO, except NH2-terminated Si NPs were
substituted with Si@OH NPs.

Physical Characterizations. Fourier transform infrared spectros-
copy (FT-IR) spectra were documented with KBr pellets from a
Bruker Model R 200-L spectrophotometer. Raman spectra were
obtained with a Bio-Rad Model FTS6000 Raman spectra were
obtained with a Bio-Rad FTS6000 Raman microscopy with a 532 nm
blue laser beam. Thermogravimetric analyses (TGA) were conducted
using a thermogravimetric analyzer (TA Instruments, Model TGA-
Q50) in air at a scan rate of 5 °C min−1 from room temperature to 700
°C. The morphologies and crystalline structures of the obtained
composite were characterized by scanning electron microscopy (SEM,
JSM Model 6390) and transmission electron microscopy (TEM)
(JEOL, Model 2010F). X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Kratos Axis Ultra spectrometer
with focused monochromatic Al Kα radiation (hν = 1486.6 eV).

Electrochemical Tests. All of the tests were performed with
CR2025 coin half-cells. The Si-based negative electrodes were made
from the mixtures of 60 wt % Si/GO composite, 20 wt % super P, 20
wt % sodium alginate (Salg) on copper foil, with an average composite
loading of ∼1.5 mg·cm−2, and dried for 12 h at 100 °C under vacuum
(1000 Pa). The electrodes were punched into disks with a diameter of
14 mm and pressed at 10 MPa thereafter. The electrolyte was
composed of 1.0 M LiPF6 in a mixture of ethylene carbonate (EC),
dimethyl carbonate (DEC), and ethyl methyl carbonate (EMC)
(1:1:1, v/v) with 3 wt % vinylidene carbonate (VC). Celgard 2400 was
used as the separator. Cells were assembled in an Ar-filled glovebox
(Master 100 Lab, Braun, Germany) with less than 1 ppm of both
oxygen and moisture. The cells were electrochemically cycled between
0.01 and 1.0 V at different charge/discharge rates on a multichannel
battery test system (Neware, Model CT-3008W). The specific capacity
was calculated based on the mass of the Si@NH2/GO composite. The
cyclic voltammetric (CV) tests were carried out on an Electrochemical
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Workstation (Autolab PGSTAT 101) at a scan rate of 0.1 mV s−1. The
electrochemical impedance spectroscopy (EIS) data of the electrodes
were acquired at room temperature, using a Versa-stat 3 electro-
chemical workstation (Princeton Applied Research) after a desired
number of cycles at a constant potential of ∼1.0 V (vs Li/Li+) in the
frequency range from 100 kHz to 10 mHz by imposing an alternate
current with an amplitude of 10 mV on the electrode.

■ RESULTS AND DISCUSSION

After treatment with hydrochloride, the Si NPs are oxidized to
form a layer of silicon dioxide on their surface. It has been
known that the Si@OH NPs are negatively charged, which is
difficult to assemble with the negatively charged GO from the
ionization of the carboxylic acid and phenolic hydroxyl.19

However, the Si@OH NPs can be easily modified via the
surface grafting of APTES via covalent bonds to make the
surface positively charged in acid solution.20,21 Therefore, the
surface-modified Si NPs can be well dispersed on GO through
hybrid electrostatic/hydrogen-bonding self-assembly. To obtain
cross-linking reaction between the −NH2 groups on the Si@
NH2 and the carboxylic groups on the GO, the obtained Si@
NH2/GO composite was thermally treated at 150 °C in an Ar
atmosphere.39

Figure 1 shows the FTIR spectra of the Si-based materials
obtained from different treatment processes for Si NPs. In the
spectrum of the initial Si@OH (Figure 1a), the peak at 3739
cm−1 is assigned to the stretching of free silanol group.34 The
Si−OH groups and H2O molecules absorbed on the surface
display a band at 1630 cm−1. Comparing with the IR spectrum
of Si@OH, there are two peaks at ∼2970 and 2930 cm−1 in the
Si@NH2 spectrum, which are assigned to the vibrations of
methyl/methylene in the APTES molecule.24,25 The typical
bands of ∼3350, 3300, and 3100 cm−1 are assigned to the

