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The electrochemical characteristics of graphene oxide and Si nanocomposite (GO@Si) anode materials
for lithium ion batteries were evaluated using chemo-thermal production. The structure and
morphology of a GO@Si nanocomposite anode with 50% Si revealed that well-crystalline Si particles
were uniformly enwrapped by graphene oxide nanosheets, forming the GO@Si nanocomposite's
connection network. The first cycle discharge capacity increased from 1440 mA h/g for GO to 1471
mAh/g for Si and 1570 mAh/g for GO@Si nanocomposite at a current density of 0.5 A/g, indicating
that the GO@Si nanocomposite performed better, which can be attributed to synergistic effects of the
conductive GO nanosheets and the highly rough and porous structure of the nanocomposite. The
conductive structure of the GO@Si nanocomposite electrode may effectively buffer the volume
expansion—contraction during electrochemical cycling, according to the findings. After 300
electrochemical lithiation (discharge)/delithiation (charge) cycles, it was discovered that the GO@Si
nanocomposite had excellent stability performance, with an effective capacity of 1018 mA h/g, which
was roughly 3-fold that of a commercial graphite-based anode. The capacity retention of the GO@Si
nanocomposite was 91% for the first 300 cycles, with a coulombic efficiency of 99.6%. The
electrochemical performance of GO@Si nanocomposite containing 50% Si and different published
anode materials for lithium ion batteries indicated that other anodes performed better or comparable.
The rate capacity of the GO@Si nanocomposite indicated that at high current and fast rates, there was
no structural degradation to the layer structure.

Keywords: Graphene oxide; GO@Si nanocomposite; Lithium lon Batteries; Capacity retention;
Cycling stability

1. INTRODUCTION

As the globe shifts away from fossil fuels and toward emissions-free electricity, batteries are
becoming an increasingly important storage mechanism to help with the transition [1, 2]. Because of
applications in portable devices and electric vehicles in households, health instruments, medical,
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logistics and construction, firefighting and emergency, and military, demand for lithium-ion batteries
to power electric vehicles and energy storage has grown at an exponential rate [3-5]. By 2030, demand
is expected to climb 17-fold, lowering the cost of battery storage. The energy density of a battery refers
to how much power it can store in relation to its physical size [6, 7]. Lithium ion batteries can store
more energy while taking up less space than lead acid batteries, which is ideal for households with
limited space [8, 9].

As a result, numerous studies have been carried out in order to improve the power density,
lifetime, and safety of lithium-ion batteries [10-15]. Because of its electronic conductivity, superior
cyclability, high coulombic efficiency, high energy density, and low electrochemical potential,
graphite has attracted substantial interest as an anode for energy storage devices. However, lithium-ion
batteries' performance is limited by their modest storage capacity (372 mA h/g) [16, 17].

Because of benefits such as its greatest known capacity and relatively low working potential,
Si is also one of the most promising anode materials for mixing with or fully replacing conventional
graphite anodes in lithium-ion batteries. In theory, silicon has around ten times the storage capacity of
graphite [18-20]. However, before Si anodes can be used in practical lithium batteries, the problem of
excessively large volumetric change and low stability must be solved [21]. Because of its high rough
and nanoporous structure, which provide an ideal conductive matrix and buffer spaces for electron
transfer during the lithiation process, graphene has been studied for its potential use in the composition
of new batteries in recent years, and results have indicated that graphene can be considered a potential
miracle material that will revolutionize lithium-ion batteries and promote lithium-ion battery
performance [22-25].

In this work, the GO@Si nanocomposites were designed as an anode material for lithium-ion
batteries via a simple chemo-thermal technique. GO is a promising precursor for the creation of
carbon-based nanostructures because of its low cost, friendliness, and tailored properties and
functionalized with plenty of hydroxyl, epoxy, and carboxyl moieties, which can facilitate the
homogeneous deposition of Si nanoparticles in aqueous solution [26-28]. Moreover, the interconnected
GO layers provide a matrix to buffer the volume change and a conductive network to enhance the
conductivity, which leads to the improved performance. Herein, the use of chemo-thermal techniques
is a simple and effective strategy for the production of firmly-bonded and uniformly dispersed GO@Si
nanocomposites which can offer a large specific surface area and pathway for lithium transport and
reaction, leading to better cycling and rate performance. Moreover, the stoichiometry of GO and Si
nanoparticles in GO@Si nanocomposites is an important parameter which can effect lithium-ion
battery performance. As a result, more research is needed to optimize synthesis methodologies,
stoichiometry and mixture preparation, and hybrid and nanocompositions of Si and graphene to
increase thermal, chemical, and structural stability in practical applications for cycling performance.
As a result, this research focused on the chemo-thermal synthesis of GO@Si nanocomposite anode
material for lithium ion batteries, as well as the electrochemical properties of the material.
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2. EXPERIMENTAL

