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This study investigates the application of nanocoated silicon materials in a lithium
battery anode. The contents include carbon, metal oxide, and conductive polymer, which
have demonstrated great potential as a substitute for the current anode material, pure silicon,
which is still being explored, while retaining as many of its advantages as possible. The
nanocoated silicon has then become the main direction in future battery development. The
study also presents the method to produce each nanocoated silicon material in detail and
evaluates its advantages and disadvantages. After comparison, Si-C has become the most
commercially viable option due to its mature synthesis process and its overall sufficient
factors to meet the demand. Si-metal oxide is plagued by the trade-off between two essential
factors, making it unlikely to make significant breakthroughs in the future. Si-polymer, on
the other hand, has the most potential for the future if the synthesis process is simplified,
because it offers the best balance among all factors and maximally retains the benefits of
pure silicon. As a result, nanocoated silicon will gradually become the dominant anode
material for most electric vehicles lithium batteries.

Lithium-Ion Battery, Silicon anode, Nano-coating

Due to fuel vehicles producing huge amounts of carbon dioxide emissions that contribute to global
warming, and also the fact that oil is a scarce resource, which leads to fluctuating prices and causes
source uncertainty. These problems were then addressed by the governments through policies and
restrictions, which led to a global shift toward new energy applications. With all the different types
of new energy applications, electric vehicles are gradually becoming the dominant direction in this
field due to mature technology and a decrease in the cost of production [1]. The result suggests the
requirement for a high-performance battery has also increased. This includes high energy intensity,
which ensures a longer driving distance and lighter weight of the vehicles; safety, which prevents
battery fire and explosion; and finally, affordability with improvement in advanced technology or
materials.

The lithium battery is one of the ideal batteries with the advantage of high energy density, high
operating voltage, long cycle life, and the absence of memory effect. Allowing it to become the most
rapidly developing energy storage technologies [2]. However, higher capacity is always a target to
overcome. Thus, new electrode materials with higher capacity become particularly significant.

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Currently, graphite is one of the most widely used materials for the anode material in lithium
batteries. This is because it has a great balance between cost, power density, and stability due to its
unique layered structure, which provides an efficient electron transport within the anode [3].
However, its capacity is considered a limitation when compared with new emerging materials,
despite having a theoretical capacity of 372 mAh/g.

Among all the different potential anode materials, silicon was considered a suitable substitute for
graphite for anode material. Its theoretical capacity is 4200 mAh/g (about ten times larger than
graphite) with a low working voltage (0.37V vs Li/ Li* ), which reduces the risk of lithium plating
and provides a better safety advantage [4]. Furthermore, silicon also makes up about 28% of the
Earth's crust, which is the second most abundant element just behind oxygen. This highlights that
silicon is a sustainable supply material and provides a lower cost. The main reason that silicon has
not yet been widely adopted for the anode material is that silicon will experience a volume
expansion of nearly 300% during the lithiation process. The repeated change of volume will lead to
material pulverisation of the electrode material; as a result, this will cause an irreversible loss of
active lithium ion and a rapid decrease in the capacity, even though it has a significantly large
capacity [5]. This means a silicon-based lithium battery will currently have a short cycle life, and
safety remains a concern. Furthermore, another disadvantage is that silicon is a semiconductor,
unlike other metals or graphite where electrons are delocalized; silicon has only a few electrons that
can gain energy and become mobile, therefore, it is a poor conductor. As a result, it is considered
slow charging. To address those issues, one of the solutions is nanocoating, which covers each
silicon particle with a very thin layer of another material to minimise those disadvantages. These
materials have a flexible structure that can act as a buffer to absorb and redistribute forces caused by
volume changes. These coatings can maintain the silicon structure and prevent it from pulverisation.
In addition, the nanocoating material can be a high-conductivity material, which can increase
electron transport and meet the current demand for fast charging due to the competitive battery
market. Sohn et. al. investigated that the SiOx matrix helped buffer the volume expansion, and the d-
SiO could still provide a reversible capacity of 1000 mAh/g [6]. Besides, Fu et. al. developed a SiO/
graphene/ C composite anode with excellent cycling stability [7]. Additionally, Xu et. al. have
designed a porous Si-C structure with a three-dimensional conductive framework. Even when the
current density increased from 0.2 C to 10 C, the silicon-based anodes still retained 85% of their
original charge capacity [8]. As a result, a large number of studies have demonstrated that
nanocoated silicon-based materials have great potential for lithium batteries in the future.