asymmetric −NH2 stretch, the symmetric −NH2 stretch, and
deformation of the hydrogen-bonded amino group, respec-
tively.40 In addition, the peak at 3739 cm−1 in the Si@NH2

spectrum is much weaker than that in the Si@OH spectrum.
These observations suggest that APTES have been grafted
successfully onto the Si@OH NPs via covalent bonds. A typical
broad peak is observed in the range between 3300 cm−1 and
3100 cm−1 in the Si@NH2 sample, which is assigned to some
hydrogen-bonding interactions between partial NH2 groups of
APTES and hydroxyl groups on the surface of Si NPs. For GO,
the presence of the two peaks at 1715 and 1050 cm−1,
corresponding to the stretching vibration of CO for
−COOH and C−O for C−OH, respectively, demonstrates
that there are carboxylic and hydroxyl groups in GO (Figure
1b).41 After Si@NH2/GO composite formation via the thermal
treatment, the relative intensity of 1715 cm−1 decreased
significantly and the peaks of 1635 and 1553 cm−1 disappeared
with a new peak forming at 1628 cm−1 instead, which is
attributed to the CO stretching vibration of amide (Figure
1c). This result provides a proof of the occurrence of chemical
cross-linking reaction/strong hydrogen-bonding interaction
between the Si@NH2 and GO.39 For Si@OH/GO composite,
the relative intensity of 1715 cm−1 does not change
significantly, compared with that of GO, indicating no obvious
chemical cross-linking reaction between the −COOH of GO
and hydroxyl groups of Si@OH (Figure 1c). However, the
relative intensity of ∼3200 cm−1 does increase and the peak of
∼1080 cm−1 decreased significantly, which might be attributed
to some hydrogen-bonding interactions between the hydroxyl
groups on the Si@OH NPs and the functional groups on GO.
To achieve cross-linking reaction between GO and Salg, the
working electrode containing Si@NH2/GO composite, super P,

Figure 1. Fourier transform infrared (FT-IR) spectra of the obtained Si-based materials: (a) FT-IR spectra of the Si@OH and Si@NH2; (b, c) FT-IR
spectra of the GO, Si@OH/GO and Si@NH2/GO composites (d) FT-IR spectra of the Salg, Si@OH/GO/Salg and Si@NH2/GO/Salg electrodes.
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and Salg pasted on copper foil was treated at 150 °C under
vacuum (1000 Pa). As shown in Figure 1d, the weak peak at
1715 cm−1 of Si@NH2/GO composite, which is attributed to
the chemically cross-linked reaction between the partially
functional groups of GO and the binder, disappeared after it
was treated with Salg at 150 °C overnight. At the same time,
the typically broad peak ranging from 3300 cm−1 to 3100 cm−1

in the thermally treated electrode became weaker, compared to
the Si@NH2/GO composite. It can be therefore concluded that
a covalent bond has been formed between GO and Salg during
the vacuum-drying process. As to Si@OH/GO with Salg, a
small peak at 1715 cm−1, attributed to the CO stretching
vibration of CO for the −COOH group, is observed, which
could be attributed to the surplus −COOH groups of GO after
the chemical cross-link reaction between GO and Salg. The
peak at ∼3500 cm−1, which appear in all of the spectra (as
shown in Figure 1d), should be attributed to the vibration of
the absorbed water molecules.
There is not significant difference between the Raman

spectra of Si@NH2/GO and Si@OH/GO composites (see
Figure S1 in the Supporting Information). Two peaks at 1350
and 1590 cm−1 correspond to the D and G bands of GO/
graphene, respectively.42 The compositions of Si@OH/GO and