2.1. Synthesis of GO@Si nanocomposite

The chemo-thermal technique [23] was used to make the GO@Si nanocomposite. To make the
GO@Si nanocomposite, a mixture of Si nanoparticles (200 nm, Sigma-Aldrich) and GO (99%,
Xiamen Tob New Energy Technology Co., Ltd., China) was blended in a N-Methyl-2-pyrrolidone
(NMP, > 99.5%, Sigma-Aldrich ) solution of poly(vinylidene fluoride) (PVDF, Sigma-Aldrich). For
synthesis of the GO@Si nanocomposite, 50 wt% Si nanoparticles, 40 wt% GO, 4 wt% NMP and 6
wt% PVDF were added. The GO@Si nanocomposite was made with 40 wt% Si nanoparticles, 50 wt%
GO, 4 wt% NMP and 6 wt% PVDF. The GO@Si nanocomposite was made with 60 wt% Si
nanoparticles, 30 wt% GO, 4 wt% NMP and 6 wt% PVDF. To achieve a homogeneous composition,
the mixture was mixed. The mixture was then ball milled in an agate vial with agate balls for 8 hours.
Following the ball milling procedure, the mixes were washed three times with deionized water and
vacuum dried for four hours at 95 °C. In order to carbonize PVDF and minimize GO, the composite
was calcined at 650°C for 150 minutes in a tube furnace with a gas flow containing a 1:19 mixture of
H2/Na.

2.2. Electrochemical analyses

Using a 2032 coin-type cell with lithium metal as the counter and reference electrodes, the
electrochemical characteristics of the GO, Si, and GO@Si nanoomposite were investigated. A
microporous polypropylene sheet separated the electrodes (Celgard 2400, Hoechst-Celanese Co.,
North Carolina, USA). The working electrodes were made up of 75 wt.% produced composition
powder (GO, Si, and GO@Si nanoomposite), 15% acetylene black (99.5%, Shandong Gelon Lib Co.,
Ltd., China), and 10% carboxymethylcellulose sodium (average molecular weight of 90000, Sigma-
Aldrich) as a binder. The well-blended slurry was spread over copper foil, dried for 30 minutes at
80°C, and then cooked for 120 minutes at 150°C in a vacuum oven. A solution of 1 M LiPF6 dissolved
in a combination of ethylene carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl carbonate
(EMC) serves as the electrolyte (1:1:1 by volume). In a glove box filled with pure argon, the cell
assembly was operated (99.999 percent ). The total masses of Si and carbon were used to calculate the
specific capacity values. A potentiostat/galvanostat was used to investigate the electrochemical
characteristics (CS350, Wuhan Corrtest Instruments Corp., Ltd., China).

2.3. Morphology and Structure characterizations

The crystal structures and morphology of the synthesized compositions were studied using an
X-ray diffractometer (XRD; Rigaku D/max-2400, Japan) and scanning electron microscopy (Hitachi
3000, Tokyo, Japan).
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3. RESULTS AND DISCUSSION

3.1. Study the structural properties

Figure 1 shows the XRD patterns of GO, Si, and GO@Si containing 50 wt% Si. One of the
characteristic diffraction peaks in the XRD pattern of the GO sample is at 260 =11.89°, which
corresponds to (002) planes of the hexagonal graphite structure of GO [29-31]. Strong diffraction
peaks are observed in the XRD patterns of Si nanoparticles and GO@Si at 26 = 24.93°, 45.49°, 55.22°,
69.27°, and 76.59°, which are attributed to the (111), (220), (311), (400), and (331) crystalline planes
of face-centeredcubic structure Si (JCPDS card no. 80-0018) [32-34]. The XRD pattern of GO@Si
exhibits an extra GO peak (002), showing that GO sheets are dispersed within Si nanoparticles.

