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Abstract. Silicon anodes are considered to have promising electrochemical 

properties. During repeated lithiation and delithiation processes, silicon may 

have significant volume expansion. This expansion is generally believed to 

cause mechanical degradation of the electrode. Degradation has been 

associated with accelerated capacity fading. It might be the limitation of the 

practical application. This paper is to review and three representative silicon 

nanostructures, including silicon nanoparticles, silicon nanowires, and 

porous or networked silicon structure. Their usage as anode materials for 

lithium-ion batteries were compared. Their potential applications are 

discussed. Their respective properties are examined based on existing 

literature. This review is to clarify how different silicon nanostructures may 

influence mechanical stability, cycling performance, and material scalability. 

Through comparison of previously reported studies, it can be found that each 

type of nanostructured silicon has certain advantages. These structures may 

also introduce new technical challenges that have yet to be fully resolved. 

Silicon is often regarded as an anode material with exceptional 

electrochemical performance. And optimization of its structural design and 

synthesis strategies is still considered necessary. Optimization may play an 

important role in improving the long-term stability and practical feasibility 

of silicon-based anodes. 

1 Introduction 

Fossil-fuel based power source has emerge for decades and largely accelerates the 

development of human society [1]. However, the threat of global warming could not be 

ignored for time being. Fossil causes climates alterations, especially due to the burning of 

diesel-based vehicles [2]. To reduce carbon emissions, the electric vehicles (EVs) have 

become an ideal optional beside traditional diesel-based vehicles. The widespread of EVs 

help mitigate air pollution and reduce the carbon footprint associated with transportation. 

Electric vehicles are projected to account for a significant portion of future transportation 

solutions, especially as governments globally tighten emission regulations. 

As the important components of electric vehicles, the battery can directly determine the 

performance of the electric vehicle [3]. Concerns about high costs, insufficient endurance 

and the longer duration of charging are frequently called as main factors that restrict the 
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market for EVs [4]. Manufacturers are heavily investing in improving battery technologies, 

focusing on enhancing both the energy density and the charging speed of batteries. Lithium-

ion batteries, representing a more advanced form of rechargeable battery, constitute the 

primary focus of current research. The ever-increasing demands of electronic devices 

necessitate that improved lithium-ion batteries deliver outstanding performance across 

multiple discharge-charge cycles. Roselin LS et. al contends that a crucial approach to 

ensuring electrode integrity lies in enhancing the storage capacity of cathode and anode 

materials, which can be fulfilled through the utilisation of nanoscale electrode materials [5]. 

Though lithium-ion batteries have been widely adopted power source today, offer 

advantages such as high energy density, absence of memory effect, and strong endurance, 

current bottleneck still emerged. Graphite is a traditional material in lithium-ion battery 

anodes. It has stable electrochemical behavior. The electrochemical mechanism involves the 

reversible insertion and extraction of lithium ions into the carbon host layers. The reaction is 

like: 6C + xLi⁺ + xe⁻ ⇌ LixC₆ (0 < x < 1). The theoretical capacity of LiC₆ generated during 

discharge reaches 372 mAh g⁻. This data fully meets the demands of current portable devices 

[6]. Organic electrolytes are commonly used in lithium-ion batteries. These electrolytes could 

largely react with Carbon anode and the reactions are irreversible. So far, the damage to the 

graphite structure in cycling is concerned. On the other hand Si has been considered as 

another anode material for replacement. Si would slow down surface degradation of the 

electrode as well as a high theoretical capacity. The capacity of Si could reach about 4200 

mAh g⁻¹, which is much higher than that of graphite. 

However, one defect is the large volume change of silicon during charge and discharge. 

The expansion and contraction can generate stress inside the electrode. It is reported that near 

3.2 volumn change during charge and discharge. To reduce the defect, researchers have tried 

different methods. Nanoscale silicon materials have been widely investigated for 

improvement the mechanical stability of silicon anodes. Beside, recent studies have 

confirmed that surface modification of silicon nanoparticles using molecular layer deposition 

(MLD) is a viable method which could significantly improve their cycling stability in 

lithium-ion batteries [7]. Due to the adoption of silicon can increase the specific capacity of 

lithium ion battery anodes [8]. Nanoscale silicon-based materials have significant potential 

for electrode applications. This paper studied the current implementation approaches for 

nanostructure silicon-based materials as anode materials in new energy vehicle batteries, and 

will compare and analyze them to explore the future direction of silicon-based materials and 

analyze existing shortcomings. 

2 Case description 

2.1 Si nanoparticles 

Silicon nanoparticles (Si nanoparticles) are zero-dimensional (0D) silicon materials. They 

have characteristic dimensions at the nanoscale. Their nanoscale structure helps them have 

high specific surface area and shortened lithium-ion diffusion pathways. When they are 

employed as anode materials in lithium-ion batteries, these materials enhance the 

electrochemical activity of the electrodes. 