Si@NH2/GO samples were also determined using TGA (see
Figure S2 in the Supporting Information). The 5% mass loss
below 150 °C corresponds to the loss of the absorbed water
molecules on the surface of the three samples. A mass loss of
33% was observed between 200 °C and 500 °C for Si@OH/
GO, which corresponds to the oxidation of GO in this sample.
For the Si@NH2/GO sample, a 35.5% mass loss between 200
°C and 500 °C corresponds to the oxidation of GO and the
APTES molecule. For both Si@OH/GO and Si@NH2/GO
samples, the Si nanoparticles are stable up to 550 °C.24 The
gradual increase in mass above 550 °C is attributed to oxidation
of the Si core. Based on the above analysis, the overall mass
percentages of Si in the Si@OH/GO and Si@NH2/GO
samples are 70.5% and 67.8%, respectively.
X-ray photoelectron spectroscopy (XPS) analysis was

conducted to monitor each step of the Si@NH2/GO composite
preparation. Figure 2a shows the entire XPS spectra of the
obtained Si@OH, Si@NH2, GO and Si@NH2/GO samples. As
shown in Figure 2b, two distinct doublets, corresponding to
bulk silicon (98.7 eV) and silicon bonded to oxygen (103.1
eV), are observed.43 Quantification of the high-resolution
spectrum shows that the contributions of these two
components in the Si@OH sample are 71% and 29%,

Figure 2. XPS of the different Si-based materials obtained from different treatment of Si NPs: (a) XPS spectra of the obtained Si@OH, Si@NH2,
GO, and Si@NH2/GO samples; (b) Si 2p spectrum of Si@OH; (c) C 1s spectrum of Si@OH; (d) C 1s spectrum of Si@NH2; (e) N 1s spectrum of
Si@NH2; (f) Si 2p spectrum of Si@NH2; (g) C 1s spectrum of Si@NH2/GO; (h) N 1s spectrum of Si@NH2/GO; and (i) Si 2p spectrum of Si@
NH2/GO.
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respectively. Observation of the C 1s spectrum in the Si@OH
indicates the presence of hydrocarbon contamination on the
surface (Figure 2c).33 After surface modification by APTES, the
C 1s spectrum (Figure 2d) shows all the expected functionality
from APTES, namely, C−C at 285.0 eV, C−O/C−N at 286.4
eV, and C−CO at 288.3 eV.44 However, it is not significantly
different from that of the Si@OH NPs, since hydrocarbon
contamination also exhibits these functional groups. This
phenomenon is similar to the previously reported results.33

The presence of APTES on the surface can be confirmed by the
N 1s spectrum (shown in Figure 2e). The peak at 401.5 and
399.6 eV are attributed to hydrogen-bonded NH2 and free NH2
of the APTES molecules, respectively.45 These components are
expected to be present in the spectrum of a surface that has
been successfully modified with APTES. In addition,
comparison between the Si 2p spectrum from the Si@NH2
surface (Figure 2f) and that from Si@OH surface (Figure 2b)
reveals that there is an increase in the Si−O peak (103.6 eV)
from the bulk Si peak (99.6 eV). Such an increase on the Si@
NH2 surface may be resulted from two factors:34 first, the
APTES itself contains Si−O bonds, and, second, the APTES on

the surface results in a thicker layer on top of the bulk silicon
than the Si@OH alone, and this will, in turn, lead to an
attenuation of the bulk Si XPS signal due to the limited probe
depth of XPS. When the Si@NH2 NPs are composited with
GO, the C 1s signals are shifted to lower binding energy and
their full width at half-maximum (fwhm) became narrower
(Figure 2g), which are attributed to an enhanced degree of
graphitization caused by the GO.46 The obvious peak at 399.6
eV, corresponding to the free NH2 of APTES in Si@NH2,
disappeared and two new peaks at 402.2 and 400.6 eV can be
observed (Figure 2h), which are assigned to the strong
hydrogen-bonded NH2 and N 1s spectrum of amide,
respectively.46 This result provides a good case for the
occurrence of chemical interaction between the Si@NH2 and
GO. Comparison between the N 1s spectrum from Si@NH2/
GO composite surface with the N 1s spectrum from Si@NH2

shows that there is a decrease in the peak intensity, which is
resulted from an additional GO layer on the surface of Si@
NH2. A similar decrease in the peak intensity of Si 2p can also
be observed.

