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Abstract 
Lithium-ion batteries (LIBs) provide the highest energy and power densities. 
They have a longer cycle life compared to all other batteries in commercial use. 
They are, therefore, preferable ones in electronic products and electric vehicles 
(EVs). The graphite anodes used in LIBs have low specific capacity and there-
fore limited efficiency for high energy density applications. In the last decade, 
due to its ubiquitous nature, extremely high theoretical specific capacity and 
low cost, silicon-based anode materials have emerged as a potential candidate 
to replace the graphite anode of LIBs. However, the large volume expansion 
of silicon during cycling causes deformation of the electrode and loss of elec-
trical contact resulting in significantly low performance. To alleviate this issue, 
SiOx (0 ≤ x ≤ 2) and its composites with structural modifications are under 
extensive investigation. This review evaluates the main synthetic methodolo-
gies of SiOx anodes with nanostructure designing and hybridizing. The paper 
includes the most recent developments in this direction and summarizes the 
main results. Limitations and challenges in improving the energy storage ca-
pabilities and commercialization of SiOx-based anode material for high energy 
density applications are discussed with future research trends. 
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1. Introduction 

Li-ion batteries (LIBs) are an established technology for high energy storage. They 
provide the highest energy and power densities, fast charging capability, longer 
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cycle life, minimal self-discharge and no memory effect [1]. They are, therefore, 
extensively used in electronic products, like computers and cell-phones [2], elec-
tric vehicles (EVs) [3] [4] and aerospace [5]. Lithium Cobalt Oxide-based (LiCoO2) 
cathode and graphite as the anode have controlled the Li ion batteries since their 
inception and commercialization by Soni Co. in 1990s [6] [7]. Graphite has been 
the most popular anode material in commercial LIBs due to its excellent cycling 
stability and fast charging capability [8]. However, the theoretical specific capacity 
of graphite is 372 mAhg−1 limiting its capability for high energy density applica-
tions. To achieve higher energy density, the intercalation chemistry of graphite must 
be replaced with another anode material which is capable of electrochemically al-
loying lithium. Various anode materials including transition metal oxides, transi-
tion metal sulfides and alloys, with different structural designs have been under 
investigation [9]-[15]. In the last decade, silicon has emerged as the most promis-
ing candidate for anode material. Silicon is ubiquitous, has a low production cost, 
and the theoretical specific capacity of silicon is extremely high, 4212 mAhg−1 
(Li22Si5) which is ten times higher than the specific capacity of graphite (LiC6) 372 
mAhg−1 [16]. The average voltage platform of Si (0.4 V vs Li/Li+) is also higher 
than that of graphite electrode (0.125 vs Li/Li+) which helps it avoid dendritic lith-
ium formation and lithium plating on the anode material surface during the lithi-
ation process, leading to improvement in safety performance of the LIB [16] [17]. 
While silicon shows many advantages including lower working potential and high 
specific capacity, it has poor electrical conductivity contributing to its hysteretic 
Li+-ion reaction dynamics. In addition, high Li-storage capacity means a large 
amount of Li+ can be alloyed with silicon resulting in large volume expansion of 
silicon (more than 300%) after full lithiation [18] [19]. This large volume expan-
sion causes high mechanical strain leading to the deformation of the electrode, 
pulverization of the Si particles, and loss of electrical contact with the current col-
lector. Meanwhile, fresh unstable solid electrolyte interface (SEI) films are contin-
uously generated on the fracture surfaces [19]-[21]. Studies reveal that the for-
mation of the unstable solid electrolyte interphase (SEI) consumes a significant 
amount of lithium ions, which reduces the initial Coulombic efficiency (ICE) of 
the cell, eventually depleting the electrolyte and reducing the energy density of the 
cell [21]. Oxides of silicon have been widely investigated in recent years to cir-
cumvent this issue. SiOx (0 < x < 2) has gained considerable interest as a potential 
alternative to Si due to its enhanced cycling stability and smaller volume variation. 
Compared to bulk silicon, SiO and SiO2, the non-stoichiometric silicon oxide 
(SiOx, 0 < x < 1 and 1 < x < 2) anode material has high specific capacity and long 
cycling stability [22] [23]. Studies reveal an overly complex amorphous structure 
of SiOx. Angstrom beam electron diffraction (ABED) and synchrotron high en-
ergy XRD (HEXRD) patterns exhibit the presence of amorphous Si clusters and 
amorphous SiO2 with SiO [24]. SiOx inherits the high capacity of Si-based mate-
rials (2100 mAhg−1), but less severe volumetric expansion/shrinkage during lithi-
ation/prelithiation, resulting in extended cycling life [25]. However, this non-neg-
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ligible volume change, confirmed by imaging techniques and recording of various 
Li-Si phases [16] [21] [23] [26], remains the main challenge due to the irreversible 
conversion of active lithium. Especially in the current situation, where the specific 
capacity of commercially used cathodes is low (<300 mAhg−1), low ICE of SiOx 
anode causes a substantial portion of the cathode capacity to be consumed in full 
cell, reducing the energy density of it [26]. Various optimized structure designs 
and surface modifications, namely C/SiOx, carbon coating on the SiOx surface, 
doping, alloying with other metals, SiOx-carbon nanocomposites, etc. have been 
extensively studied and used in recent years with significant improvement in cy-
cling stability of SiOx-based anodes [22] [23] [27]-[34]. One group has suggested 
that soft carbon may prove to be a more suitable match for SiOx and therefore 
capable of replacing the graphite anode in LIBs [35]. However, some other groups 
promote hard carbon coating and its composites with SiOx. Pouch cells with 
SiOx/biomass carbon anodes exhibit enhanced electrochemical performance [36] 
[37]. 

Strategies to enhance the electrochemical performance, safety, and stability of 
LIBs with SiOx based anodes for industrial scale applications are based on syn-
thetic methodologies, structural modification and surface engineering of silicon, 
hybridization with other materials [36]-[40] and pre-lithiation [41] [42]. Recent 
investigations report a more design dependent relationship between the physical 
parameters and electrochemical performance of the SiOx based anode in Li-ion 
batteries. An initial size of 4 - 6 nm for Si nanodomains influenced the pulveriza-
tion of Si domains in SiOx [43] [44]. Pulverization of SiO2 matrix in SiO anodes 
has been detected during cycling due to the irreversible formation of lithium sili-
cate. The authors propose an initial optimum Si nanodomain size of 4 - 6 nm to 
prevent the pulverization [44]. Si-rich SiOx with smart design has been found ben-
eficial for volume change accommodation. It is therefore more suitable for com-
mercialization [45] [46]. Several research groups have discussed Si-based anodes 
for LIB in general. However, not many research groups have focused on SiOx-
based anodes. SiOx is a promising replacement to elemental silicon due to its easy 
synthesis, low cost, and lower volume expansion (~118%) [46] [47]. Research 
groups have also expressed their concern over most of the studies conducted on 
half cells. A complete scenario of research progress on SiOx-anode with full lith-
ium-ion batteries, is discussed by not many authors [45]-[49].  