Overall, this study focuses on current strategies with three different types of nanocoated silicon
materials as anode material for lithium batteries in new energy vehicles. This includes Si-C, Si-metal
oxide, and Si-polymer, which all have advantages and disadvantages in comparison. Therefore, this
study will also provide an analysis and solution for those nanocoated silicon materials. Lastly, this
study has a structure that is organised as follows: introduction, case description, problem analysis,
suggestion, and conclusion.

To overcome the problem of silicon as an anode material in lithium batteries, researchers have
developed different strategies by combining carbon with nanocoating, which includes carbon
material, metal oxide, and polymer.

Among the three different material nanocoatings, the most widely used are carbon materials due
to their mechanical flexibility and high electrical conductivity. A conductive network forms when
amorphous carbon, graphene, or carbon nanotubes are coated onto nano-silicon particles, which
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improves electron transport. The carbon layer can also act as a buffer when silicon experiences
volume expansion to nearly 300%. Specific designs, such as core—shell or yolk—shell architectures,
create internal voids between the silicon core and the carbon shell. These voids absorb all of the
expansion of silicon; as a result, electrodes do not then pulverise, and this has improved cycling
stability in lithium batteries.

Furthermore, metal oxide coatings like TiO:, Fe:0Os, or Al.Os; are mechanically rigid and
thermally stable. These coatings work as a physical barriers that can separate silicon from the
electrolyte. These barriers reduce undesired reactions like continuous growth of the solid electrolyte
interphase, which will consume electrolyte and lithium, leading to a decrease in battery capacity.
Unlike carbon, certain metal oxides, mainly amorphous TiO:, do not stretch like carbon when
lithiation. Therefore, it has a stable structure for long charging cycles and doesn’t collapse easily.

Lastly, polymeric coatings are considered multifunctional. Bio-derived polymers such as sodium
alginate or chitosan create strong chemical bonds with hydroxyl groups that are on the silicon
surface in order to improve adhesion, which prevents falling apart or detachment during charging
cycling. These polymers are flexible and elastic in order to reduce volume changes as well.
Conductive polymers such as polyaniline or PANI bind with silicon and form a three-dimensional
network, which helps electrons move quickly through the electrode; therefore, this improves the
conductivity of the whole battery. In addition, conductive polymers don’t require as much space as
carbon or other conductive materials, which makes more room for silicon. As a result, the battery
will have a higher energy density but also better cycling life and mechanical strength.

3. Analysis and challenge
3.1. Carbon coated Si anode (Si-C)

In order to produce Si-C, the coating process used the method of nickel as a catalyst, which is
demonstrated below [9]: Initially, the oxide layer on the silicon had to be removed. This could be
done by dispersing 0.5g of silicon nanoparticles in a mixed solution containing hydrofluoric acid (65
mL), deionised water (50 mL), and ethanol (35 mL). Subsequently, an electroless plating solution
was then prepared by mixing 0.1 molL-1 NiCl,-6H,0, 0.56 molL-1 NH,CI, 0.03 molL-1 CH;O,,
0.3 molL-1 NaH,PO, and 0.01 molL-1 C,,H,,O,NaS. The NH,*H,O was added into the electroless
plating solution drop by drop until the pH was adjusted to 8.5. Thereafter, the treated Si
nanoparticles were added into the electroless plating solution at 50°C for 10 minutes, the aim is to
reduce Ni** to metallic Ni directly on the Si surface by the reducing agent in the bath (NaH,PO,).
This forms a uniform nickel layer around silicon, and these nickel-coated silicon particles were then
dispersed into a mixed solution containing 38 ml triethylene glycol and 0.25 ml NaOH aqueous
solution (Wt.NaOH=50wt.%) and then stirred at 185°C for 14 hour. Lastly, it was washed with
deionised water and dried overnight to obtain the carbon-incorporated Ni-coated Si particles. This is
followed by heating under Ar at 450 °C for 1 hour to form a graphene coating layer. To remove the
nickel coating layer, it was treated by the mixture solution of HNO,, HCI, and HF etching for several
hours, and the Si-C is finally obtained. This process is further displayed in Figure 1 below.
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Si Si@Ni Si@Ni/Graphene Si@Graphene