Figure 3. (a, b) SEM images of the Si@NH2/GO composite; (c, d) TEM images of the Si@NH2/GO composite; (e) HTEM image of the Si@NH2/
GO composite; and (f) electron diffraction pattern of the Si@NH2/GO composite.
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The morphology of the resulting Si@NH2/GO composite is
shown in Figure 3. The SEM image displays that this composite
is a micrometer-sized nanocomposite with a rough and
wrinkled surface (Figure 3a). In the high-magnification SEM
image (Figure 3b), it is easy to see that the Si@NH2 NPs are
well-coated/immobilized by GO. The TEM image shows that
the micrometer composite is composed of Si NPs and GO
nanosheets (Figure 3c). The uniformly dispersed Si NPs are
well-coated by GO sheets with wrinkles around the Si NPs. In
addition, the HRTEM image reveals that a Si nanoparticle of
∼100 nm in size, with a crystal structure and a thin coating on
its surface, is well-coated by GO sheets with a thickness of
several nanometers (Figures 3d and 3e). The ringlike mode in
the selected-area electron diffraction (SAED) pattern (inset of
Figure 3e) confirms the polycrystalline GO. The single crystal
structure of Si is demonstrated by its separately single point in
SAED (Figure 3f).
The characterization data obtained from FT-IR spectroscopy,

Raman spectroscopy, SEM, TEM, HRTEM, and XPS analysis
confirm that the Si nanoparticles in the Si@NH2/GO
nanocomposite have been satisfactorily modified by APTES
molecules and the Si@NH2 NPs have been well-immobilized
by GO via chemical cross-linking/hydrogen-bonding inter-
actions. Furthermore, the Si@NH2/GO composite has also
been well-immobilized with the binder (Salg) via chemical
cross-linking reaction when it is used as an active material for a
Si-based electrode. Such a composite is expected to have
enhanced electrochemical performance when it is employed as
anode material, as is indeed observed subsequently.
Figure 4a shows typical cyclic voltammetry (CV) curves of

the Si@NH2/GO nanocomposite electrode in the potential
window of the open circuit voltage to 0.01 V of the first cycle

and 1.0 to 0.01 V of the following two cycles at a scan rate of
0.1 mV s−1. The cathodic part of the first cycle displays a broad
peak centered at 1.3 V, which may be attributed to the
decompositions of electrolyte additive (VC). The decom-
positions of VC help to form a proper protective SEI film in an
early stage of the first discharge, which further decreases
electrochemical reduction of the main electrolyte components
(no obvious reduction peak at 0.8 V was observed).47,48 Below
0.25 V, a sharp reduction peak for insertion of Li+ into Si NPs
could be observed, and subsequently, the extraction process
occurred at 0.34 and 0.54 V with a broad peak. These redox/
oxidation peaks are attributed to the alloying/dealloying of Li
with active Si NPs. In the following cycles, the cathodic peak at
0.13 V gradually evolved, corresponding to the formation of
Li−Si alloy phase. The anodic parts show two peaks at 0.37 and
0.55 V, which assigned to dealloying of Li−Si alloys. These
results are consistent with the data previously reported for Si-
based electrodes.13,19,20

Figure 4b displays the discharge−charge profiles of the first
three cycles at a current density of 210 mA g−1 and the selective
cycles at a current density of 420 mA g−1 between the voltage
limits 0.01 and 1.0 V vs Li/Li+. The specific discharge capacity
is calculated using the total mass of Si@NH2/GO composite.
The initial discharge capacity is 1833 mAh g−1, with a reversible
charge capacity of 878 mAh g−1. The large irreversible capacity
of the Si@NH2/GO composite can be attributed to the
formation of SEI film and the lithium consumption of GO,19,49

whose first specific discharge and charge capacities were 790
mAh g−1 and 100 mAh g−1, respectively (see Figure S3 in the
Supporting Information). The large irreversible capacity results
in low Coulombic efficiency (CE) in the first cycle. In addition,
the specific charge capacity in the initial several cycles shows an

Figure 4. (a) CV curves of the first three cycles of the Si@NH2/GO composite, (b) galvanostatic discharge and charge profiles of Si@NH2/GO
composite at different cycles, (c) cycling performance of Si@NH2/GO, Si@OH/GO composites and pure Si nanoparticles, and (d) rate
performance of Si@NH2/GO and Si@OH/GO composites.
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activation process. After the activation process, the CE quickly
reaches nearly 100% and remains relatively stable in subsequent
cycles (Figure 4c). This high CE achieved here should be due
in large part to the formation of a stable SEI on the composite
electrode.
Figure 4c compares the long cyclic performance of the Si@

