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ABSTRACT
This study investigates the performance of silicon nanoparticles (Si NPs) and sili-
con nanographite (SiNG) composite-based anodes for lithium-ion batteries (LiBs). 
Si offers a promising alternative to traditional graphite anodes due to its higher 
theoretical capacity, despite encountering challenges such as volume expansion, 
pulverization, and the formation of a solid electrolyte interface (SEI) during lithi-
ation. SiNPs anode exhibited initial specific capacities of 1568.9 mAh/g, decreas-
ing to 1137.6 mAh/g after 100th cycles, with stable Li–Si alloy phases and high 
Coulombic efficiency (100.48%). It also showed good rate capability, retaining 
1191.3 mAh/g at 8400 mA g−1 (2.82C), attributed to its carbon matrix structure. EIS 
indicated charge transfer with RB of 3.9 Ω/cm−2 and RCT of 11.4 Ω/cm−2. Contrast-
ingly, SiNG composite anode had an initial capacity of 1780.7 mAh/g, decreas-
ing to 1297.5 mAh/g after 100 cycles. Its composite structure provided cycling 
stability, with relatively stable capacities after 50 cycles. It exhibited good rate 
capability (1191.3 mAh/g at 8399.9 mA g−1), attributed to its carbon matrix struc-
ture. Electrochemical impedance spectroscopy showed higher resistances for RB 
of 4.2 Ω/cm−2 and RCT of 15.6 Ω/cm−2 compared to SiNPs anode. These findings 
suggest avenues for improving energy storage devices by selecting and designing 
suitable anode materials.
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1 Introduction

Li-ion batteries (LiBs) are up-and-coming electrochem-
ical energy storage gadgets [1]. Nowadays, a silicon 
(Si) element is naturally available in the Earth’s womb. 
Its theoretical capacity as a discharging anode ele-
ment in LiBs is ten times greater than that of a natural 
graphite anode. Due to its high theoretical capacity 
(4200 mAh/g), it is considered an attractive candi-
date for a high-energy–density anode for the next-
generation [1]. However, Si is hindered by significant 
limitations that have thus far restricted its widespread 
commercial adoption. The most significant concerns 
involve the pulverization of Si particles, structural 
failure of composite electrode (such as the mechani-
cal detachment of Si particles), and the ongoing degra-
dation resulting from the continuous breakdown and 
regeneration of solid electrolyte interphase (SEI) layer, 
as observed in other alloy materials [2]. These difficul-
ties stem from the persistent changes in volume expe-
rienced by Si during the processes of lithiation and del-
ithiation, leading to continual active lithium loss and 
irreversible electrolyte consumption, consequently 
leading to notable capacity degradation [2]. Numer-
ous endeavors have been undertaken to mitigate the 
issue of Si particle cracking, including strategies such 
as coating or employing advanced particle designs 
[3]. Typically, decreasing the particle size diminishes 
cracking and consequently reduces electrode pulveri-
zation. The critical size threshold has been identified at 
approximately 150 nm; however, further reduction in 
particle size alters the electrochemical characteristics 
due to a significant increase in specific surface area [4]. 
Moreover, the rise in surface area also results in an ele-
vated irreversible capacity and active lithium loss dur-
ing the initial cycle, thereby manifesting as a reduced 
Coulombic efficiency [5]. Si/C composites, where Si 
nanostructures are distributed on a carbon support, 
have emerged as a viable option for commercial use. 
A range of carbon materials, including amorphous 
carbon, carbon nanotubes, graphite, and graphene, 
have been employed as matrices. Notably, graphite 
and graphene are favored due to their substantial spe-
cific surface area and excellent electrical conductivity. 
Nonetheless, stabilizing Si nanoparticles on the sur-
faces of graphite and graphene presents a significant 
challenge due to the weak interaction between basal 
plane sp2 carbon atoms and Si NPs [6].

In this study, pre-made nanoparticles were selected 
to design Si NPs and nanographite (NG) anode 

electrodes. Si offers a significantly higher theoretical 
capacity for lithium-ion storage compared to tradi-
tional graphite anodes. Si NPs can store more lithium 
ions per unit mass, thereby increasing the energy 
density of LiBs. Meanwhile, NG, with its nanoscale 
dimensions, enhances the electrical conductivity of 
composite anode material. This improves electron 
transport during delithiation and lithiation cycles, 
leading to enhanced battery performance. Si NPs 
possess excellent electrical conductivity, crucial for 
ensuring efficient electron transport during charge 
and discharge cycles in the battery. This characteristic 
aids in maintaining high-power output and reducing 
internal resistance, thus enhancing the overall bat-
tery performance. Si NPs offer the advantage of being 
readily scalable for industrial production, making 
them a viable candidate for large-scale battery man-
ufacturing. Their synthesis can be achieved through 
various cost-effective methods, ensuring feasibility for 
commercialization. Combining Si NPs with NG in a 
composite anode can result in synergistic effects. The 
unique properties of each component, including the 
high lithium storage capacity of Si NPs and the excel-
lent conductivity of NG, complement each other, con-
tributing to overall LiBs performance improvement. 
Additionally, Si NPs often undergo significant volume 
changes during lithium-ion insertion and extraction, 
leading to electrode pulverization and capacity fading. 
The inclusion of NG mitigates these issues by provid-
ing mechanical support and enhancing the structural 
stability of composite anode. Both Si NPs and SiNG 
can be surface-functionalized to tailor their proper-
ties, improving compatibility with the electrolyte 
and other battery components. This enhances inter-
facial interactions and electrochemical performance. 
The Si NPs and SiNG flakes, developed as spherical 
clustered-type anodes for lithium-ion batteries (LiBs), 
form an effective electronic conductive network in 
the composite material. Various physicochemical 
methods, including X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR), surface area 
analysis, field emission scanning electron microscopy 
(FE-SEM), and Raman spectroscopy, were employed 
for structural and chemical bonding analysis, as well 
as contact angle analysis. Electrochemical characteri-
zation of Si-NG-based anodes in half-coin cell devices 
was performed using techniques such as differential 
derivative capacity, galvanostatic charge–discharge 
(GCD), and electrochemical impedance spectroscopy 
(EIS), followed by post-mortem physicochemical 
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study. These findings demonstrate the potential of 
Si-NG-based anodes for high-performance LiBs, 
marking a step forward in sustainable energy storage 
technology.

2 �Experimental details

2.1 �Materials

For silicon nanoparticles (Si NPs) and silicon 
nanographite (SiNG)-based electrodes, Si NPs with a 
particle size of 100 nm or less and a base metal con-
tent of 98% were purchased from Sigma-Aldrich. NG 
powder with particle sizes under 500 nm (battery 
grade) was purchased from Xiamen Tob New Energy 
Technology Co., Ltd., China. N-methyl-2-pyrrolidone 
(NMP), activated charcoal (AC), polyvinylidene fluo-
ride (PVDF) were purchased from Sigma-Aldrich.