In this paper, recent progress in performance enhancement of the SiOx-based 
anode material for LIBs has been investigated and discussed based on the synthetic 
methodologies and structural designing. A comparative analysis of the synthesis 
methods has been presented. Electrochemical performance of the SiOx based an-
odes was evaluated after structural modifications. Finally, suggestions proposed 
by various research groups, based on recent studies, have been discussed for fur-
ther enhancing the knowledge and understanding of the underlying mechanism 
of operation of LIBs with SiOx anodes. Challenges remaining towards the com-
mercialization of SiOx-based LIBs have been summarized.  
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2. SiOx: Structure and Electrode Mechanism 

According to oxygen content, SiOx based anode material can be SiO2 (x = 2), SiO 
(x = 1) and non-stoichiometric SiOx. Oxygen content in the silicon directly affects 
the electrical conductivity, structural stability, and reversible/irreversible capacity 
of the Si-based electrode [49]. Depending on the method of preparation, reaction 
condition and time, exact composition of the oxidation layer may change, affect-
ing the electrochemical properties of the electrode. Manipulating the oxygen con-
tent in SiOx can result in excellent electrochemical properties of the SiOx electrode 
in terms of cyclic stability, Coulombic efficiency, and rate capability. It is accepted 
that silicon rich SiOx possesses high capacity but poor cycling performance, 
whereas O-rich SiOx is favorable for volume change accommodation [50]. Physi-
cal parameters like particle size, shape, and film thickness also significantly affect 
the electrochemical performance of silicon-based anodes [24] [25] [35] [36] [43] 
[44] [47] [48]. 

It is important to know that SiOx is not a naturally stable phase structure. It has 
an overly complex, amorphous structure. According to the widely accepted het-
erostructure model of amorphous SiOx, SiOx exists in the interface region between 
Si and SiO2 [24]. It has poor electrical conductivity. Nevertheless, SiOx (0 < x ≤ 2) 
has emerged as a promising candidate to replace elemental Si due to easy synthe-
sis, mild volume expansion (~118% for SiO compared to ≥300% for Si) and low 
cost. The SiOx family includes SiO, SiO2, non-stoichiometric SiOx and Si-O-C 
based anode materials [45].  

The Li+ intercalation mechanism of SiOx has been discussed by various research 
groups [25]-[27] [39] [41] [42] [45]. It is understood that during the first cycle of 
lithiation, SiOx reacts with Li to produce mixture of Si, Li2O and silicates of lithium 
(Li4SiO4, Li6Si2O7, Li2Si2O5, etc.). An electrochemically inert mixture of Li2O and 
Li4SiO4 produced during the first lithium-ion process together with Li15Si4, can be 
used to form a buffer matrix to form a stable SEI layer [25] [45]. During the sub-
sequent cycles, Si will further lithify and form Li15Si4 alloy which is reversible, and 
it occurs at a favorable low potential relative to the lithium electrode [26] [46]. 
However, the main reaction products of SiOx material are still unclear, though the 
Li+ intercalation mechanism has been clarified. The specific reaction mechanism 
of each component in SiOx, the type and content of products after Li+ intercala-
tion, and its effective factors need to be explored. The presence of these com-
pounds enhances hysteresis, and the Li consumed in the formation of these com-
pounds and alloys are not electrochemically reversible [26] [27] [46]. 

The relationship between film thickness and electrochemical performance of 
SiOx anodes was studied with SEM images and electrochemical impedance spec-
troscopy (EIS) data. Evidence confirms that an optimum film thickness of SiOx 
(450 nm) results in low charge transfer resistance, formation of reduced SEI and 
good electrode integrity upon cycling [48]. 

The value of x in SiOx also influences its performance for practical applications. 
Several groups have studied the effect of oxygen content on the electrochemical 
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performance of SiOx anodes. The oxygen content affects the specific capacity, volt-
age hysteresis (voltage hysteresis refers to the voltage difference between the charge 
and discharge profiles) and cycle life [50]-[53]. A detailed study of the influence 
of oxygen content on electrochemical behavior of SiOx@C anodes revealed that a 
rational O/Si ratio can acquire a balance between the cycling stability and the ICE 
of SiOx anodes. The oxygen content in SiO was precisely controlled by adjusting 
the molar ratio of Mg:SiO@C in magnesiothermal reduction. Different O/Si ratios 
of SiOx@C (x = 0.95, 0.81, 0.71, 0.61) were investivated. Out of all the O/Si ratio, 
SiO0.81 @C exhibited proper oxygen content and porous structure. It displayed the 
best electrochemical performance with an initial reversible capacity of 1374 
mAhg−1 and an ICE of 73%. The composite exhibited a reversible capacity of 1230 
mAhg−1 after 200 cycles with a retention rate of ~90% at a high current density of 
1 Ag−1. The study provides a path to achieve balance between cycling stability and 
ICE of SiOx anodes with a rational ratio of O/Si [49]. 

Another study investigated the role of oxygen in lithiation/delithiation cycle 
and the formation process of solid electrolyte interface (SEI) in Si and SiOx elec-
trodes were investigated. Both, Si and SiOx electrodes were synthesized via mag-
netron sputtering technique. Co-sputtering Si target and SiO2 target, SiOx anodes 
were prepared. To vary the oxygen content, different combination of power was 
applied to the Si and SiO2 target. SiOx with differing ratios of Si:O (SiO0.2 and SiO0.6) 
were synthesized and CR 2032 coin cell with 14 mm diameter was used to evaluate 
these thin film electrodes [50]. Excluding the effect of carbon additives and bind-
ers, SiOx anodes with higher oxygen content displayed less volume change and 
formed a thinner and more stable SEI’s during cycling. Accomodation of volume 
change during cycling can be attributed to the formation of internal porous struc-
ture. However, it had a nonreversible and longer plateau around 0.7V during the 
first lithiation, exhibiting the reduction of Si-oxide, leading to lower ICE, un-
wanted for practical applications [50]. Annealing-etching procedures also control 
the oxygen distribution in SiOx with an improved electrochemical performance 
[51]. On the other hand, with a decrease in oxygen content, reversible capacity 
and the ICE increase were observed leading to poor cycle life. It shows that all SiOx 
films undergo significant chemical changes during cycling. They can restructure 
after a long cycling time. This implies that tuning the surface oxygen content can 
control the SEI performance [52]. 