NH2/GO and Si@OH/GO composite-based electrodes at
different current densities. The electrode made with the Si@
NH2/GO composite delivers a specific charge capacity of 1059
and 927 mAh g−1 at 210 and 420 mA g−1, respectively. In the
first several cycles, although the Si@OH/GO composite-based
electrode displays higher specific capacities, compared to the
Si@NH2/GO composite-based electrode, the capacity declines
very rapidly. After ∼10 cycles, the specific capacity of the Si@
NH2/GO composite becomes higher than that of Si@OH/GO
composite, showing its good capacity retention capability. This
result demonstrates that the Si@OH/GO composite-based
electrode may not maintain a stable SEI layer during the initial
cycles. As shown in Figure 4c, the Si@NH2/GO composite
shows an excellent cycle performance. After 400 cycles, the
reversible specific capacity for this composite is still as high as
1000 mAh g−1 (∼1520 mAh g−1 based on the pure Si) with
100% capacity retention. It is noted that the capacity gradually
increases during 400 cycles, which may be attributed to the
interfacial lithium storage and the activation Si in the core upon
cycling. Similar experimental results were also observed in Si-
based26 and other anode materials.50 In contrast, the Si@OH/
GO composite only shows 68% capacity retention after 280
cycles. It is useful to note that the capacity retention capability
of Si@OH/GO composite is comparable to the recently
reported Si/graphene composite in the literature,18−25 although
this value is much lower than that of Si@NH2/GO composite
reported above. This result clearly demonstrates the importance
and validity of dual chemical cross-linking/hydrogen bonding
interactions between Si@NH2 and GO, and between GO and
binder. In addition, the electrochemical performance of the
pristine Si NPs was also investigated under the same
electrochemical test conditions for comparison. As illustrated
in Figure 4c, the pristine Si NPs exhibit an initial charge
capacity of 2471 mAh g−1; however, the capacity decreases
dramatically to 665 mAh g−1 after 150 cycles. This would be
attributed to the poor intrinsic electronic conductivity and large
volume change during Li insertion/extraction, leading to a loss
of electrical contact between the active materials and the
current collector. This result is also expected from the large
resistance of the pristine Si NPs electrode (as shown in Figure
S4 in the Supporting Information). In addition, the specific
capacity and the cycle performance of Si@OH and Si@NH2
were tested using the electrolyte without adding the VC
(shown in Figure S5 in the Supporting Information). In
comparison with the pristine Si@OH NPs, the Si@NH2
material exhibits better cycle performance, with a specific
charge capacity of 2530 mAh g−1 in the first cycle and 28.9%
capacity retention after 50 cycles.
Figure 4d shows the rate performance of the Si@NH2/GO

and Si@OH/GO composites. For Si@NH2/GO composite
electrode, it delivers specific discharge capacities of 1100, 960,
760, 510, and 300 mAh g−1 at current densities of 210, 420,
840, 2100, and 4200 mA g−1, respectively. When the current
density is decreased from 4200 mA g−1 to 210 mA g−1, the
discharge capacity goes back up to 1120 mAh g−1, revealing the
superior reversibility of Si@NH2/GO and its suitability as an
anode material with good rate performance. This again

demonstrates that the dual chemical cross-linking/hydrogen
bonding interactions architecture of the material is tolerant to
various charge and discharge currents, which is a characteristic
required for high-powered applications. Although the Si@OH/
GO composite electrode shows similar discharge capacity to the
Si@NH2/GO composite electrode at the same current
densities, it cannot recover to its original value when the
discharge current density resumes its original value after several
cycles. This result shows that the Si@OH/GO composite18−25

cannot act as a stable anode material at high rate. It is noted
that the APTES molecules, which have been successfully
grafted onto the surface of Si@OH NPs, play an important role
in the excellent cycling and good rate performance of the Si@
NH2/GO composite, because they function as a buffer layer
alleviating the effect of volume change during the insertion/
extraction of lithium ions and also provide a positively charged
surface to realize the self-assembling of Si with the negatively
charged GO by chemical interactions.
To further understand the good cyclic and rate performance