For Si NPs and SiNG composite anode half-coin cell 
fabrication, A type lithium battery CR2032 3 V coin 
cell were purchased from Sigma-Aldrich, 1 M Lithium 
hexafluorophosphate (LiPF6) is a solution of (dimethyl 
carbonate (DMC), ethylene carbonate (EC), and die-
thyl carbonate) were purchased from Sigma-Aldrich, 
Lithium metal foil of thikness 0.6 mm was purchased 
from Sigma-Aldrich, and Whatman™ filter paper was 
purchased from Sigma-Aldrich. All chemicals were 
used without additional purification. For post-mortem 
analysis, the half-coin cells were fully lithiated. The 
disassembly procedure was conducted in an argon-
filled glove box (H2O < 0.1 ppm and O2 < 0.1 ppm). 
Using stainless steel scissors, samples from most of 
electrode material were carefully cut after Si NPs and 
SiNG composite electrodes. The samples were care-
fully handled with tweezers, grasping them only by 
the edges, and were kept separately in individual plas-
tic bags.

2.2 �Preparation of Si NPs and SiNG anode 
and device fabrication

In N-methyl-2-pyrrolidone (NMP), a mixture of Si 
NPs, activated charcoal (AC), black sucrose powder 
(BSP), and polyvinylidene fluoride (PVDF) was mixed 
in a weight ratio of 70:10:10:10. The PVDF was used 
as a binding agent, and NMP was selected as the sol-
vent in the formulation. BSP was added to increase the 
anode porosity, and activated charcoal was used as a 
conductive additive. The components were placed on 

a magnetic stirrer to prepare the mixture and mixed 
thoroughly for 36 h at 1000 revolutions per minute. 
This process resulted in a uniform, thick, and sticky 
slurry texture. Subsequently, the slurry was applied to 
a copper foil using a doctor blade method, ensuring an 
even coating. The coated foil was then dried for 12 h 
at 100 °C in a vacuum oven to remove the solvent and 
achieve a solid film. After drying, the anode was cut 
into round disc-shaped with a diameter of 16 mm. The 
weight was recorded as 4.87 mg (2.01 mg cm−2).

Additionally, a SiNG composite anode was 
formed by combining two distinct anode materials: 
nanographite (NG) and Si NPs. The components used 
in the composite anode were Si NPs, NG, AC, BSP, 
and PVDF, which were mixed in N-methyl-2-pyrro-
lidone at a weight ratio of 50:20:10:10:10. To prepare 
the anode, the slurry was applied to a copper metal 
foil substrate using a doctor blade, ensuring a thin and 
uniform coating. The coated substrate was then heated 
for 12 h at 100 °C, which assisted in solidifying the 
slurry and evaporating the solvent. After the heating 
process, the anode was dried and sliced into circular 
discs with a diameter of 16 mm. The weight measure-
ment of anode was 4.32 mg (2.01 mg cm−2).

The half-coin cell was assembled using the follow-
ing components: the reference and counter electrodes 
were constructed from lithium metal foil with a thick-
ness of 0.6 mm. A 1 M LiPF6 solution was employed 
as the electrolyte in a 1:1 weight ratio of ethylene car-
bonate (EC) and diethyl carbonate (DEC). Filter paper 
(Whatman™) was used as a separator. The electrolyte 
solution served as the cells ion transport medium. The 
entire cell assembly process was conducted inside a 
glove box filled with argon gas (H2O < 0.1 ppm and 
O2 < 0.1 ppm) to ensure an inert environment to pre-
vent unwanted reactions or contamination.

2.3 �Material characterization

The sample crystallinity was analyzed via X-ray dif-
fraction by a Rigaku mini flex-600 instrument that uti-
lized CuKα (λ = 1.54184 Å) over a 2θ range of 10°–90°. 
The surface studies were performed on a JASCO FTIR 
6100 apparatus. The specific surface area and pore size 
distribution details were collected by surface area 
analysis and surface area analysis model using Quan-
tachrome Instruments v3.01. Raman spectra were 
acquired over the spectral range of 50–1000 cm−1 using 
a Renishaw inViaTM Raman microscope by laser stim-
ulation at 532 nm. Sample morphology, crystallite size, 
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and elemental composition were studied using field 
emission scanning electron microscopy (FE-SEM) and 
energy-dispersive X-ray spectroscopy (EDX) using the 
NOVA NANOSEM 450 instrument. The contact angles 
of both Si nanoparticles (NPs) and SiNG composite 
were determined utilizing a contact angle meter (HO-
IADCAM-01, Holmarc OptoMechatronics Pvt. Ltd., 
India).

The post-mortem physico-chemical characterization 
study, the sample crystallinity, alloy formation phases 
was analyzed via post-mortem X-ray diffraction by a 
Rigaku mini flex-600 instrument that utilized CuKα 
(λ = 1.54184 Å) over a 2θ range of 10°–80°. Also, sam-
ple morphology like solid electrolyte interphase layer, 
cracking of electrode were studied using post-mortem 
field emission scanning electron microscopy (FE-SEM) 
using the NOVA NANOSEM 450 instrument.

3 �Results and discussion

3.1 �Structural analysis

Figure 1a illustrates the XRD pattern of Si NPs, show-
ing prominent peaks at approximately 28.7°, 47.7°, 
56.5°, 69.6°, and 76.62°, corresponding to the diffrac-
tion planes of (111), (220), (311), (400), and (331) of Si 
[JCPDS no. 27-1402], respectively [7]. Figure 1b depicts 
the XRD pattern of SiNG composite anode, revealing 
diffraction peaks at 2θ = 26.4°, 28.5°, 47.3°, and 54.67°, 
assignable to the (002), (111), (220), and (004) planes 
of SiNG composite anode. The presence of graphite is 
confirmed in this SiNG composite anode [JCPDS no. 
41-1487] [6]. The higher intensity of (111) peak in Si 
NPs anode suggests that it is more crystalline com-
pared to SiNG composite anode. These findings offer 
valuable insights into the structure and composition 
of Si NPs and SiNG composite anodes. The reduc-
tion in prominent peaks associated with Si and NG 
in the XRD pattern of SiNG composite can be attrib-
uted to the presence of non-crystalline substances 
enveloping the structure. These substances hinder 
X-ray penetration towards the crystalline Si particles 
and NG flakes, resulting in decreased peak intensity. 
This suggests that the crystalline structure of Si NPs 
anode is more pronounced or ordered compared to 
that of SiNG composite anode. In XRD analysis, peak 
intensity reflects the crystalline quality or degree of 
ordering in the crystal lattice [8]. A higher intensity 
peak indicates a greater abundance of corresponding 

crystallographic plane in the sample, often correlating 
with higher crystallinity [9]. Therefore, the observed 
higher intensity peak in Si NPs anode implies a more 
well-defined crystalline structure, potentially indi-
cating better structural integrity or a more ordered 
arrangement of Si NPs compared to SiNG composite 
anode. Introducing NG to Si NPs may enhance the 
electrical conductivity of composite material, thereby 
improving electron transfer kinetics during charge 
and discharge cycles. Additionally, SiNG might con-
tribute to the structural stability of composite anode, 
potentially alleviating volume expansion and contrac-
tion issues associated with the lithiation and delithi-
ation processes in LiBs. Here oxide feature is absent 
because the source of oxygen in the electrode could be 
attributed to surface oxidation of Si NPs or NG dur-
ing synthesis, handling, or exposure to air. However, 
this surface oxidation may not result in the formation 