For practical applications, porous structures with good stoichiometry enhance 
the performance of SiOx anodes. Effective designing and low-cost synthesis meth-
ods need to be explored. 

3. Synthesis of SiOx 

In this section, the most common physical/chemical methodologies to produce 
nanostructured SiOx anodes for LIB are discussed. The advantages and disadvantages 
of each synthetic strategy with suggested modifications by various reviewers are 
summarized. 
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Based on the wide range of research reported, synthesis of SiOx can be grouped 
in three main categories: i) thermal evaporation ii) high energy mechanical mill-
ing (HEMM) and iii) wet chemistry. The raw material for preparation of SiOx can 
be i) pure silicon, ii) SiO iii) SiO/SiO2 or iv) Silicon compounds [23] [53] [54].  

3.1. Thermal Evaporation 

a) Thermal evaporation method is the most widely adopted method for synthe-
sis of various nanostructured SiOx by thermal evaporation in practice. The starting 
material can be pure Si powder [55] a mixture of Si and SiO2 [22] or Si grains [56]. 
In 2001, in-situ SiOx was produced by heating pure Si powder to 1373 K under Ar 
flow. Due to various vapor concentrations, substrate surface condition and tem-
perature gradients, SiOx powder with various morphologies were achieved [55]. 
Presently, one of the widely adopted methods on the industrial scale for prepara-
tion of SiOx has been the thermal evaporation method. SiOx powder is produced 
by sublimating and condensing a mixture of Si and SiO2 at elevated temperatures. 
The silicon/oxygen ratio is controlled by manipulating the process conditions and 
ratio of raw materials [22]. 

In another study, a-SiOx films were synthesized by reactive evaporation of Si 
grain with oxygen gas in vacuum. The chemical reaction is 

( ) ( ) ( )2Si g 2  O SiO sxx+ → . 

By controlling the process parameters such as oxygen flow rate and evaporative 
silicon, ultrafine powder of SiOx or film with different ratios of silicon oxygen 
content in SiOx (x = 0.17, 0.51, 1.02, and 1.34) were obtained. The effect of total 
oxygen content on the electrochemical reactions of a-SiOx with Li was investi-
gated. The reaction products were determined by x ray photoelectron spectros-
copy (XPS). The initial charge (lithiation) and discharge (delithiation) capacities 
were found to be strongly related to the value of x in SiOx. The a-SiOx (for x = 1.02, 
1.34) displayed excellent cyclability at a range of 0.0005 - 1.05 V vs Li/Li+. Absence 
of peaks at 0.45 V in differential capacity vs voltage (dQ/dV) profiles demonstrates 
the suppression of crystallization of lithiated a-Si even under deep cycle condi-
tions [56]. 

The synthesis methods yield in-situ SiOx of high quality. When combined with 
ball milling, porous structures could be achieved for SiOx anodes. Reactive ion 
evaporation method needs much higher temperature. 

b) PVD (physical vapor deposition) includes vacuum evaporation, magnetron 
sputtering, electron beam evaporation, and ion plating. In one study, researchers 
synthesized SiOx@C by PVD method at two different temperatures 200˚C and 
400˚C followed by carbonization at 950˚C. Pyrolysis fuel oil was the carbon pre-
cursor and PVD was performed on pristine SiOx. SiOx@C-200 exhibited excellent 
cycling stability with a capacity retention of 90.2% after 80 cycles at 1.0 C con-
firming suppressed volume expansion of SiOx [57]. In another study, metallurgical 
grade raw a-SiO powder was utilized to obtain Si/SiOx nanocomposite powder by 
Plasma spray physical vapor deposition (PS-PVD). The procedure consisted of 
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complete evaporation of raw SiO powder and subsequent condensation of high 
temperature SiOx vapor, followed by disproportionation reaction of nucleated 
SiOx nanoparticles. Half-cell batteries constructed with PS-PVD SiOx powder with 
C/Si = 0.25 exhibited improved initial efficiency and maintenance of high capacity 
as high as 1000 mAhg−1 after 100 cycles at the same time [58]. Undoped silicon 
target was RF sputtered to obtain Li-active, nanoporous SiOx layer for coating of 
a-Si thin film [59]. Infrared nanosecond laser ablation method has also been in 
practice to produce ultrafine nanoparticles of SiOx. When synthesized ultrafine 
nanoparticles of SiOx were utilized as anode material for LIBs, it showed excellent 
cycling stability and a capacity comparable to commercialized graphite [60]. An-
other research group employed Infrared nanosecond laser ablation technique to 
synthesize silicon oxide films of various stoichiometry at different partial pres-
sures of oxygen. The SiOx films with varying oxygen content were analyzed by 
three different characterization techniques. It was observed that the composition 
of the film could be controlled by varying the inert gas pressure at the constant 
pressure of the active component in the ambient mixture [61]. 

PVD is conducted at a lower temperature compared to thermal evaporation. 
The films generally exhibit highly adaptable stoichiometry though compared to 
thermal oxides; deposited oxides are often sub-stoichiometric (oxygen deficient). 
Magnetron sputtering has the advantage of high precision over film thickness and 
density. It has fast deposition rate and low substrate temperature but high equip-
ment complexity and high cost. 

PSPVD and Infrared nanosecond laser ablation are higher temperature, com-
plex processes with limited precision though both have high deposition rates. 

c) CVD (chemical vapor deposition) is another deposition technique in which 
a thin film is formed by a chemical reaction on the surface of a substrate. It is 
primarily used in modification of SiOx anode material while SiOx is fabricated via 
disproportionation (d-SiOx) or thermal reduction methods. Recently, the chemi-
cal vapor deposition (CVD) method was utilized to enhance the conductivity of 
SiOx by preparing SiOx@C composites. C2H2 was used as carbon source in a rotat-
ing CVD furnace to produce hard carbon coated SiOx (SiOx@C). At the rate of 0.5 
C (1 C = 2.1 Ag−1), the discharge specific capacity stayed at 1116.8 mAhg−1 after 
140 cycles, which is 539.8 mAhg−1 higher than pristine SiOx. The carbon coating 
suppressed the volume expansion leading to good electrical conductivity. It also 
avoided the agglomeration of SiOx. The SiOx @C anode exhibited excellent per-
formance in both cycling and rate performance tests [36]. 