Figure 1. The synthesis process to obtain Si-C [9]
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The Si-C had the advantages of high reversible capacity by retaining 1909 mAh/g after 100
cycles at 0.2 A/g. This meant that the battery could store more charge, which gave a longer run time
per charge. Furthermore, pure silicon degraded from 3612 mAh/g to 865 mAh/g over 100 cycles,
which showed that Si-C had a better battery stability over the long term. The reason was that pure
silicon lost most of its capacity due to expansion and contraction (about 300%), whereas Si-C acted
as a flexible material, which had a smaller expansion (about 160%) and gave less mechanical stress
and therefore longer life. On the other hand, it also delivered 975 mAh/g at a high current density of
5 A/g. This highlighted its excellent conductivity and, therefore, higher charge and discharge speed.
In comparison, pure silicon only had 86 mAh/g at 5 A/g. In addition, Si-C had a lower charge
transfer resistance (R ), from 55.37 Q (30th cycles) to 203.70 Q (50th cycles), whereas pure silicon
increased from 234.80 Q (30th cycles) to 576.80 Q (50th cycles). This improved electron and
lithium ion conductivity, allowing them to move faster between the electrode and electrolyte.

Despite its advantages, Si-C is still experiencing a large expansion (about 160%) compared to the
normal graphite anode (about 10%) during lithiation [10]. Over hundreds of cycles, this issue can be
magnified, where there will be microcracks in the coating and exposure to the silicon, which will
further increase cracking and pulverisation. The battery then holds less and less charge over time
and eventually becomes unusable.

On the other hand, Si-metal oxides can be produced by the method below [11]: In the beginning, 0.6
g of hydroxypropyl cellulose (HPC, Mw 100,000, Aldrich) was dissolved in ethanol. 1.0 g of silicon
powder (crystalline, APS 0.05-0.10 pum, 98%) was then added to the HPC/ethanol and dispersed by
an ultrasonicator in a dry room for 10 min. Then add 5.25 ml of titanium isopropoxide
(Ti[OCH(CH,),],), with a purity of 97% (obtained from Aldrich), to the solution. This is followed by
the addition of ammonia solution, until the pH values reach 9.66, 10.14, 10.48, 10.70 and 11.08 were
attained. This mixed solution was stirred for 160 min and then aged at 80 “C for 4 hours. This allows
a TiO2 gel layer to form around the silicon. And finally, the product was filtered through a filter
paper, and the TiO: nanocoated silicon obtained was washed with deionised water and dried at 25 "C
for 7 days.

The TiO:2 nanocoated silicon had the advantages of stable discharge capacity. The coating layer
acted as a buffer layer to reduce the volume expansion of silicon. This was demonstrated in Figure 3,
where the TiO: nanocoated silicon at pH 10.7 performed a more stable discharge capacity compared
to pure silicon over many cycles. This allowed it to have a longer life due to a reduction in volume
expansion. Moreover, the TiO: layer acted as a protective physical layer that separated the silicon
surface and electrolyte. This reduced unwanted reactions between silicon and electrolyte. These
unwanted reactions could form an unstable solid electrolyte interphase (SEI), which consumes
electrolyte and lithium. The TiO: layer could maintain a stable SEI, which improved cycle life and
increased the efficiency of the battery. Besides this, the TiO: layer also controlled how lithium ions
moved in and out of the silicon. As the TiO: layer contained nano-pores with diameters of 6.9-9.2
nm, these pores allowed lithium ions to move at a controlled rate, which could prevent rapid lithium
ion diffusion, causing uneven lithiation, which would expand silicon too quickly and lead to
cracking and pulverisation. As a result, TiO> nanocoated silicon had lower lithium ion diffusivity
(2.4 x 107257 x 107"* cm?*s) than pure silicon (4.3 x 1072 cm?/s) [11].
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Figure 2. Cycling performances of the Si-TiO, anode [11]

However, there are still disadvantages when TiO: work as a protective barrier. As it blocks some
of the lithium ions during the first charging cycle, this leads to a lower initial capacity, which is
much lower than pure silicon and Si-C. This is also demonstrated in Figure 2. Furthermore, while
the coating layer controls the speed of lithium ions, it also slows down their movement, resulting in
slow charge and discharge speeds, which becomes a major issue as the current demand for fast
charging increases. The balance between cycling stability and charging performance should be taken
into consideration. Lastly, this studies only focus on TiO: as the metal oxide material; there are also
different materials, such as Fe:Os, or Al2Os might have a better performance and fewer limitations.