Fig. 1   The X-ray diffraction patterns of a Si NPs and b SiNG 
composite
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of detectable crystalline oxides, especially if the oxi-
dation is superficial [10]. In the XRD spectrum span-
ning 10°–80°, a discernible bump indicative of SiNPs 
transitioning to SiO2 is evident, typically within the 
17°–25°. This phenomenon is observed in the anode. 
Notably, in the corresponding bump within the SiNG 
composite electrode, the intensity associated with SiO2 
is noticeably diminished [JCPDS File No. 029-0085].

3.2 �Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) analy-
sis was carried out to identify the organic, inorganic, 
and polymeric materials in Si NPs and the mixture 
of SiNG composite anode. The FTIR spectra in the 
400–4000 cm−1 wavenumber range are illustrated in 
Fig. 2a, b. For Si NPs anode, the spectrum showed a 
signal for Si–O strong bending vibration at 483 cm−1 
[11–13], indicating the presence of Si–O bonds. 
Additionally, signals for the asymmetric vibration 
of Si–O–Si are detected at 873, 1089, and 1190 cm−1 
[11, 12], suggesting the presence of Si–O–Si bonds. 
The spectrum also shows signals for Si–H stretching 
modes at 1868 and 2258 cm−1. For SiNG composite 
anode, the SiNG composite anode displayed distinct 
signals in the FTIR spectrum. The Si–O strong bending 
vibration is observed at 498 cm−1, indicating the pres-
ence of Si–O bonds [11, 12]. Additionally, signals for 
the asymmetric vibration of Si–O–Si were detected at 
866, 1125, and 1233 cm−1, suggesting the presence of 
Si–O–Si bonds. The spectrum also showed signals for 
–COOH stretching at 1378 and 1601 cm−1 and carboxyl 
C=O stretching at 1750 cm−1.

In the FTIR analysis shows that both anodes com-
prise of Si–O and Si–O–Si bonds. The SiNG composite 
anode also contains –COOH and carboxyl C=O func-
tional groups. The bonding density of Si–OH and 
Si–O–Si is higher in SiNG composite anode than in Si 
NPs anode. This suggests that adding NG to Si NPs 
improves the bonding between Si and oxygen atoms, 
which may be beneficial for the electrochemical per-
formance of anode.

The observed shifts in the FTIR signals for Si–O 
and other bonding features between Si NPs and SiNG 
can be attributed to several factors. Firstly, Si NPs and 
SiNG may possess distinct surface chemistries or com-
positions, leading to differences in the types and posi-
tions of observed bonding features in the FTIR spec-
tra. Additionally, the incorporation of NG in the SiNG 
composite could induce surface functionalization or 

chemical interactions, altering the bonding environ-
ment of Si NPs and resulting in shifts in the positions 
of Si–O and other bonding peaks in the FTIR spectra. 
Moreover, variations in the oxidation state or degree 
of surface oxidation between Si NPs and SiNG may 
also influence the FTIR spectra, contributing to differ-
ences in the observed bonding features [14].

3.3 �Surface area analysis

The Brunauer–Emmett–Teller (BET) isotherm, specifi-
cally type III and IV, is a well-known model in surface 
chemistry and materials research. It characterizes the 
relationship between gas adsorption on a solid sur-
face and relative pressure (P/P0), where P0 denotes the 
saturation vapor pressure of adsorbate at a specific 
temperature.

For Si NPs anode Fig. 3a, b BET type III isotherms 
typically exhibit a sharp rise at low relative pressures, 

Fig. 2   The Fourier transform infrared spectroscopy of a Si NPs 
and b SiNG composite
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indicating monolayer formation on the solid surface. 
An inflection point marks the transition from mon-
olayer to multilayer adsorption, reaching a plateau to 
represent surface saturation. Hysteresis during des-
orption is common, indicating non-ideal porous struc-
tures. The specific surface area of Si NPs is 61.89 m2 g−1, 
with an average pore diameter of 38.50 nm.

For SiNG composite anode Fig. 3c, d, BET type IV 
isotherms also start with a rapid increase at low rela-
tive pressures, forming a monolayer. Pronounced hys-
teresis loops during desorption suggest capillary con-
densation within pores. The total adsorption capacity 
is typically higher than type III, reflecting a more 
extensive adsorption capability. The specific surface 
area of SiNG composite anode is 73.23 m2 g−1, with a 
mean pore size of 51.94 nm, indicating a mesoporous 
structure.

The Barrett–Joyner–Halenda (BJH) analysis is 
a technique utilized for determining the pore size 
distribution in porous materials, such as catalysts, 
adsorbents, and membranes. Named after the scien-
tists who developed it Barrett, Joyner, and Halenda 
the method relies on analyzing the adsorption or 

desorption isotherms obtained from gas adsorp-
tion experiments, typically utilizing nitrogen as the 
adsorbate. This approach is widely applied in char-
acterizing porous materials through gas adsorption 
techniques, notably nitrogen adsorption/desorption 
isotherms conducted at cryogenic temperatures [15].

The morphology of SiNG composite anode reveals 
the presence of smaller NG flakes within the pores, 
alongside large flakes and spherical clusters. The 
high surface energy and free hydroxyl (OH) groups 
on Si NPs likely contribute to the aggregation and 
growth of flakes, creating a heterogeneous micro-
structure that may impact electrochemical perfor-
mance [16].

The discrepancy between the beginning and end 
points of desorption and adsorption in gas adsorp-
tion isotherms is common and can stem from hyster-
esis caused by capillary condensation, pore blocking, 
or differences in pore sizes and surface properties. 
These factors can lead to non-coinciding curves due 
to variations in adsorption and desorption behaviors 
[17].