Recent studies confirm the significance of carbon precursors and deposition 
temperatures. Methane based carbon coating of SiOx via CVD at 1000˚C exhibited 
excellent electrochemical performance. A high capacity of 778 mAhg−1 at 0.75 Ag−1 
and a remarkable capacity retention of 92.8% after 100 cycles was observed. At 
industrial scale production of SiOx, this optimized CVD method is of much use 
[37]. 

PECVD has also yielded reliable results for d-SiOx/CN (carbon nanosheet) an-
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odes material. The d-SiOx@CNs composite exhibited high reversible capacity (first 
charge/discharge capacity of 1456.7 and 1794.4 mAhg−1, respectively) and excellent 
cycling stability (capacity retention of 87.2% after 200 cycles at a current density of 0.4 
Ag−1). The electrochemical performance of the anode (d-SiOx@CNs15/G||NCM811) 
in full cell with commercial NCM811 cathode was noteworthy with capacity re-
tention of 76.3% after 200 cycles at 1C and a high energy density of 424.2 Whkg−1 
[62]. 

Thermal evaporation methods are vapor phase synthesis methods used to de-
posit nanostructured silicon oxide material for SiOx anodes. The powder material 
obtained has excellent coating uniformity for line of sight but fails on complex 3D 
particles. Oxygen content is very homogenous and tunable in the dense film struc-
ture but requires ultra-high vacuum control. Besides the harsh experimental con-
ditions such as elevated temperature and pressure, these methods are extremely 
expensive due to the need for large equipment, low productivity, and high energy 
consumption [23] [54]-[62]. Standard thermal evaporation, PVD and CVD usu-
ally yield relatively dense, continuous films rather than inherently porous SiOx 
networks. 

3.2. High Energy Ball Milling  

Mechanical milling is a facile, low-cost technique for nanosizing advanced mate-
rials and has been in use for the last fifty years [63]. High energy ball milling 
(HEMM) is usually employed to synthesize SiOx with or without other synthesis 
processes like CVD, metal reduction, thermal evaporation and so on [53]. The 
starting material can be Si powder [64] [65], commercial SiOx powder [66] or a 
mixture of Si and SiO2 powders [67]. One group of researchers have synthesized, 
high purity, with good cycling stability, amorphous SiOx negative electrode mate-
rial by high energy ball milling silicon powder in air or Ar [64]. The oxygen con-
tent in SiOx was controlled by adjusting the exposure time of silicon powder to air 
or Ar. Samples were high energy balled milled for a total time of 20 hr. SiOx with 
x between 0 ≤ x ≤ 0.6 were obtained. XRD, XPS, SEM and TEM analysis of the 
structure of SiOx displayed nanosized Si embedded in a-SiOx matrix. SiOx with x 
< 0.6 displayed lower ICE and higher reversible capacity compared to commercial 
SiOx sample [64]. Another group investigated SiOx with various oxygen content 
synthesized from Si powder by reactive gas milling [65]. A mixture of Si and SiO2 
powder milling was also carried out to produce SiOx for comparison. XRD, XPS 
and TEM revealed nano a-Si dispersed in a-SiOx matrics. All samples had the same 
morphology. After annealing in Ar atmosphere at temperature between 300˚C - 
800˚C, the SiOx anode material exhibited improved cycling performance. The 1st 
irreversible capacity of the synthesized samples reduced after high temperature 
annealing due to mitigating the defects, while the high reversible capacity (1500 - 
2000 mAhg−1 or 1600 - 1800 Ahg−1), was well maintained. Study of the electro-
chemistry and thermal behavior of SiOx prepared by reactive gas milling revealed 
SiO0.37 to be thermally stable up to 800˚C with improved cycling performance after 
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annealing [65]. Recently, SiOx with controlled oxygen content was obtained by 
ball milling crystalline silicon powder in an oxidizing medium using two different 
ball milling techniques. The total synthesis time extended to 30 hours. The SiOx 
powder thus obtained had a large surface area [68]. A “dry powder micro granu-
lation” procedure reported by other groups [69] has been suggested by the authors 
to reduce the surface area and improve the electrochemical performance of the 
ball milled SiOx electrode material. Reaction-ball milling surface coating strategy 
also involves HEMM. The technique involves high energy milling of partially pre-
lithiated and pristine Si microparticle samples in CO2 atmosphere for different 
durations and pressures. A multicomponent amorphous layer coating of SiOx, C, 
SiC and Li2SiO3 was observed. The four-fold coating layer successfully suppressed 
the pulverization of partially prelithiated Si microparticle anodes during cycling 
due to a stable SEI film formation on the electrode surface. The reversible capacity 
remained at 1439 mAhg−1 at 100 mAg−1 after 100 cycles. It is four times higher 
than that of pristine Si microparticle anode [70].  

Ball milling strategy, a top-down synthesis method, is, at present, the main 
route for mass production of nanosized SiOx. High-energy ball milling physically 
reduces the particle size to micron and nanosized silicon. It can also be used to 
combine various materials, but the energy supplied by grinding can also stimulate 
reduction processes [63]. Large surface area is created by ball milling, leading to 
higher consumption of Li+ ions during initial cycle to form SEI layer. This lowers 
the ICE [68]. On the other hand, HEMM may cause secondary agglomeration and 
impurities can be incorporated from the ball milling chamber. The method re-
quires long synthesis time extending to many hours [24] [54] [63]-[70]. High heat 
is generated which would oxidize the silicon. High energy ball milling conducted 
in an inert atmosphere can be more productive [71] [72]. 

3.3. Wet Chemistry 

The hydrothermal method, Metal reduction method, and the sol-gel method are 
the three most widely used wet-chemical methods to prepare Si/SiOx nanopar-
ticles. The morphology and electrochemical properties differ depending on the 
reaction conditions and the starting material. All these methods are often pre-
ceded by ball milling. Rice husks are the most common raw materials used [24] 
[71] [72]. 

a) Hydrothermal method is one of the most used methods to prepare Si/SiOx 
nanoparticles which serve as the precursor to obtain SiOx/C after carbon coating. 
By controlling both the physical and chemical conditions in the hydrothermal re-
actor, high purity nanoparticles of Si/SiOx can be obtained. Quite a few research 
groups have extensively used the hydrothermal method to prepare Si/SiOx nano 
particles and applied carbon/graphene coating to obtain the desired SiOx/C anode 
material. The hydrothermal method is often preceded by ball milling. Nanocom-
posites thus produced show improved electrochemical properties [71]-[75]. One 
group fabricated SiOx/C nanocomposites with controllable oxidation of silicon 
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under mild hydrothermal conditions and synchronous carbon coating. The re-
searchers report a high reversible capacity of 1133 mAhg−1 at 0.5 Ag−1 with 89.1% 
capacity retention after 200 cycles for the fabricated SiOx/C nanocomposites. With 
15 wt.% SiOx/C composite, graphite-SiOx/C hybrid electrode, a high reversible 
specific capacity of 496 mAhg−1 and stable electrochemical cycling with a capacity 
retention of 90.1% for 100 cycles was observed [75]. 