2.2 Si nanowires 

Silicon nanowires (Si nanowires) are one-dimensional (1D) nanostructures. Their special 

points are nanoscale diameters and extended lengths and high aspect ratio geometry makes 

silicon nanowires to accommodate volume changes. This change can be caused by lithium 
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ion insertion and extraction. The radial expansion of individual nanowires helps alleviate 

mechanical stress, mitigating fragmentation and structural failure during repeated charge-

discharge cycles. Si nanowire-based anodes always show improved cycling stability 

compared with other silicon nanoparticle. 

2.3 Si porous/network 

Silicon porous or network structures are kinds of silicon-based materials composed of 

interconnected pores or three-dimensional (3D) frameworks. They have special pore sizes. 

These pore sizes range from the nanometer to micrometer scale. These materials typically 

feature internal void. It provides more space to help silicon's volume expansion. The porous 

or network structure significantly increases the electrode-electrolyte interface area, promote 

lithium ion diffusion and enhance reaction kinetics. 

3 Analysis and challenge 

3.1 Si nanoparticle 

Wang et.al. found a new way to sythesize Si nanoparticles. They mixed diatomite, aluminum 

powder, and anhydrous aluminum chloride (AlCl₃ ) in a mortar and ground them thoroughly 

in a certain proportion under controlled thermal conditions. They labeled the sample for 

aluminum thermite reduction as Al-T300 based on themethod and temperature. The process 

was shown in the Fig. 1 [9].  

 

Fig. 1. Synthetic process of Si microspheres [9]. 

They measured the electrochemical properties of the product. The initial 

charging/discharging capacity of Si Nanoparticle was 3562 to 2944.9 mAh g−1 and the initial 

coulombic efficiency (ICE) was 82.7%. Si Nanoparticle shown high ICE. The Si 

Nanoparticle anode exhibited a reversible capacity of 1888.7 mAh g⁻¹ and retained 1330.1 

mAh g⁻¹ after 200 cycles at a current density of 0.2 A g⁻¹, achieving a capacity retention of 

70.4%. These results indicate that nano/microstructured architectures are effective in 

accommodating volume expansion during electrochemical cycling. The use of low-cost 

diatomite and a relatively low reduction temperature significantly reduces the overall 

synthesis cost as well [9].  

Although these material had high specific capacity, silicon nanoparticles inherently 

possessed a large specific surface area, which lead to excessive SEI formation and 

irreversible lithium consumption during the initial cycles. Nanoparticle aggregation during 

electrode fabrication and cycling may reduce effective stress buffering and deteriorate long-

term stability. Improvement of silicon nanoparticle anodes is closely linked to surface and 

interface engineering strategies, such as conformal carbon coatings or artificial SEI layers. 

Optimizing particle size distribution may offer a better balance between mechanical stability 

and interfacial reactivity. 
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3.2 Si nanowires 

Nugroho et al. fabricated vertically aligned n-type Si nanowire arrays using a top-down 

strategy based on photolithography and cryogenic ICP-RIE. The fabrication process involved 

standard photoresist coating, thermal treatment and pattern transfer. The patterned wafer was 

etched under cryogenic ICP-RIE conditions to obtain vertically aligned silicon nanowires. 

To match the dimensions required for a standard coin-type lithium-ion battery, the n-SiNW-

containing wafer was cut into a 1 × 1 cm² piece with a mass of approximately 131 mg [10]. 

The electrochemical performance of the n-SiNW anode was determined in a half-cell 

configuration using lithium metal as the counter electrode. After prelithiation, the n-SiNW 

electrode achieved an ICE of 91.1%, indicating effective utilization of the nanowire structure. 

The discharge capacity of the n-SiNW electrode was tested as well. At the 2nd, 50th, and 

100th cycles, the areal capacities reached 0.50 mAh cm⁻², 0.42 mAh cm⁻², and 0.43 mAh 

cm⁻², respectively, representing 85.9% retention of the post-prelithiation capacity. The 

nanowire structure improved cycling stability. The electrochemical properties were 

characterized as shown in the Fig. 2 [10]. 

 

Fig. 2. The electrochemical properties [10].  

Despite their excellent capacity retention and high initial Coulombic efficiency, silicon 

nanowire anodes rely on complex fabrication techniques such as photolithography and 

cryogenic ICP-RIE, which increase cost and limit scalability. The areal capacity is 

constrained by the low nanowire height, restricting energy-density improvement.  

3.3 Si porous/network 

In Wang et. al’s papar, porous silicon nanoparticles were synthesized via an ionothermal 

reaction involving magnesium silicide and an acidic ionic liquid system, followed by carbon 

coating to enhance conductivity and interfacial stability. The yield of the products is over 82% 

and the product shape was shown in the Fig. 3 [11]. 

 
 

MATEC Web of Conferences 420, 01011 (2026)

MPCNE 2026
https://doi.org/10.1051/matecconf/202642001011

4



 

Fig. 3. SEM images and TEM images of pSi [11]. 