Fig. 3   Nitrogen adsorption–desorption isotherms of a Si NPs and c SiNG composite, and pore size distribution curves of b Si NPs and 
d SiNG composite
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3.4 �Raman spectrum analysis

Raman spectroscopy was used to investigate the chem-
ical bonding characteristics of Si NPs and SiNG com-
posite anode. The Raman spectra of (a) Si NPs and (b) 
SiNG are shown in Fig. 4. For Si NPs anode the Raman 
spectrum of Si NPs anode shows a peak centered at 
523 cm−1, which is associated with crystalline silicon 
(C–Si) [7]. This indicates that Si NPs do not undergo a 
phase transition during the preparation of anode. The 
Raman spectrum of SiNG composite anode shows two 
peaks at 1346 and 1579 cm−1, associated with graphite. 
These peaks correspond to D and G bands [7]. These 
peaks indicates that SiNG composite anode contains 
graphite. The 2D band is defect-related and typically 
observed in highly disordered graphite. The fact that 
2D band in the Raman spectrum of SiNG compos-
ite anode suggests that graphite in the composite is 
highly disordered. This may be due to the interaction 
between graphite and Si NPs. The presence of graph-
ite in SiNG composite anode may also improve the 
cycling stability of anode. Graphite is a hard material 

that is less likely to undergo volume expansion dur-
ing cycling. This may help to prevent the anode from 
cracking or delaminating, which can lead to a loss of 
capacity. Raman analysis shows that Si NPs anode has 
crystalline Si, while SiNG composite anode has both 
crystalline Si and NG. The presence of NG in SiNG 
composite anode enhances the electrochemical perfor-
mance of anode as a good electron conductor.

3.5 �Morphological analysis

Field emission scanning electron microscopy (FE-
SEM) was used to investigate the size and morphol-
ogy of Si NPs and SiNG composite anodes. Figure 5a, 
b show FE-SEM images of Si NPs anode, while Fig. 5d, 
e show FE-SEM images of SiNG composite anode. The 
FE-SEM image of Si NPs anode shows porous spheri-
cal clusters composed of aggregated particles ranging 
in size from 48 to 124 nm.

The FE-SEM image of SiNG composite anode shows 
a combination of small and large pores. Additionally, 
NG flakes can be observed. The morphology of SiNG 
composite anode is a mix of large flakes and spheri-
cal clusters. The large flakes are likely due to the high 
surface energy and free OH groups on the surface of 
Si NPs. These groups interact with NG flakes, causing 
them to adhere to Si NPs. The spherical clusters are 
formed by the aggregation of smaller Si NPs. This may 
help to prevent the anode from cracking or delami-
nating, which leads to a loss of capacity. The results 
of FE-SEM show that Si NPs anode porous spherical 
clusters, and SiNG anode has porous spherical clusters 
with NG flakes. Porous structure benefits ion and elec-
tron transport, while NG flakes may enhance mechani-
cal stability and electrochemical performance [18].

3.6 �Energy‑dispersive X‑ray spectroscopy

Figure 5 shows the chemical composition of (c) Si NPs 
and (f) SiNG composite anode as determined by EDX. 
The EDX spectra confirm the absence of other impuri-
ties and show the presence of Si and C elements. In 
Si NPs the atomic percentages are Si as 56.20%, O as 
43.80%.

Figure  5f displays SiNG composite anode EDX 
spectra. The Si, C, O atomic percentages are shown in 
the inset of each range, confirming the anode compos-
ite origin of carbon. The atomic percentages are Si as 
42.68%, O as 41.90%, and C as 15.43%. Gold (Au) was 
detected due to coating used to enhance conductivity.Fig. 4   The Raman spectra of a Si NPs and b SiNG composite
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3.7 �Contact angle measurement

The surface structure of solid anode electrodes plays 
a crucial role in their interaction with water-based 
electrolytes, significantly impacting electrochemical 
performance. Reduced contact angles and increased 
surface energy enhance the electrodes electrochemi-
cal performance. Contact angle values are influenced 
by factors such as particle size, shape, purity, surface 
roughness, cleanliness, and heterogeneity [19, 20]. In 
LiBs application, hydrophilic and super-hydrophilic 
characteristics are beneficial as they increase the sur-
face area for electrolyte-ion interaction with the active 
electrode. Figure  6 illustrates water contact angle 

images of (a) Si NPs and (b) SiNG composite anodes. 
Figure 6a highlights the superior super-hydrophilic 
surface properties of Si NPs surfaces.

The super-hydrophilicity of Si NPs electrode sur-
faces is evidenced by water droplets completely dis-
persing and forming a thin, homogeneous coating 
with a zero-degree water contact angle, firmly adher-
ing to the electrode surface. This unique property 
arises from the surface chemistry and structure of 
Si NPs. The water contact angle of SiNG composite 
anodes is 40.10°, as shown in Fig. 6b. The lower water 
contact angle benefits the porous surface of SiNG com-
posite anode, enhancing the hydrophilic property and 
potentially reducing resistance by establishing close 

Fig. 5   FE-SEM images of Si NPs anode: a 5 k, b 100 kX, c EDX spectrum (Insets show atomic percentages of elements). For SiNG 
composite anode: d 5 k, e 100 kX, and f EDX spectrum (Insets show atomic percentages of elements)

Fig. 6   Water contact angle photographs of a Si NPs and b SiNG composite electrode
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contact with the water-based electrolyte. Improving 
the surface characteristics of solid anode electrodes, 
such as achieving super-hydrophilicity with zero 
contact angles or hydrophilicity with decreasing 
water contact angles, can enhance the performance of 
electrochemical devices like LiBs [21]. To transform 
superhydrophobic Si NPs into a hydrophilic state, a 
coating of PVDF hydrophilic polymers can be applied 
onto their surface. This coating effectively shields the 
inherent hydrophobicity of Si NPs, rendering them 
compatible with aqueous environments [22]. Addi-
tionally, adjusting the surface charge of Si NPs can 
further enhance their hydrophilicity. This can be 
accomplished by introducing charged molecules or 
polymers onto the surface [23].

3.8 �Electrochemical characterizations

3.8.1 �Differential derivative capacity

The electrochemical measurement of Si NPs-NG-based 
anodes in LiBs was performed with a half-coin cell 
formation in 1 M LiPF6 electrolyte solution. In this Si 
NPs-NG-based anode setup, lithium metal chip acts 
as the counter and reference electrode. This half-coin 
cell device is illustrated in Fig. 7.