The microwave hydrothermal method has also been reported for delicate con-
struction of Si/SiOx which avoids the long reaction time and elevated temperature 
conditions needed for the hydrothermal process [76].  

The wet chemical reduction in hydrothermal methods provides a facile and ho-
mogenous liquid environment and applicable for production of nanostructured, 
or/and porous structures. Carbon coating is excellent for solution-based core/shell 
wraps. However, the need for high-cost solvents, high toxicity and air sensitive 
chemicals limits its applicability for commercial scale production and application 
in LIB [71]-[76].  

b) Metal reduction methods 
Metal reduction utilizes suitable metals with low melting point and suitable re-

duction potential to reduce silicon to SiOx. Mg, Zn and Al are the most used metals 
to synthesize SiOx [54] [77]-[79]. Compared to traditional carbothermal reduction 
[80], the reduction temperature is lower, and the reaction conditions are mild. 

Magnesiothermic reduction provides an efficient and economic method to syn-
thesize SiOx nanoparticles with low-cost silicates, silica, and minerals of silicon as 
raw materials [81]-[86]. In industry, SiOx is manufactured using vapor deposition 
techniques under harsh conditions at extremely elevated temperatures.  

( ) ( )2SiO 2  Si 2SiO 0 2xx x x+ − → < <  

The elevated temperature, pressure and variation in synthesis parameters affect 
the electrochemical performance of SiOx. Magnesio-mechanochemical reduction 
of natural SiO2 resulted in highly porous SiOx with excellent cyclic stability up to 
2000 cycles under a high current density of 4 Ag−1 Blending with graphite further 
improved the performance. [81] In another investigation, solid SiO2 and porous 
SiO2 were utilized separately to produce porous SiO(p-SiO) with carbon shell by 
magnesiothermic reduction at low temperature(650˚C). The p-SiO@C displayed 
good cycling stability (777.1 mAhg−1, at 500 mAg−1 after 300 cycles) and excellent 
rate capability (977 mAhg−1, at 1000 mAg−1) [82]. Talc has also been utilized to 
obtain a mixture of Si and SiOx by magnesio-thermal reduction and acid etching 
processes. A porous network structure of Si/SiOx was obtained. Finally, carboni-
zation of Si/SiOx produced C@Si/SiOx with particularly good cycling stability. Si/SiOx 
nanoparticles thus obtained delivered initial discharge capacity of 842 mAhg−1 at cur-
rent density of 1C (1500 mAg−1), and 470 mAhg−1 after 300 cycles could be main-
tained. The superior performance was attributed to the porous network structure 
capable of mitigating the volume stress [83].  

Another research group reported production of Si/SiOx powder by magnesium 
thermal reduction of silica in an argon atmosphere for two hours at elevated tem-
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perature. The temperature varied from 675˚C to 825˚C followed by acid leaching 
for 24 hours and drying. Si/SiOx with various oxygen content were obtained. The 
samples thus produced were analyzed using XPS and compared with empirical 
results. The optimum Si/SiOx anode not only showed high specific capacity with 
acceptable ICE but also improved cycling performance [84]. Other groups have 
also studied the Si/SiOx network and reported good cycling stability and rate ca-
pability utilizing magnesiothermic reduction of Si/SiO2 mixture or SiO2 to obtain 
Si/SiOx, SiO and their nano composites [53] [80]-[86]. 

Utilization of a combination of microwave and magnesiothermic reduction for 
the fabrication of ultrafast Si@SiOx core/shell structures is the most recent ap-
proach. By adjusting the microwave assisted hydrothermal process at 50˚C, 150˚C 
and 250˚C thickness of the SiOx shell layer on the Si core surface was controlled 
and Si@SiOx amorphous shell thickness was optimized. After magnesiothermic 
reduction, oxygen vacancies developed due to the etching process of MgO. It con-
tributed to the lithium-ion diffusion kinetics leading to high electrochemical per-
formance [87]. 

Zinc has a lower boiling point (907˚C) and melting point (419.5˚C). Zinco ther-
mic reduction is therefore in practice to obtain SiOx and their nanocomposites 
[23] [53] [88]. One research group prepared Zn and SiO composite by HEMM 
and subjected to heat treatment at 900˚C. Evaporated Zn induced mesopores in 
the composite material. The boiling temperature of zinc leads to partial reduction 
of SiO. Carbon incorporation in the porous SiOx further improved the electro-
chemical performance of the SiOx/C composite electrode. The porous structure 
was conducive to improving cycling stability [88].  

Aluminum is another active metal in use to prepare SiNP and its composites. 
Aluminum acts as a reducing agent for amorphous silica. The reaction time and 
temperature (600˚C - 900˚C) are carefully controlled that SiO2 is only partially re-
duced to yield SiOx and Si core embedded in a carbon framework. The basic reac-
tion is 

2 2 33SiO 4Al 3Si 2Al O+ → +  

Porous SiOx@C Composites have been synthesized from rice husk by alumino-
thermic reduction at 700˚C in 2016 [89]. In another investigation aluminothermic 
reduction was combined with hydrolytic polymerization and carbon coating to 
obtain SiOx/Si/C nanocomposites. The SiOx/Si/C anode material displayed a high 
specific capacity and excellent cyclability (1355 mAhg−1 at 0.2 Ag−1 after 350 cy-
cles). The nanocomposite had excellent structural stability. It could preserve 78.11% 
of its original structure after 350 cycles [90].  