3.3. Polymer composite coated Si anode (Si-polymer)

Lastly, Si-polymer can be produced by the steps below [12]: The silicon nanoparticles with cross-
linked PAN (Si NPs@x-PAN) are being used as an example in this case. In the first place, 0.2 g
PANVDA was dissolved in 20 g DMF, and 0.4 g silicon NPs were dispersed in another organic
solvent, toluene. Then, the Si NP/polymer suspension was prepared by mixing these two solutions.
The surfactant solution was prepared by dissolving 22.6 g F108 surfactant in 400 mL of formamide.
After that, the Si NP/polymer suspension was poured into the surfactant solution in a 1:10 volume
ratio (NP/polymer suspension: surfactant solution), then stirred vigorously with a homogeniser at
12,000 rpm for 2 minutes to create a nonaqueous emulsion with droplets containing Si NPs and
PANVDA. The emulsion was stirred at 70 °C for 2 days to evaporate DMF and toluene, allowing the
polymer to coat the nanoparticles. The suspension was then purged with argon and heated at 130 °C
for 2 hours to thermally crosslink the PANVDA coating. The resulting Si NPs@x-PAN composite
clusters were collected by centrifugation, washed repeatedly with ethanol to remove residual
surfactant and impurities, and finally dried at 80 °C for 1 day in a vacuum oven, yielding the final
coated nanoparticles. The process of synthesis of Si NPs@x-PAN is demonstrated in Figure 3.
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Figure 3. Synthesis of Si NPs@x-PAN [12]

The Si-polymer had the unique advantages of high areal and specific capacity. This allowed the
anode to store more charge both per unit surface area (about 2 mAh/cm?) and per unit weight (about
2000 mAh/g), making it different compared to other nanocoated silicon materials, as lots of coatings
reduced capacity significantly. Moreover, Si-polymer also had the advantage of long-term cycle
stability, as research showed that after 100 charging cycles, the capacity only dropped 5% and after
1000 charging cycles, it still retained more than 75% at a moderate current (0.5 C). Even when
charged at an extremely high current (50 C), its capacity still retained 1880 mAh/g, which was about
89.2% of its original capacity (2109 mAh/g). This highlighted the ability not only of large capacity
but also of its fast-charging advantages. This was mainly because its 3 nm thick PAN coating
directed lithium ion evenly into silicon, which helped silicon expand uniformly in all directions
(isotropic volume expansion), which reduced the mechanical stress [12].

Nevertheless, Si-polymer still suffers from SEI formation in the first cycles. Where its initial
coulombic efficiency (ICE) is 86.4% compared to a graphite ICE value larger than 90%. This means
that large amounts of lithium ions are irreversibly consumed to form SEI and are no longer available
for battery operation, which reduces the total capacity in the first place. Furthermore, Si-polymer has
a complex synthesis process, as it has three polymer stages from PANVDC to PANVDA to x-Pan,
which might have scalability concerns, where it could be expensive and time-consuming.
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Table 1. Comparison of various coatings on Si anodes

Type Advantages Disadvantages

-high reversible capacity
-excellent battery stability
Si-C -small expansion compared to pure -large expansion compared to normal graphite
silicon
-excellent conductivity

-stable discharge capacity

Slo—)r(ringal prevent SEI from forming -trade-off between Zg:fai:j:lhty and charging
-prevent rapid lithium ion diffusion P
Si-polvmer -high areal and specific capacity -SEI formation
Poly -long-term cycle stability -complex synthesis process

From Table 1, it is obvious that all different types of nanocoated silicon anode material have the
advantage of stable cycles in different levels, which has surpassed the original pure silicon anode
material by far, as the coated silicon provides a buffer layer to reduce mechanical stress from
volume expansion in different ways. This suggests that those three types of nanocoated silicon can
be used in the long term with a long cycle life. Apart from this, Si-C has the advantage of excellent
conductivity, highlighting a fast charging speed which fulfils the current demand as people
universally pursue convenience and efficiency in life and technology. In comparison to fuel vehicles,
which don’t have the concern of charging, fast charging reduces consumers' worries. Si-metal oxide
, on the other hand, has good prevention of SEI forming, which reduces the amount of lithium loss,
further enhancing the stability of the battery. Si-polymer has the largest charge capacity among the
three different materials. Even when silicon anodes are coated with other materials, the capacity will
drop significantly due to less silicon being available to react with lithium ions during charging and
discharging. Overall, these advantages make nanocoated silicon have the potential to become a
substitute for conventional graphite and pure silicon anode material, as graphite has the limitation of
low capacity and silicon has the disadvantage of large volume expansion and short cycle life, which
makes the nanocoated silicon anode ideal for future battery applications.