The GCD measurements were performed within the 
0 to 1.5 V voltage range vs. Li/Li+. The correspond-
ing derivative capacity for one cycle of each anode 
is illustrated in Fig. 8a, b. For Si NPs anode, the first 
strong lithiation peak observed in the GCD derivative 
capacity plot represents solid electrolyte interface (SEI) 
film formation and transforming crystalline Si into 

amorphous Si. This peak appears at approximately 
+ 0.18 V vs. Li/Li+. The subsequent lithiation cycles 
exhibit lithiation peaks at different voltages, namely 

Fig. 7   The schematic rep-
resentation of Si NPs anode 
half-coin cell device

Fig. 8   The galvanostatic charge–discharge (GCD) potential pro-
files and derivative capacity curve of a Si NPs at 0.14C and b 
SiNG composite anode at 0.18C
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+ 0.25 V, + 0.10 V, and + 0.04 V vs. Li/Li+, which cor-
respond to the lithiation of amorphous Si to various 
lithiated states such as LixSi phases [24]. For SiNG 
composite anode, SiNG composite anode exhibits a 
similar GCD profile to Si NPs anode. The first strong 
lithiation peaks appear at around + 0.18 V and 0.09 V 
vs. Li/Li+. The subsequent lithiation cycles show peaks 
at different voltages, namely + 0.25 V, + 0.10 V, and 
+ 0.04 V vs. Li/Li+. During discharge, the ions return to 
the cathode. In the case where Si NPs are used as the 
anode and lithium is used as the cathode, the redox 
process occurs as follows [25];
During lithiation

During delithiation

When using a SiNG composite anode and lithium 
cathode, the redox process occurs as follows;
During lithiation

During delithiation

The differential derivative capacity results show that 
Si NPs and SiNG composite anodes have a similar 
profile. In both anodes, the first strong lithiation peak 
indicates an SEI films formation and crystalline Si 
transformation into amorphous Si [26]. In both anodes, 
the subsequent lithiation cycles show lithiation peaks 
at different voltages, corresponding to the lithia-
tion of amorphous Si to various lithiated states like 
LixSi phases [26]. The differential derivative capacity 
results offer valuable insights into the electrochemical 

(1)Cathode ∶ xLi → xLi
+
+ xe

−

(2)Anode ∶ Si + xLi + xe
−
→ Li

x

Si

(3)Cathode ∶ xLi
+
+ xe

−
→ xLi

(4)Anode ∶ Li
x

Si → Si + xLi
+
+ xe

−

(5)Cathode ∶ xLi → xLi
+
+ xe

−

(6)Anode ∶ Si + C + xe
−
→ SiC

(7)SiC + xLi
+
+ xe

−
→ Li

x

Si + Si

(8)Cathode ∶ xLi
+
+ xe

−
→ xLi

(9)Anode ∶ SiC → Si + C + xe
−

(10)Li
x

Si + Si → SiC + xLi
+
+ xe

−

performance of Si NPs and SiNG composite anodes. 
During lithiation, Li ions react with Si and C to form 
various Li–Si–C alloys. These alloys have larger vol-
umes than the original Si, contributing to volume 
expansion. As the delithiation process proceeds, these 
alloys decompose back into Si–C and Li ions.

In this work, a Versastat4 Potentiostat was utilized 
to conduct Cyclic voltammetry (CV) experiments in 
the voltage range of 0 to + 1.2 V vs. Li/Li+ at a scan 
rate of 0.1 mV s−1. A representative CV of a half-coin 
cell containg a Si NPs and SiNG composite anode is 
illustrated in Fig. 9.

The SiNG composite anode shows a slightly higher 
specific capacity (i.e., 1297.5 mAh/g) than of Si NPs 
anode specific capacity (i.e., 1137.6 mAh/g) for 100th 
cycles. This is likely because of porous morphology 
of SiNG composite anode, which offers a larger sur-
face area for electrochemical reactions. The differential 
derivative capacity results explain the superior electro-
chemical performance of Si NPs and SiNG composite 
anodes.

3.8.2 �Galvanostatic charge–discharge

Galvanostatic charge–discharge (GCD) experiments 
were conducted to evaluate the electrochemical per-
formance of Si NPs anode. The theoretical capacity of 
electrode is 2977.2 mAh/g (see supplementary infor-
mation for details). The GCD tests were carried out 
within the voltage range of 0 to + 1.5 V vs. Li/Li+, with 
a C-rate of 0.14C, corresponding to a current density 

Fig. 9   CV of Si NPs and SiNG composite anode at the scan rate 
of 0.1 mV s−1
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of 420 mA g−1. Figure 10a shows the charge–discharge 
profiles of Si NPs anode for the 1st, 5th, 25th, 50th, 
75th, and 100th cycles.

The scale for specific capacity on the left side of 
Fig. 10b illustrates the relationship between the num-
ber of cycles and the specific capacities of Si NPs anode 
at a current density of 420 mA g−1 (0.14C) throughout 
100 cycles. The anode exhibits a high initial specific 
capacity of 1568.9 mAh/g, gradually decreasing with 
cycling. However, the anode still retains a specific 
capacity of 1137.6 mAh/g after 100 cycles, which is sig-
nificant. An improvement over traditional Si anodes. 
The results of GCD experiments indicate that Si NPs 
anode exhibits good electrochemical performance 
[27]. The anode has a high initial specific capacity and 
retains significant capacity after 100 cycles [28]. The 
formation of Li–Si alloy phases is likely responsible 
for the good electrochemical performance of anode 

[29]. The Si NPs anode exhibits good electrochemi-
cal performance. The anode has a high initial specific 
capacity and retains significant capacity after 100th 
cycles. The formation of Li–Si alloy phases is likely 
responsible for the good electrochemical performance 
of anode.

The scale for Coulombic efficiency on the right side 
of Fig. 10b depicts the cycling performance and cor-
responding Coulombic efficiency of Si NPs anode 
at a current density of 420  mA  g−1 (0.14C). In the 
first cycle, Si NPs anode demonstrates a Coulombic 
efficiency of 100.48%, with a discharge capacity of 
1568.9 mAh/g and a charge capacity of 1561.3 mAh/g. 
The discharge capacity gradually decreases to 1137.6 
mAh/g throughout the cycling process, while the 
charge capacity increases to 1132.7 mAh/g. Interest-
ingly, the Coulombic efficiency remains consistent at 
100.48% even in the 100th cycle. The results of cycling 

Fig. 10   a Galvanostatic charge–discharge profiles of Si NPs 
anode for the 1st, 5th, 25th, 50th, 75th and 100th cycles at a cur-
rent density of 420 mA g−1 (0.14C), b Number of cycles vs. spe-
cific capacities and Coulombic efficiency of Si NPs anode at cur-
rent density of 420 mA g−1 (0.14C), with specific capacity scale 
located on the left side and Coulombic efficiency scale located on 
the right side, c The rate performance of SiNPs anode at different 
current densities are 420 mA g−1 (0.14C), 840 mA g−1 (0.28C), 
2100 mA g−1 (0.70C), 4200 mA g−1 (1.41C), and 8400 mA g−1 
(2.82C), d Galvanostatic charge–discharge profiles of SiNG 

composite anode for the 1st, 5th, 25th, 50th, 75th and 100th 
cycles at a current density of 419.98  mA  g−1 (0.18C), e Num-
ber of cycles vs. specific capacities and Coulombic efficiency 
of Si NPs anode at current density of 419.98  mA  g−1 (0.18C), 
with specific capacity scale located on left side and Coulombic 
efficiency scale located on the right side and f The rate perfor-
mance of SiNG composite anode at different current densities 
are 420.1  mA  g−1 (0.18C), 839  mA  g−1 (0.37C), 2099  mA  g−1 
(0.94C), 4199.9 mA g−1 (1.89C), and 8399.9 mA g−1 (3.79C)
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experiments indicate that Si NPs anode exhibits excel-
lent electrochemical performance. The anode has a 
high initial Coulombic efficiency and retains this effi-
ciency even after 100th cycles. This is likely due to the 
formation of Li–Si alloy phases, which are stable and 
have a high electrochemical energy density [30].