The carbothermic reduction process has often been combined with sol-gel pro-
cess and the reduction process is carried out at high temperatures. Spherical SiO2 
powder was synthesized using TEOS as the starting material to obtain SiOx pow-
der in one study [91]. Homogenously dispersed micro/nano structure of SiOx/C 
has been reported by another group after carbothermic reduction of silica-carbon 
binary xerogel. The synthesized SiOx/C anodes have high electrochemical perfor-
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mance [92].  
Chemical reduction processes-magnesiothermal and carbothermic reduction 

are elevated temperature processes, 600˚C - 900˚C and 800˚C - 1500˚C, compared 
to hydrothermal, alumino assisted zincothermal and aluminothermic processes. 
However, it often involves carbonization which is another high temperature pro-
cess. All these reduction processes have slow reaction kinetics, and the energy 
consumption is high. Occurrence of side reaction, large amount of heat generation 
during the reaction process and long synthesis time are other negative aspects. 
The resulting elevated temperature leads to agglomeration, disappearance of 
pores and formation of impurities [53] [54] [71] [72].  

c) Sol-Gel method 
The Sol-Gel method is comparatively mild method for preparing silicon oxides. 

The reaction conditions are mild, and synthesis can be executed at low tempera-
ture in solvents. Silicon organic compounds are disseminated in solvents as pre-
cursors. It is then hydrolyzed and polymerized to generate gels with certain spatial 
structures [53]. SiOx can be produced directly in the solution by hydrolytic con-
densation of orthosilicate easters such as tetraethyl orthosilicate (TEOS) and tet-
ramethyl orthosilicate (TMOS) [71] [72]. Improved electrochemical performance 
of the LIB has been reported with the electrode prepared by sol-gel method [93]-
[97]. A 30% improvement in the capacity of LIB was demonstrated by incorporat-
ing a C/SiOx nanocomposite electrode having a SiOx nanoparticle loading of 15 
wt%. The synthesized C/SiOx electrode had a reversible capacity of 383 mAhg−1, 
and the charge discharge cycle exhibited 84% capacity retention after 100 cycles 
[93]. Unique structures can also be prepared using the sol-gel method [93]-[97]. 
In one study, a solvent-free, mass producible strategy was developed to prepare 
carbon encapsulated SiOx/C@C nanocomposites utilizing sol-gel, ball milling, and 
CVD processes. The nanocomposites thus formed exhibited superior perfor-
mance as LIB anodes [97]. 

Sol Gel process yields porous SiOx allowing precise control on pore size and 
volume. Exceptional in-situ molecular carbon blending and flawless carbon wrap-
ping are possible. The main constraints are the expensive raw materials used in 
the sol-gel process, some of the organic compounds in use are harmful to health.  
Long synthesis time is another constraint. The reaction conditions require strict 
regulation to attain the required composition and structure of SiOx. When com-
bined with the ball milling process, additional complexities associated with ball 
milling arise [93]-[97]. 

3.4. Other Methods 

Other methods-Chemical etching [53] [98]-[100], disproportionation [69] [101]-
[103], and electrochemical methods [104] have also been employed by several re-
search groups to achieve SiOx and their composites.  

Acid or Alkaline leaching of rice husk by NaOH or KOH for extraction of silica 
is reported by several authors [24] [53] [98]-[100]. Heat treatment of rice husk 
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followed by alkaline/acid leaching has been reported as another effective method 
to prepare C/SiOx anodes. In one study, C/SiOx was produced by heating rice husk 
in a tubular furnace at 600˚C for one hour under N2 gas flow at 1 L∙min−1 and then 
immersing the pre-carbonized rice husk in NaOH solution. By adjusting the im-
mersion temperature and time, different SiOx content were achieved for C/SiOx 
anodes of LIB. Half coin cell studies indicated initial CE decreased with decreasing 
SiOx content. More experiments with different SiOx content proved that the SiOx 
is helpful for increasing the specific capacity of C/SiOx active material. Prelithiat-
ing the C/SiOx anode displayed a stable anodic operation. Full cells consisting of 
prelithiated C/SiOx anode and a Li (Ni0.5Co0.2Mn0.3) O2 cathode exhibited high ICE 
(initial coulombic efficiency (~85%)) and high discharge specific capacity display-
ing the maximum performance of the cathode (~150 mAhg−1). The specific capac-
ity retention increased with higher SiOx content at increased current density. This 
is another elevated temperature method and needs long processing time [99]. Re-
cently NF3 flourination has been reported to design yolk shell structured CNT/Si-
OxFy/C composites for Si-based anodes [100]. 

Disproportion reactions have an edge over other processes due to facile, and 
large-scale synthesis of SiOx/C composites. The low electrical conductivity, low 
(ICE) and volume expansion issues have been successfully addressed with pre-
lithiation, carbon coating and nanostructure designing. Porous, ultrapure SiOx NP 
with good control on morphology has been produced by this method. A high re-
versible capacity and excellent electrochemical performance of the SiOx/C anode 
have been reported by researchers [69] [101]-[103]. 

However, disproportionation reactions are very high temperature, complex 
processes. It is often combined with HEMM and CVD for large scale production 
of SiOx/C [53].  

A facile synthesis of SiOx NP (nanoparticles) for mass production has been pro-
posed by electrochemical anodization of Si electrodes with an adjustable oxygen 
content. The process involves the application of a strong electric field near the 
surface of Si electrode to directly convert the Si electrode to SiOx NP. The study is 
focused on analysis of SiOx NP oxygen content and size. Application of the SiOx 
NP in LIB is proposed, not investigated [104]. 

To avoid toxic organic solvents and reduce the long processing time, laser in-
duced SiOx (LI-SiOx) layer derived from commercial adhesive tape has been stud-
ied by one group. The homogenous, porous SiOx layer was directly deposited over 
the current collector electrode. They report an improved performance with the 
SiOx coating in lithium metal batteries with a zero-excess (“anode free”) configu-
ration and verified 100% improved performance [105].  

HEMM, metallothermic reduction and metal assisted chemical etching (MACE) 
are cost-effective and scale to mass manufacturing. However, these methods have 
less control on particle size distribution, internal uniformity and oxygen distribu-
tion in SiOx.  

Thermal Disproportionation, CVD, PECVD and sol-gel reactions have excel-
lent control on particle morphology and uniform nano silicon dispersion within 
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the oxide matrix. Carbon coating is very uniform. Thermal Disproportionation 
has high yield also. Production of high-quality material at large scale makes them 
suitable for industry.  

Presently, thermal disproportionation, combined with mechanical milling and 
CVD carbon coating is the main synthesis route for SiOx in industry. By vapori-
zation and condensation of a mixture of raw Si and SiO2 powder in vacuum reac-
tor at 1400˚C, crude condensate is produced. Mechanical milling is the next step 
for pulverizing the crude condensate followed by CVD for carbon coating [45] 
[53]. 