——— GO@Si with 50% Si
—Si
— GO

(111)

Intensity (a. u.)

Figure 2. SEM micrographs of (a) GO and (b) GO@Si contained 50 wt% Si.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220854 5

Figure 2 shows SEM micrographs of GO and GO@Si composites containing 50% Si by
weight. Figure 1a exhibits multilayer nano-sized ultrathin nanosheets of GO with kinked and wrinkled
nanosheets and atomically clean edges in a SEM micrograph. Figure 1b shows SEM images of the
GO@Si composite, which show evenly spherical-shaped Si particles scattered on GO nanosheets in
micron dimensions. Si particles are uniformly coated in graphene oxide nanosheets, forming the
GO@Si nanocomposite's connection network. It has a high degree of roughness and porosity, which
boosts catalytic activity and surface area.

3.2. Electrochemical analyses

Figure 3 displays the dQ/dV profiles at voltages from 0 to 2.5 V (vs. Li/Li*) for GO and
GO@Si composites containing 50 wt% Si at a scan rate of 0.1 mV/s in 1M LiPFs containing EC/DMC
(1:1 v:v) during the first charge—discharge process which indicated to good agreement with the earlier
reports of GO and Si based nanocomposites [35-38]. The dQ/dV profile of GO is contained typical
peaks broad peaks at 0.82 V in the charge profile due to the formation of a solid electrolyte interphase
(SEI) film on the nanocomposites surface [38, 39], which causes to substantial irreversible capacity
because of loss of a lot of Li* ions [40, 41]. In the GO@Si composite electrode, two peaks at 0.51 V
and 0.04 V in the charge profile and one peak at 0.44 V in the following discharge profile are
observed, which associated with the phase transition between amorphous LixSi and amorphous Si [42-

44].
0_&
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Figure 3. dQ/dV profiles at voltages from 0 to 2.5 V (vs. Li/Li*) for GO and GO@Si composite
contained 50 wt% Si at scan rate of 0.1 mV/s in 1M LiPFg containing EC/DMC (1:1 v:v).

Figure 4 shows the potential profile of GO, Si, and GO@Si nanocomposite with 50% Si at a
working voltage of 0 to 2.5 V at room temperature and a current density of 0.5 A/g during the first
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lithium insertion and extraction cycle (discharge and charge cycle). The first cycle discharge capacity
improved from 1440 mA h/g for GO to 1471 mAh/g for Si and 1570 mAh /g for GO@Si
nanocomposite, as shown in the graph. The better performance of the GO@Si nanocomposite can be
attributed to the synergistic effects of the conductive GO nanosheets and the nanocomposite's high
rough and porous structure, which provide an ideal conductive matrix and buffer spaces for electron
transfer and Si expansion during the lithiation process [45-48].
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Figure 4. Potential profile in the first lithium insertion and extraction cycle (discharge and charge
cycle) of GO and GO@Si nanocomposite contained 50 wt% Si under a working voltage from 0
to 2.5 V at room temperature at a current density of 0.5 A/g.

Figure 5 shows the first, second, third, and tenth charge and discharge profiles of a GO@Si
nanocomposite containing 50 wt% Si at room temperature, with a working voltage of 0 to 2.5V and a
current density of 0.5 A/g. As can be seen, the GO@Si nanocomposite anode's first discharge and
charge capacities are 1570 and 1370 mA h/g, respectively, resulting in a relatively low initial
Coulombic efficiency of 80%, which is higher than the Coulombic efficiency reported in previous
reports of GO and Si-based electrode materials [38, 49-52]. The multilayer nanocomposite matrix and
wide effective surface area that contributed to the creation of the irreversible SEI layers are likely to
blame for the low initial Coulombic efficiency. Another cause of the decline in early Coulombic
effectiveness is the reaction between Li ions and oxygen-containing functional groups (mainly
hydroxyl and epoxy groups) of GO nanosheets or SiO on the surface of Si particles [53]. The long-
range plateau seen in the profile after the first lithiation stage changed into a sloping plateau, implying
the electrochemical amorphization process of the crystalline Si [54-56]. Results indicate that the
charge/discharge profiles are not significantly altered during further cycling, illustrating that the
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conductive structure of the GO@Si nanocomposite electrode can effectively buffer the volume
expansion—contraction during electrochemical cycling [57-59].
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Figure 5. The first, second, third and 10" charge and discharge profiles of GO@Si nanocomposite
contained 50 wt% Si under a working voltage from 0 to 2.5 V at room temperature at a current