Figure  10c illustrates the discharge and charge 
profiles of Si NPs anode at different current densi-
ties, namely 420 mA g−1 (0.14C), 840 mA g−1 (0.28C), 
2100  mA  g−1 (0.70C), 4200  mA  g−1 (1.41C), and 
8400  mA  g−1 (2.82C) (see supplementary informa-
tion for details). The Si NPs exhibit specific discharge 
capacities ranging from 1585.8 to 1420.1  mAh/g, 
accompanied by forming Li–Si alloying phases such as 
Li21Si5 and Li17Si4. From the 11th to the 50th cycles, the 
specific capacities range from 1417.6 to 1153.8 mAh/g, 
consistently involving Li–Si alloying phases of Li21Si5 
to Li17Si4. The results of cycling experiments indicate 
that Si NPs anode exhibits good electrochemical per-
formance at different current densities [31]. The anode 
has a high initial specific capacity and retains signifi-
cant capacity even at high current densities [28]. The 
formation of Li–Si alloy phases is likely responsible 
for the good electrochemical performance of anode 
[29]. The anode can be cycled at high current densities 
without a significant loss of capacity, which is essen-
tial for high-power applications [32].

The GCD experiments were conducted at a current 
density of 419.98 mA g−1 (0.18C) across a voltage range 
of 0 to + 1.5 V vs. Li/Li+ to evaluate the electrochemical 
performance of SiNG composite anode. The theoreti-
cal capacity of electrode is 2977.2 mAh/g. Figure 10d 
exhibits the representative charge–discharge profiles 
of SiNG composite anode for the 1st, 5th, 25th, 50th, 
75th, and 100th cycles. The corresponding discharg-
ing specific capacities were 1780.7, 1721.3, 1623.3, 
1512.1, 1409.9 and 1297.5 mAh/g, respectively. The 
Li–Si alloy formation phases observed during these 
cycles were consistently Li21Si5, Li21Si5, Li21Si5, Li21Si5, 
Li21Si5, and Li17Si4 at the constant current density of 
419.98 mA g−1 (0.18C). Due to the formation of a SEI 
layer and the incorporation of lithium into Si lattice, 
it is common to observe a relatively high initial dis-
charge capacity in the first cycle [33]. However, in 
the 5th cycle, the specific capacity during discharg-
ing decreases to 1721.3 mAh/g. This slight reduction 
in capacity is likely attributed to the irreversible loss 
of lithium during the initial cycles [34]. The capac-
ity degradation can be attributed to various factors, 
including mechanical stress resulting from the volume 

expansion and contraction of Si during lithiation and 
delithiation and the formation of an unstable SEI layer 
[35]. By the 25th cycle, the specific capacity decreases 
to 1623.3 mAh/g and 100th cycle, capacity further 
decreases to 1297.5  mAh/g, the capacity fading is 
substantial, as expected in Si-based anodes, and the 
change in the alloy formation phase indicates a signifi-
cant transformation of anode material [36].

In addition to the below, the scale for specific capac-
ity on the left side of Fig. 10e illustrates the cycling 
performance of SiNG composite anode at a current 
density of 419.98 mA g−1 (0.18C) for 100 cycles. The 
specific capacity of SiNG composite anode decreased 
gradually from 1780.7 mAh/g at the first cycle and to 
1297.5 mAh/g at the 100th cycle. However, the specific 
capacity remained relatively stable after 50 cycles. This 
suggests that SiNG composite anode has good cycling 
stability.

The scale for Coulombic efficiency on the right side 
of Fig. 10e illustrates the cycling performance and cor-
responding Coulombic efficiency of SiNG composite 
anode at a current density of 419.98 mA g−1 (0.18C). In 
the first cycle, Si NPs anode has a discharge capacity of 
1780.7 mAh/g and a charge capacity of 1728.6 mAh/g 
with a Coulombic efficiency of 103%. Finally, in 
the 100th cycle, the discharge capacity decreases to 
1297.5 mAh/g and a charge capacity of 1294.9 mAh/g 
with a Coulombic efficiency of 100.19%. These results 
suggest that SiNG composite anode has good cycling 
stability and Coulombic efficiency. The high Cou-
lombic efficiency of SiNG composite anode is likely 
due to the excellent compatibility between SiNPs and 
electrolyte. The good cycling stability and Coulombic 
efficiency of SiNG composite anode are possible due 
to the carbon matrix porous structure, which helps 
prevent the formation of SEI and the pulverization of 
SiNPs [37].

Figure 10f illustrates that SiNG composite anode 
exhibits good rate capability at various current densi-
ties. During the initial cycles, the discharging specific 
capacities range from 1780.7 to 1665.8 mAh/g, fol-
lowed by 1469.7 to 1573.8 mAh/g values in the sub-
sequent cycles. As the cycles progress, the specific 
capacity further decrease and finally 1191.3 mAh/g. 
These results suggest that SiNG composite anode has 
good rate capability, retaining a high specific capacity 
even at high current densities. The specific discharge 
capacity decreased gradually with increasing current 
density, but it kept a capacity of 1191.3 mAh/g at a 
current density of 8399.9 mA g−1 (3.79C). The excellent 
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rate capability of SiNG composite anode is likely due 
to the carbon matrix porous structure [38].

Table 1 illustrates the utilization of Silicon (Si) in 
organic electrolytes for charging/discharging capacity 

in LiBs. In this investigation, at 420 mA g−1 (0.14C) 
current density, the Si NPs anode demonstrates sta-
ble cycling performance with 100% Coulombic effi-
ciency in the 1st cycle. It maintains 100.48% Coulombic 

Table 1   Silicon (Si) in organic electrolyte with charging/discharging capacity for LiB

Bold values indicate the results of the present work. The table comparesthese results with those from the literature survey

Sr. No Anodes for lithium-ion battery 
(LIB)

Organic electrolyte (OE) Specific capacity 
mAh/g (Discharge/
charge)

Stability Cycles No 
with specific capacity 
(mAh/g)

Refs. No

1 Si NPs + Cellulose 1.3 M LiPF6 2022/1594 500 [39]
808

2 Si/CNT/CM + Sucrose 1 M LiPF6 2302/3152 100 [40]
784

3 Si@SiOx@C + Sucrose 1 M LiPF6 2560/1972 50–1800 [41]
100–2000

4 3-APTS-EGO/Si@C + Sucrose 1 M LiPF6 1201/798 350 ~ 750 [42]
5 Nc-Si@HCS + Sucrose 1 M LiPF6 3400/1570 938 [43]