Each synthesis method has its own characteristics as presented in Table 1. 
Choices are made based on the specific experimental environment and require-
ments. For mass production, high yield of high-quality material is the first and 
foremost requirement with affordable cost and safety concerns. 
 

Table 1. Synthesis methodologies. 

Synthesis Methods Temperature Advantages Challenges References 

Thermal 
Evaporation 

Elevated 
temperature and 
pressure 

Good morphology, dense, 
continuous films of nanometer 
precision, oxygen content is 
highly homogenous. 

Expensive, slow process, coating 
uniformity fails on complex, 3D 
structures, requires ultra-high 
vacuum control. 

[22] [45]  
[53]-[56] [71] 
[72] 

Mechanical Ball 
Milling 

Room temperature 

Facile and scalable synthesis, 
submicron scaling, conductivity 
enhanced via composite blending, 
Low cost and high efficiency. 
High yield. 

Very slow process, high energy 
consumption, agglomeration and 
heat generation. Patchy to 
non conformal layers of carbon 
coating. Less control over internal 
uniformity and specific oxygen 
distribution in SiOx. 

[22] [45] [53] 
[54] [63]-[72] 
[97] 

PVD Low Temperature 

Low cost, porous structure, good 
morphology, 1D nanoscale thin 
film of SiOx with precise thickness 
control, uniform carbon coating, 
enhanced structural integrity, 
tunable suboxides, high purity. 

Slow deposition rates, high 
equipment costs. Agglomeration 
possible, 
Poor conformal coating on 3D, 
Intrinsic bulk remains insulating, 
Film thickness is limited. 

[22] [45] [53] 
[54] [57]-[61] 
[71] [72] 

CVD High temperature 

Good control on film properties, 
high purity, high nano structure 
precision, uniform nano silicon 
dispersion within the oxide 
matrix, very uniform carbon 
coating. 

Expensive complex equipment. 
High production costs. Lower 
production throughput, higher 
energy consumption. 

[22] [37] [45] 
[53] [54] [62] 
[71] [72] 

PS-PVD 
Very High 
Temperature, High 
pressure. 

High deposition rate. 
0D-3D structures, good control 
on film 
density and thickness, good 
stoichiometry. 
Excellent self-assembling core-
shell structures. 

Complex process, strong 
secondary particle aggregation, 
high sensitivity to gas flows and 
local oxidation. 

[22] [45] [53] 
[54] [58] [71] 
[72] 
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Continued 

Chemical etching Low temperature 

Temperature and 
precise structure control, micro 
size with internal nano pores, 
highly reactive surfaces for 
coating, excellent ion diffusion, 
surface level oxygen tunability. 

Localized fracturing and brittle 
structure, high SEI resistance, 
High risk of runaway native air 
oxidation. 

[22] [53] [54] 
[71] [72] [98]-
[100] 

Disproportionation 
Very High 
temperature 

Facile, cost effective, large-scale 
synthesis, high yield, Excellent 
control on particle morphology, 
uniform nano silicon dispersion 
within the oxide matrix, 
Sub-10 nm active clusters of Si, 
oxygen content and conductivity 
excellent, stable structure. 

unwanted reaction byproducts. 
Over sintering and domain 
growth at >1100˚C 
Low ICE due to large irreversible 
Li+ consumption, capacity fading. 

[22] [29] [53] 
[54] [69] [71] 
[72] [101]-
[103] 

Hydrothermal 
Low temperature 
process (180˚C) 

Facile process and nanoscale 
controllable morphology, 
excellent carbon coating and 
oxygen tuning for solution-based 
core shell wraps. 

Severe agglomeration during 
drying, Invisible, slow preparation 
process, requires separate 
calcination for good conductivity, 
trapped -OH impurities cause 
Low ICE, Low yield. 

[22] [53] [54] 
[71]-[76] 

Magnesio-thermal 650˚C and above 
Low cost, scalable, porous matrix, 
1D, 2D and 3D nanostructured 
architectures of SiOx. 

Inhomogeneous product, Violent 
heat process, high SEI resistance, 
poor surface conductivity, rapid 
capacity fading, less control on 
particle size distribution, internal 
uniformity and oxygen 
distribution in SiOx. 

[22] [53] [54] 
[71] [72] [77] 
[80]-[87] 
[103] 

Alumino-thermic 
Low temperature 
(300˚C) 

Low cost, scalable, facile 
synthesis, ultrathin,2D 
hierarchical porous structure. 

slow process, high energy 
consumption, less control on 
particle size distribution, internal 
uniformity and oxygen 
distribution in SiOx. 

[22] [53] [54] 
[71] [72] [89] 
[90] 

Zinc-thermic Low temperature Porous structure 

Slow reaction kinetics, High 
energy consumption. less control 
on particle size distribution, 
internal uniformity and oxygen 
distribution in SiOx. 

[20] [22] [53] 
[54] [71] [72] 
[78] [88] 

Sol-Gel 
Low temperature, 
180˚C 

Homogenous, facile liquid 
environment, fine particle size, 
particle shape control, High yield. 
Carbon coating is very uniform. 
High safety. 

Toxic, high-cost solvents, solvent 
waste and shrinkage during 
drying. 

[20] [22] [26] 
[53] [54] [71] 
[93]-[98] 

Electrochemical 
anodization 

Room temperature 
process 

Highly controlled method. High-Cost, complex process. [104] 
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4. Strategies to Enhance the Electrochemical Performance of 
SiOx Anodes 

Structural modifications and Surface Engineering 
SiOx is a mixture of Si and SiO2 and some metastable silicon oxides, so the spe-

cific capacity of SiOx is also between the specific capacity of SiO2 (1600 mAhg−1) 
and Si (4200 mAhg−1) [53]. The volume expansion of SiOx is much lower than 
elemental silicon due to the different lithium intercalation mechanism attributa-
ble to the change of silicon species [72]. However, it still has a volume expansion 
of more than 160% and the addition of oxides end up in poor electrical conduc-
tivity. Structural variation during cycling limits its electrochemical performance 
[106]. Particle crushing and pulverization during cycling are the issues that re-
main to be addressed. Good material design is required to effectively enhance per-
formance [106]-[109]. Quite a few in-situ and ex-situ measurements and charac-
terization techniques (e.g., XRD, XPS, TEM, NMR, SEM, etc.) have been em-
ployed to understand the structural changes and reaction kinetics during the lithi-
ation-delithiation process [110]-[112]. 