To evaluate the electrochemical properties of porous silicon anodes, a nitrogen-doped 

carbon-coated porous silicon composite (pSi@NC) was employed as the active material and 

tested in a half-cell system. The results demonstrated that the pSi@NC electrode exhibited 

an initial discharge capacity of 2790 mAh g⁻¹ and a corresponding charge capacity of 2036 

mAh g⁻¹, achieving an electrochemical conversion efficiency (ICE) as high as 72.9%. At a 

high current density of 1 A g⁻¹, the pSi@NC anode maintained a capacity of 1010 mAh g⁻¹ 
after 210 cycles. These results demonstrate that porous silicon electrodes exhibit high specific 

capacity and excellent cycling stability under long-term cycling at high current densities [11].  

Porous silicon anodes are capable of delivering high specific capacity and stable cycling 

performance. Their inherently large surface area results in extensive solid electrolyte 

interphase formation. It limits the ICE. Excessive microporosity generates additional 

electrochemically inert volume. It contributes little to lithium storage capacity while 

increasing the interfacial area. Optimizing the pore size distribution and reducing 

unnecessary microporosity are essential to effectively balance capacity with interfacial 

stability. 

4 Summary & suggestion 

The advantages and disadvantages of Nano-Si anodes were written and shown in Table 1. 

Silicon nanoparticles have high specific capacity through simple synthesis routes. This 

feature makes them attractive for near-term industrial applications. Their large specific 

surface area leads to irreversible lithium consumption and capacity fading. It limits direct 

large-scale use. The key to enhance the performance of silicon nanoparticle anodes lies in 

optimizing their surface and interfaces. Methods llike carbon coating and the formation of 

artificial solid electrolyte interphase layers have been extensively studied and proven to 

reduce lithium loss. Theses methods also improved the electrode's cycling stability as well. 
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Table 1. Compared the pros and cons of various lightweighting material. 

Material Progress Challenges 

SiNPs 

-High specific surface area enhances 

reaction kinetics.  

-Nanoscale size effectively mitigates 

volume expansion stress.  

-irreversible lithium consumption 

-nanoparticle aggregation 

SiNWs 

-Axial expansion releases mechanical 

stress.  

- Facile and short-diffusion Li ion 

pathway significantly improves ICE. 

- Rapid permeation and circulation of 

electrolytes enhance volume retention. 

- complex synthesis process 

increases cost and limit 

scalability 

- difficult to further increase 

energy density. 

Si 

Porous/Networked  

-Pore networks buffer volume 

expansion.  

-mild reaction condition and high yield. 

- The three-dimensional pore structure 

maintains high capacity. 

- substantial SEI formation leads 

to a relatively low ICE 

- wasted inactive pore volume 

 

The one-dimensional geometry of silicon nanowires can release mechanical stress during 

repeated lithiation and delithiation. So they have stable cycling behavior and high ICE. The 

manufacturing process for silicon nanowires is generally complex and energy-intensive. It 

results in high production costs and hinder large-scale manufacturing. To meet the demands 

of actual production and market needs, it is necessary to simplify its synthesis process and 

control its specific surface area. 

Porous or networked silicon materials have a distinct design architecture. Their three-

dimensional interconnected pore framework have more space to accommodate volume 

expansion. It helps the material to keep balance between capacity and structural stability 

during cycling. The presence of electrochemically inert pore volume inevitably reduces 

electrochemical performance (ICE) and volumetric energy density. To overcome this issue, 

controlled pore engineering techniques can be employed. This approach will suppress 

micropore volume and enhance interfacial stability through modification of conductive 

surfaces. 

Silicon nanoparticles are easily integrated into existing graphite-based anode systems. 

They can be introduced in small proportions without major changes to conventional routes. 

This advantage has facilitated their rapid transition to commercial applications. Silicon 

nanowires are more commonly employed in some applications. These applications need high 

structural precision and long cycle life and it does not need lower cost. Porous or networked 

silicon materials are valued for their mechanical robustness during prolonged cycling. The 

relatively mild synthesis conditions and higher yields of porous silicon is an advantage 

because of low cost. 

5 Conclusion 

Nano-silicon-based materials have been regarded by researchers as a promising alternative 

for next-generation anode materials in lithium-ion batteries. This study talks three 

representative nano-silicon structures—silicon nanoparticles, silicon nanowires, and porous 

or networked silicon. By analyzing the current advantages and limitations, this paper 

mentioned nano-silicon materials and proposes strategie. 
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When evaluated as anode materials, silicon nanoparticles, silicon nanowires, and porous 

or mesh silicon have distinct performance features. Silicon nanoparticles have good 

compatibility with existing electrode systems. Their electrochemical stability is bad and is 

easy to degradation during long-term cycling. The advantage of silicon nanowires lies in their 

ability to maintain structural integrity. Their practical application is often constrained by their 

complex manufacturing processes. Porous or mesh-like silicon materials have excellent 

resistance to mechanical degradation and possess high capacity potential. Their efficiency is 

significantly constrained by questions related to volumetric energy density. These questions 

severely limit the application and necessitate improvement of the materials. 

Every nanostructured silicon has different advantages and disadvantages. No single 

material currently exists that can simultaneously meet all practical requirements for 

commercial lithium-ion batteries. Targeted structural design, interface control, and 

manufacturing strategies for nano-silicon anodes are of paramount importance. Continued 

advancements in these areas will push the development of nano-silicon anodes and the 

progress of electric vehicles. 
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