50
6 T-SGT/Si@C 1 M LiPF6 774.5/620.4 300–434.1 [44]

CGT/Si@C 781.8/617.4 300–589.8
7 Si@G 1 M LiPF6 1290/1001 850 [45]

100
8 nano-Si/G-1 1 M LiPF6 596/532 100–451.4 [46]

nano-Si/G-2 894/813 100–592.5
nano-Si/G-3 1284/958 100–763.1

9 Si@C/G 1 M LiPF6 1267/985.6 150 [47]
919

10 Si/C 1 M LiPF6 867.6/640.5 40 [48]
447.5

11 G/Si@reGO 1 M LiPF6  ~ 770/580 50 [49]
420.5

14 Si-G 1 M LiPF6  ~ 1550/- 1300 [50]
400

15 SNGA/NG 1 M LiPF6 1400/ ~ 1070 200 [7]
455

16 VMoS2 1 M NaSO3CF3 into DGM 548.1 800 [51]
451.6

17 CoS2/NiS2 1 M NaSO3CF3 into DGM 906.3/801.5 2000 [52]
545.1

18 MoS2-MS 1 M NaSO3CF3 into DGM 498/438 500 [53]
412

19 CoNi@NCNTs/S 1 M LiTFSI 676.8 500 [54]
486

20 Si NPs + Sucrose + CB 1 M LiPF6 1568.9/1561.3 100 Present work
1137.6

21 SiNG + Sucrose + CB 1 M LiPF6 1780.7/1728.6 100 Present work
1297.5



	 J Mater Sci: Mater Electron (2024) 35:14651465 Page 14 of 19

efficiency even after 100 cycles, with discharge and 
charge capacities of 1137.6 and 1132.7 mAh/g, respec-
tively. Additionally, the SiNG composite anode 
shows cycling performance at 419.98 mA g−1 (0.18C), 
with initial discharge/charge capacities of 1780.7 and 
1728.6 mAh/g at 103% Coulombic efficiency. After 100 
cycles, it exhibits discharge/charge capacities of 1297.5 
and 1294.9 mAh/g with 100.19% Coulombic efficiency 
is represent in Table 1.

3.8.3 �Electrochemical impedance spectroscopy

The Nyquist plot for Si NPs and SiNG composite 
anodes is shown in Fig. 11. In Electrochemical Imped-
ance Spectroscopy (EIS), two semicircles are com-
monly observed in the Nyquist plot, representing 
charge transfer processes. These two semicircles are 
associated with two distinct electrochemical methods 

in Si NPs and SiNG composite anodes of half-coin cell 
LiBs: charge transfer and diffusion. We determined the 
bulk resistance (RB) values to be 3.9 Ω/cm−2 for Si NPs 
and 4.2 Ω/cm−2 for SiNG composite anodes. During 
the charge transfer process, Li ions are transferred 
between the anodes and the electrolyte, represented by 
the first semicircle. The values of charge transfer resist-
ance (RCT) were 11.4 Ω/cm−2 for Si NPs and 15.6 Ω/
cm−2 for SiNG composite anodes.

The equivalent circuit model derived from the EIS 
data enables the generation of corresponding Nyquist 
plots, as shown in Fig. 11. The bulk resistance of a half-
coin cell (RB) collectively represents the resistance of 
electrodes, electrolyte, and separator. This value can 
be obtained by identifying the initial x-axis intercept 
on the Nyquist plot [55].

The first semicircle observed in the Nyquist plot 
corresponds to the resistance (RSEI) and capacitance 
(CPESEI) of solid electrolyte interphase (SEI) layer [55]. 
These parameters are directly associated with forming 
the interfacial layer on the electrode, particularly the 
deposition of SEI layer resulting from the decomposi-
tion of materials in the electrolyte [56]. The progress of 
SEI layer formation can be evaluated by analyzing the 
values of RSEI and CPESEI [57]. characteristics depend-
ent on temperature and reaction dynamics [18]. The 
ion diffusion process within the battery is represented 
by a straight line on the right side of Nyquist plot, 
known as Warburg impedance (W) [55]. This imped-
ance is associated with the flow of charge at the elec-
trode–electrolyte interface and is linked to ion diffu-
sion within the anode material [19].

The diameter of Warburg impedance affects the 
charge transfer rate and provides insights into the 
kinetics of battery charge transfer [58]. It is often 
represented as a straight line with a 45° slope on the 
Nyquist plot and offers information about the dif-
fusion coefficient and effective diffusion length of 
lithium ions within the anode materials. The results 
suggest that SiNG composite anode has higher RB 
and RCT than Si NPs anode, but it also exhibits a more 
significant Warburg impedance, indicating a faster 
charge transfer rate. The EIS analysis of Si NPs and 
SiNG composite anodes offers valuable insights into 
their electrochemical performance, enhancing Si anode 
design and synthesis for LiBs. The higher RB and RCT 
of SiNG composite anode result from the larger sur-
face area of SiNPs, leading to an increased contact area 
between anode and electrolyte. The more significant 
Warburg impedance of SiNG composite anode is due 

Fig. 11   The electrochemical impedance spectra (EIS) of a Si 
NPs and b SiNG composite anode half-coin cells
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to the porous structure of carbon matrix, allowing for 
faster ion diffusion within the anode material. elec-
trochemical performance, enhancing Si anode design 
and synthesis for LiBs. The higher RB and RCT of SiNG 
composite anode result from the larger surface area of 
Si NPs, leading to an increased contact area between 
anode and electrolyte [59]. The more significant War-
burg impedance of SiNG composite anode is due to 
the porous structure of carbon matrix, allowing for 
faster ion diffusion within the anode material [60].

3.9 �Post‑mortem physico‑chemical 
characterizations

3.9.1 �Post‑mortem X‑ray diffraction

The Si NPs and SiNG composite anode half-coin cells 
were fully lithiated for post-mortem XRD analysis. 
The disassembly process occurred within a glove box 
filled with argon (H2O < 0.1 ppm and O2 < 0.1 ppm). 
Following the unwinding of Si NPs and SiNG compos-
ite electrode (anode), Whatman™ filter paper (sepa-
rator), and lithium metal chip (cathode), discharged 
electrodes were precisely excised from the majority of 
electrode material using stainless steel scissors. These 
samples were individually stored in separate reseal-
able plastic bags, and meticulous care was exercised in 
their handling with tweezers, ensuring gripping only 
at the edges [61].

The Si NPs and SiNG composite discharged elec-
trodes were transferred to a nearby glove box for 
analysis via a shared antechamber after the electrodes 
in one glove box were unwound and harvested [62]. 
During this transfer, the samples were shielded from 
exposure to air; instead, they were subjected to pres-
sures of approximately 1.0 × 10–4 kPa for 15 min. Sub-
sequently, the electrodes were meticulously placed 
onto glass slides in a sample holder compatible with 
the Rigaku MiniFlex 600 instrument, which utilizes 
CuKα radiation (λ = 1.54184 Å) over a 2θ range of 
10°–80° for XRD analysis.