density of 0.5 A/g.
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Figure 6. Capacity retention profiles and corresponding Coulombic efficiency of GO@Si
nanocomposite contained 50 wt% Si electrode under a working voltage from 0 to 2.5 V at room
temperature at a current density of 0.5 A/g for the 300 cycles.
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Figure 7. Specific capacities of GO@Si nanocomposite anodes with 40%, 50% and 60% Si under a
working voltage from 0 to 2.5 V at room temperature at a current density of 0.5 A/g for the 100
cycles.

Figure 6 shows the stability and capacity retention curves of a GO@Si nanocomposite with a
50 wt% Si electrode after 300 cycles at room temperature with a working voltage of 0 to 2.5 V and a
current density of 0.5 A/g. After 300 electrochemical lithiation (discharge)/delithiation (charge) cycles,
the effective capacity of the anode is determined to be 1018 mA h/g, which is nearly 3-fold that of a
commercial graphite-based anode [60-62]. The GO@Si nanocomposite exhibits excellent capacity
retention for the first 300 cycles (91%). Figure 6 also shows the results of the corresponding
Coulombic efficiency of the GO@Si nanocomposite electrode for 300 cycles at room temperature with
a working voltage of 0 to 2.5 V and a current density of 0.5mA/g. The coulombic efficiency increased
dramatically from 80.1 percent on the first cycle to more than 99.6% after 10 cycles, and it remained
stable until the 260th cycle.

Figure 7 shows the specific capacities of GO@Si nanocomposite anodes with 40%, 50%, and
60% Si under a working voltage of 0 to 2.5 V at room temperature for 100 cycles at a current density
of 0.5 A/g. During the first 25 cycles, both nanocomposite anodes with 40% and 50% Si had
significantly higher charge/discharge capacities than nanocomposite anodes with 60% Si, suggesting
that GO plays a major role in charge and discharge reactions [63, 64], and could provide better
conducting/buffering networks for Si-based materials [65, 66]. GO serves as a conductive network to
facilitate the collection and transportation of electrons during the cycling [67, 68]. For conventional Si
electrodes, the amorphous LixSi alloy is formed during lithiation. Mechanically, this causes a
significant internal stress gradient on the surface of Si particles, causing swelling of the electrode and
pulverization of Si particles [69, 70]. As consequence, The swelling and pulverization can create crack
and peel off in electrode, followed by the loss of electrical contact between Si particles and current
collector, and generate of nonactive Si and poor electrical conductivity, and discontinuous current
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pathway [69, 71, 72]. In GO@Si nanocomposite, the entrapment of the Si nanoparticles by GO
nanosheets  protects  Si  nanoparticles  from direct exposure to  the electrolyte  during
lithiation/delithiation processes, and promotes Coulombic efficiency and stability of the electrode [73,
74]. Furthermore, while the first discharge capacity of the nanocomposite anode with 50% Si (1570
mA h/g) is slightly higher than that of the nanocomposite anode with 40% Si (1541 mA h/g), the
retained charge capacity of the anode with 50% Si (1490 mA h/g) is higher than that of the anode with
40% Si (1004 mA h/g). As a result, the initial coulombic efficiency of the 50% Si nanocomposite
anode is roughly 94%. This number is higher than the 40% Si anode value (65%). It has been
suggested that a low initial coulombic efficiency is associated with a decrease in the capacity of the
electrode which is related to the consumption of Li ions trapped in the nanoporous matrix of GO@Si
nanocomposite, and also the irreversible reaction of Li ions and the creation of a solid SEI layer on the
nanocomposite at voltages lower than 1.0 V (vs. Li/Li* ) [75, 76]. As seen, the lithiation/delithiation
capacities of anodes with 40% and 50% Si are approximately similar in the first 10 cycles, the specific
capacity of an anode with 40% Si drops significantly during further cycling, and it reaches 731 mA h/g
after 100 cycles. For anodes with 50% Si, the specific capacity is slightly increased after 100 cycles
and gets to 1051 mA h/g which is significantly higher than anodes with 40% and 60% Si. Therefore,
the GO@Si nanocomposite anode with 50% Si shows the good wrapping effect of Si particles by GO
nanosheets which forms a stable and efficient conducting/buffering framework.
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Figure 8. Rate capability of GO@Si nanocomposite contained 50 wt% Si electrode under a working
voltage from 0 to 2.5 V at room temperature at various current densities from 0.2 to 2 A/g for
the 50 cycles.