of the Si@NH2/GO composite electrode, the electrochemical
resistance of the Si@NH2/GO composite electrode was
measured using electrochemical impedance spectroscopy
(EIS). Figure 5 displays the Nyquist plots of the half cell

with the composite working electrode after different charged
cycles. EIS measurements were performed after 1, 50, 100, 150,
250, 300, 400, and 500 cycles under the cycling rate of 420 mA
g−1. The internal impedance of the cell can be described by its
equivalent circuit, which is also plotted as the inset of Figure 5a.
In the equivalent circuit, Rs is the resistance associated with the
cell components, such as the electrolyte, the working electrode

Figure 5. (a) Nyquist plots of the Si@NH2/GO composite anode after
a series of cycles at 420 mA g−1 and (b) close-up of Nyquist plots of
the Si@NH2/GO composite anode after a series of cycles at 420 mA
g−1. The symbols represent the EIS measurement data, and the lines
are fitting curves using the equivalent circuit.
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(Si@NH2/GO), and the counter electrode (Li foil). Rint is the
interface resistance relevant to the SEI film, Rct is the charge-
transfer resistance for the electrode reaction, and W is the
Warburg contribution, which is related to Li-ion diffusion into
the Si@NH2/GO.

14,51 The obtained impedances can be well-
fitted with the equivalent circuit. The total impedance decreases
initially, and then slowly increases after the 400th cycle.
(Detailed results are listed in Table S1 in the Supporting
Information.) The decrease in the impedances for the first few
cycles may be attributed to two major reasons: the slow wetting
of electrolyte into porous electrode, and the conductivity
increase of Si nanoparticles after lithium-ion doping associated
with electrochemical charging.49 The improved reaction
kinetics during the initial charge/discharge cycles resulted in
a gradual increase in initial capacity (see Figure 4d). After 400
cycles, the capacity of the Si@NH2/GO composite electrode
slowly decreased (as shown in Figure S4 in the Supporting
Information), corresponding to the increase in impedances
(especially the quick increase in Rs). The possible reason for the
quick increase in Rs is the deterioration of the counter electrode
(Li anode). In contrast, both Rint and Rct impedances of Si@
OH/GO composite electrode (as shown in Figure S6 in the
Supporting Information) increase after the first cycle, which
indicates the continuous growth of the SEI during cycling.49

The Rint (as listed in Table S1 in the Supporting Information)
of the composite obviously increases after the first cycle,
indicating that the SEI formed in the first cycle cannot
withstand the strain/stress caused by lithium-ion intercalation
in the following several cycles, resulting in rapid capacity loss
and new SEI formation in the initial cycles. From the EIS data,
one can be convinced that Si@NH2/GO composite electrode is
more resistant to mechanical strain/stress during lithium-ion
insertion/desertion than the Si@OH/GO composite electrode.

■ CONCLUSION
In summary, we developed a facile and scalable route to
fabricate a novel Si@NH2/GO-based electrode with high
cycling stability by dual chemical cross-linking/hydrogen
bonding interactions between surface-modified Si NPs and
GO, and between GO and binder. The good mechanical
flexibility, fast ionic and electronic transfer capability, and the
number of function groups of GO play important roles. The
dual chemical cross-linking/hydrogen bonding interactions
between the functional buffer layer (APTES) and GO, and
between GO and binder provided three stable interfaces
between Si NPs and APTES, between APTES and GO, and
between GO and binderto enhance the cycling performance
of Si-based anodes. The obtained Si@NH2/GO compound
exhibited excellent cycling performance with specific reversible
capacity up to 1000 mAh g−1 at a current density of 420 mA g−1

after 400 cycles. Its rate performance is also shown to be good.
The great improvement of cyclic performance achieved in this
anode is attributed to the use of APTES buffer layer, GO, and
Salg, which effectively integrate the Si NPs, GO and binder into
a stable electrode. This strategy for designing a durable Si-based
electrode at a systematic level could be extended to other high-
capacity electrode materials to achieve improved cycling
performance.
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