However, the nanocoated silicon anodes still have problems to tackle. Si-C has the disadvantage
of a large expansion compared to normal graphite anode material. As a solution, porous silicon can
be used, where silicon expands into empty space instead of exerting stress on the carbon layer. This
might allow the expansion of Si-C to decrease closer to graphite material while retaining its
capacity. On the other hand, Si-oxide has the trade-off problem between cycling stability and
charging performance. This could be solved by combining a conductive material that maintains
silicon’s excellent conductivity. Moreover, Si-polymer has the major problem of a complex
synthesis process, making it harder to become scalable for production at low cost. As an approach,
the main production could focus on PANVDC and PANVDA with a simpler synthesis process. They
both have a slightly lower quality than x-Pan, but have a lower cost to meet the demand for anode
materials. As a result, the advantages of nanocoated silicon have outweighed its disadvantages.

To determine which nanocoated silicon is the most suitable for the current lithium anode material,
it will depend on which specific characteristics are prioritised. In particular, different electric vehicle
companies focus on different directions. Si-C gives the advantage of fast charging but still suffers
from large expansion. Si-metal oxide has strong cycling stability but has a relatively poor
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conductivity. Si-polymer has one of the largest capacities, but the complex synthesis process
remains a problem. Among different nanocoated silicon anodes, Si-C is the most realistic choice
today, as it has already been tested and adopted by battery companies; its synthesis process is
relatively mature and scalable compared with other nanocoated silicon materials. Although it doesn’t
completely solve the problem of large expansion, it provides sufficient improvement compared to
pure silicon. On the other hand, in the next five or ten years, Si-polymer has great potential. This is
because Si-polymer has the best balance between all factors. After simplifying the synthesis process,
it could also be produced at scale and lower cost, becoming the dominant anode material. Si-metal
oxides, unfortunately, are limited by the trade-off. This causes it to become less competitive
compared to other nanocoated materials; if there are no solutions, it might even be phased out.

In the future, these nanocoated silicon anodes could be produced in large quantities and replace
graphite in the next generation of lithium-ion batteries. Especially supported by government
subsidies, lots of firms can further improve the nanocoated battery’s properties. For instance, one of
the directions could be involving multilayer coatings, meeting the optimal ability demand by
balancing factors between charge capacity, stability, and conductivity.

This study investigates the application of nanocoated silicon materials in a lithium battery anode.
This includes Si-C, Si-metal oxide and Si-polymer, which have demonstrated great potential to
become a substitute for the current anode material graphite with the key disadvantage of low charge
capacity. On the other hand, these nanocoated silicon also mitigates the drawback of pure silicon’s
poor cycling stability and conductivity while retaining as much of its charge capacity as possible.
This nanocoated silicon has then become the main direction in future battery development.

The study also presents the method to produce each nanocoated silicon material in detail and
evaluates its advantages and disadvantages. This is when they all have a common advantage of
stable cycles. Specifically, Si-C has the advantage of excellent conductivity, Si-metal oxide
demonstrates a good prevention of SEI formation, and Si-polymer presents its largest charge
capacity among the three different nanocoated silicon. However, each of the nanocoated silicon
materials has its drawbacks. For instance, Si-C has the disadvantage of a large expansion compared
to normal graphite anode material, Si-metal oxide has a trade-off between cycling stability and
charging performance, and Si-polymer suffers from a complex synthesis process. These issues
require further research and development to overcome, in order to be widely used in practical
applications.

Currently, Si-C has become the most commercially viable option due to its mature synthesis
process and its overall sufficient factors to meet the demand. Si-metal oxide is plagued by the trade-
off between two essential factors, making it unlikely to make significant breakthroughs in the future.
Si-polymer, on the other hand, has the most potential for the future if the synthesis process is
simplified, because it offers the best balance among all factors and maximally retains the benefits of
pure silicon. As a result, having the most favourable conditions will increase its competitiveness.
Over time, better research will overcome previous problems. However, at present, nanocoated
silicon as a lithium battery anode material holds the most promising future.
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