The post-XRD patterns of (a) Si nanoparticles (NPs) 
and (b) SiNG composite anode materials are depicted 
in Fig. 12. The peak positions in the XRD patterns 
of LixSi compounds can vary due to their specific 
insertion process, resulting in distinct stages and lat-
tice characteristics known as the LixSi composition 
phases. Here are some typical approximations of 2θ 
values or hkl planes for LixSi phases [63]. The Li21Si5 
phase exhibits Bragg reflections from the (100) planes, 

offering a high theoretical capacity, although it can 
lead to substantial volume expansion during lithia-
tion, causing mechanical stress and electrode deterio-
ration [64]. The Li17Si4 phase displays Bragg reflections 
from the (100) and (200) planes, also providing a high 
theoretical capacity but with noticeable volume expan-
sion during lithiation, affecting cycling performance 
and stability.

The XRD pattern of SiC varies depending on its type 
and crystallographic phase. The (111) plane for SiC 
is typically observed at a 2θ of approximately 36.6° 
and is often the most prominent [65]. Additionally, 
Cu peaks corresponding to the (111), (200), and (220) 
planes are observed in the XRD pattern, originating 
from the Cu substrate of current collector [66]. The 
appearance of SiC (111) peak in the post-mortem XRD 
pattern, absent before lithiation, suggests a transfor-
mation or reaction occurring in the SiC material during 

Fig. 12   The post-mortem XRD patterns of a Si NPs and b SiNG 
composite-lithiated electrodes
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battery operation. Potential reasons for this observa-
tion include. Reaction with Li to form Si–Li alloys dur-
ing lithiation, introducing new diffraction features in 
the XRD pattern. Induced structural changes in the 
SiC material, such as lattice expansion or contraction, 
phase transitions, or the formation of new crystal-
lographic orientations, manifesting as new peaks or 
shifts in peak positions [67]. Lithiation-induced vol-
ume expansion and contraction introducing lattice 
strain in the SiC material, affecting diffraction behav-
ior and resulting in the appearance of new peaks or 
changes in peak intensities [68]. In the field of SiNP 
anode materials for LiBs, managing issues related to 
volume expansion and contraction during cycling is 
crucial for their utilization in real-world applications, 
despite their high theoretical capacity [4].

3.9.2 �Post‑mortem field emission scanning electron 
microscopy

The Si NPs and SiNG composite anode half-coin 
cells underwent full lithiated for post-mortem FE-
SEM analysis. The disassembly process occurred 
within a glove box filled with argon (H2O < 0.1 ppm 
and O2 < 0.1 ppm). Subsequent to unwinding the Si 
NPs and SiNG composite-lithiated electrode (anode), 
Whatman™ filter paper (separator), and lithium metal 
chip (cathode), samples were precisely excised from 

the predominant electrode material using stainless 
steel scissors. These samples were individually stored 
in separate plastic bags, and meticulous care was taken 
during handling, utilizing tweezers and gripping only 
at the edges [61].

Post-mortem electrodes were transferred to a 
nearby glove box for analysis via a shared antecham-
ber following the unwinding and harvesting of elec-
trodes in one glove box [62]. Throughout this transfer, 
both electrodes remained unexposed to air; instead, 
they were subjected to pressures of approximately 
1.0 × 10–4 kPa for 15 min. The Si NPs and SiNG com-
posite-lithiated electrodes designated for post-mortem 
FE-SEM analysis were transported to the microscope 
using a custom airtight sample holder, specifically 
designed and modified for this purpose. Micrographs 
were acquired with a secondary electron detector at a 
working distance of 15 mm and an accelerating volt-
age of 15 kV using a NOVA NANOSEM 450 instru-
ment FE-SEM.

Figure 13 shows post-mortem FE-SEM pictures of 
(a) Si NPs and (b) SiNG composite anodes electrodes 
at 5 kX and 100 kX magnifications. Notably, both elec-
trode types show evidence of creating a SEI layer, 
emphasizing the importance of this layer in stabilizing 
the electrodeelectrolyte interface during LiBs cycling 
[69]. Furthermore, the FE-SEM images exhibit a notice-
able reduction in the size of Si NPs in the electrode, 

Fig. 13   Post FE-SEM 
images of Si NPs anode 
lithiated electrode a 5 kX, b 
100 kX and SiNG composite 
anode lithiated electrode c 
5 kX, d 100 kX
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particularly in the 500 nm image. Electrode integrity 
and cycling stability may suffer due to this pulveri-
zation process [70]. Interestingly, SiNG composite 
anode exhibits a noticeably lower level of pulveriza-
tion, pointing to the potential advantages of using 
graphene to address this problem. In post-mortem FE-
SEM images, the SEI layer frequently appears darker 
than the surrounding SiNG material, highlighting dif-
ferences in electron interaction. Variations in the thick-
ness, consistency, and homogeneity of SEI layer over 
SiNG surface indicate changes in lithiation and SEI 
growth dynamics. The SEI layer may also include irreg-
ularities and roughness, which show how it behaves 
dynamically during charge and discharge cycles.

Our findings significantly improve our knowl-
edge of electrochemical behaviour of SiNG anodes in 
LiBs. They stress how crucial SEI characterization is 
for gaining a fundamental understanding and eval-
uating battery performance and long-term stability. 
These results open the door to more investigation and 
advancement of cutting-edge electrode materials and 
battery technology. Composite-lithiated electrodes 
designated for post-mortem FE-SEM analysis were 
transported.

4 �Conclusions

In conclusions, the study highlights the potential of 
Si NPs and SiNG composite anodes for high-perfor-
mance LiBs. Combining Si NPs with NG yields syn-
ergistic effects, improving battery performance by 
addressing issues like electrode pulverization and 
capacity fading. This integration enhances structural 
and cycling stability, showcasing a promising ave-
nue for advancing LiBs technology. Electrochemical 
tests confirm the outstanding performance of both Si 
NPs and SiNG composite anodes. Despite capacity 
decline over cycling, they retain substantial capacity, 
outperforming traditional Si-based anodes. Consist-
ent Coulombic efficiency throughout cycling sug-
gests stable electrochemical behavior. Post-mortem 
analysis using XRD and FE-SEM reveals structural 
and morphological changes during battery opera-
tion. Observation of Li–Si alloy phases and SEI layer 
formation underscores the dynamic electrode–elec-
trolyte interactions. The study emphasizes the sig-
nificance of SEI characterization for battery perfor-
mance and stability. It offers valuable insights into 
advanced electrode material design, enabling the 

development of next-generation LiBs with improved 
energy density, cycling stability, and rate capability.
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