Figure 8 shows the rate capability of a GO@Si nanocomposite including a 50wt% Si electrode
for 50 cycles at room temperature with a working voltage ranging from 0 to 2.5 V and current densities
ranging from 0.2 to 2 A/g. As can be shown, the discharge capacities reach 1376 mA h/g at 0.2 A/g
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after the first 10 cycles, 1050 mA h/g after the second 10 cycles, 756 mA h/g after the third 10 cycles,
and 519 mA h/g after the second 10 cycles (between 30th and 40th cycles). Furthermore, when the
current rate is reduced to 0.2 A/g (between the 40th and 50th cycles), the capabilities of Si
nanocomposite are restored to their initial values, suggesting that there is no structural degradation to
the layer structure at high current and fast rates. Table 1 exhibits the comparison between the
electrochemical performance of the GO@Si nanocomposite containing 50 wt% Si and various reported
anode materials for lithium ion batteries. It is found that GO@Si nanocomposite containing 50 wt% Si
anode shows better or comparable performance to other anodes presented in Table 1.

Table 2. Comparision beween the electrochemical performance of GO@Si nanocomposite contained
50 wt% Si and varoius reported anode materials for lithium ion batteries.

Composition voltage Discharge Capacity retention (%) Ref.
range capacity
(V) (mA h/g)
3-D Si/carbon | 0-1.5 1957 (2 A/g) 60.6% (400 cycles) at 2 A/g | [10]
nanofiber
Si/C nanosphere 0-3.0 472 (1 Alg) 78% (400 cycles) at 1 A/g [11]
SiOx/CNT composite | 0.01-3.0 | 1240 (0.1 A/g) | 33.9% (50 cycles) at 0.5 A/g | [15]
CNT-Ni-Si 0.01-1.2 | 1960 (0.84 A/g) | 78% (110 cycles) at 0.84 A/g | [12]
Si-rGO 0.075-2.0 | 750 (0.05 A/g) | 100% (100 cycles) at 0.05 | [13]
Alg
Liquid-exfoliated 0.01-2.0 | 700 (1.6 A/g) 85% (100 cycles) at 1.6 A/lg | [14]
pristine  graphene/Si
composites
GO@Si 0.0-2.5 1570 (0.5 A/g) | 91% (300 cycles) at 0.5 A/g | This
nanocomposite stud
contained 50 wt% Si y

4. CONCLUSION

In summary, the structural and electrochemical properties of the GO@Si nanocomposite anode
material for lithium ion batteries were synthesized and characterized in this study. The GO@Si
nanocomposite was synthesized using the chemo-thermal technique. The structure and morphology of
a GO@Si nanocomposite anode with 50% Si revealed that well-crystalline Si particles were uniformly
enwrapped by graphene oxide nanosheets, forming the GO@Si nanocomposite's connection network.
At a current density of 0.5 A/g, electrochemical characterization revealed that the first cycle discharge
capacity increased from 1440 mA h/g for GO to 1471 mAh /g for Si and 1570 mAh/g for GO@Si
nanocomposite, indicating that the GO@Si nanocomposite showed better performance. This is due to
the synergistic effects of the conductive GO nanosheets and the nanomaterial's high rough and porous
structure. The conductive structure of the GO@Si nanocomposite electrode may effectively buffer the
volume expansion—contraction during electrochemical cycling, according to the findings. After 300
electrochemical lithiation (discharge)/delithiation (charge) cycles, it was discovered that the GO@Si
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nanocomposite had excellent stability performance, with an effective capacity of 1018 mA h/g, which
was around 3-fold that of a commercial graphite-based anode. For the first 300 cycles, the GO@Si
nanocomposite showed outstanding capacity retention (91%) and coulombic efficiency of over 99.6%.
The electrochemical performance of the GO@Si nanocomposite, which contains 50% Si, and several
reported anode materials for lithium ion batteries, indicates that other anodes perform better or
similarly. At high current and fast rates, the GO@Si nanocomposite showed no structural damage to
the layer structure.
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