Various strategies have been employed to improve the electrical conductivity of 
SiOx to enhance the cycling stability and electrode capacity. To mitigate the vol-
ume expansion and improve the conductivity, coatings such as carbon, graphene, 
carbon nanotubes (CNT), Titanium dioxide (TiO2), SnO2 and polymers have been 
in practice. Hollow structures and multilayers with coating, structural confine-
ment, and embedded structures have been designed [101] [106] [113]-[119]. Car-
bon coating, doping and composite formation have been effective approaches and 
are often combined with nanostructure designing and surface engineering of an-
ode material [114]. Carbon coating slows down the volume expansion of Si based 
electrode and improves electrochemical performance by forming a stable SEI [53] 
[59] [106] [114]-[116]. Structural modifications with coating [94] [117] [118] and 
doping [30] [120] [121] have been, therefore, the most effective approach to en-
hance the electrochemical performance of Si-based anodes. The designing strate-
gies, advanced characterization techniques and approaches to identify and cir-
cumvent capacity decay mechanisms have been well documented and discussed 
by many research groups [110]-[112] [114]-[121]. 

4.1. SiOx/C Composites 
4.1.1. Role of Carbon Coating 
The formation of Li2O and lithium silicates counteract volume expansion of SiOx. 
However, it lowers the ICE of SiOx, leading to poor electrochemical performance. 
Incorporation of carbon is an effective strategy to mitigate the large volume ex-
pansion of SiOx and improve the electrochemical properties. Carbon is an ideal 
coating material that has high conductivity with controlled morphology and easy 
synthesis [114]. The combination of carbon is the most common modification 
method to improve the electrochemical properties of SiOx based anodes. However, 
carbon is unstable at high temperature and forms silicon carbide. The difference 
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in morphology between SiOx and carbon also results in poor contact [53]. Ex-
tensive research has been carried out to resolve these issues. Currently, carbon 
coated SiOx/C composites [29] [31] [33] [95] [97] [106] [122]-[125], embedded 
SiOx/C composites [126] hybrid SiOx/C composite [127]-[129] and micro/na-
nosized SiOx/C composite [89] [90] [99] [102] [106] [125] [126] [130] [131] an-
odes are in practice. 

Coated SiOx/C refers to composites where the SiOx particles are coated with a 
protective carbon layer. Carbon reduces direct contact between electrolyte and 
active substances. It buffers the volume expansion of lithium intercalation, thereby 
inducing a stable SEI film. Depending on the various designs, porous, core shell 
[17] [87] [95] [130], yolk shell [79] [132], carbon nanotubes (CNT) [100] [101] 
[118] [132]-[134] etc. an improved cycling performance has been reported [17] 
[53] [54] [72] [86] [87] [115] [122]. It is noteworthy that co-doping with heteroa-
toms of greater electronegativity and electron affinity, such as C, N, F, SP, B fur-
ther improves the stability and efficiency of the SiOx anode [31] [72] [100] [101] 
[113] [114] [121]. Doped carbon coated SiOx [135]-[140] and carbon coated 
doped SiOx [141] [142] material are the two approaches leading to improved elec-
trochemical performance of the anode material.  

Doped carbon layers enhance the electrical conductivity of SiOx buffering the 
volume variation of SiOx thus preventing the structural degradation of the com-
posite material. Nitrogen doping has been most extensively applied. In one study, 
the SiOx@NC displayed high reversible capacity (774 mAhg−1), ideal rate capabil-
ity, and long-term durability (112% capacity retention over 500 cycles) [135]. Re-
cent studies report enhanced lithium storage performance of nitrogen enriched 
lignin carbon/SiOx composites. The anode material was synthesized via a novel 
co-precipitation and selectively etching approach. The prepared NEC@LC-SiOx 
exhibited excellent performance. A high reversible specific capacity of 802 mAhg−1 
and outstanding rate capability was observed [136]. Recent study has been con-
ducted on Si/SiOx structures with fluorine doped carbon. The Si/SiOx@F-C elec-
trode delivered promising electrochemical performance [137]. 

Co doping with multiple heteroatoms further enhanced the electrochemical 
performance of the composite anode. Co-doping into the C matrix provides ad-
ditional active sites and defects leading to improved reactivity, rate capacity con-
ductivity, and Li+ storage capacity of the material [138]-[140]. Synthesized from 
rice husk through a simple calcination approach, the as-fabricated SN@C/SiOx 
demonstrated high reversible capacity (1150 mAhg−1 at 0.1 Ag−1), improved initial 
coulombic efficiency (CE) of 70.4%, outstanding rate capacity, and long-life cy-
cling stability (632 mAhg−1 under 1.0 Ag−1 over 1200 cycles) [138]. In another 
study micron sized SiOx encapsulated in B, N co doped carbon nanotubes exhib-
ited ultra-high capacity [139]. 

However, carbon coating is beneficial if the layer is thin. The addition of too 
much carbon reduces the specific capacity of the material. Therefore, introducing 
as little carbon as possible that matches the material particle size and gives a uni-
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form morphology is especially important. Other negative aspects are the require-
ment of complicated, multistep high temperature processes [53].  

Embedded and hybrid SiOx/C composites.  
Embedded SiOx/C composites and hybrid SiOx/C composites embed the amor-

phous SiOx nanoparticles in a carbon matrix. The highly dispersed SiOx offers 
plentiful active sites for Li+ storage. The carbon matrix provides a transport net-
work for Li+ and electrons and buffers for volume expansion. SiOx/C composites 
exhibit better electrochemical performance and fast Li+ diffusion kinetics. Recent 
investigations carried out on embedded SiOx/C composites demonstrate excellent 
electrochemical performance, low charge resistance with fast diffusion kinetics 
[114] [131]-[134] [139]. Researchers emphasize that encapsulation of micron 
sized SiOx particles into 3D B, N co doped carbon nanotube via metal-cation as-
sisted carbonization guaranteed slight volume variation during cycling, fast Li ion 
and electron transfer and electrolyte diffusion [139]. The authors report further 
enhancement of the lithium storage capacity when heteroatomic active sites were 
introduced with Sn, B, N carbon nanotubes. When the silicon sub oxide co-doped 
boron, carbon nanotube (SSBCN) composite material was utilized as anodes in 
LIB half cells, it displayed ultrahigh reversible capacities of 2072.8 mAhg−1 at 0.1 
Ag−1, a very high-rate performance of 501.8 mAhg−1 at 10 Ag−1 and excellent long-
term cycle stability of 400 and 1000 cycles at 1 and 5 Ag−1, respectively. Moreover, 
SSBCN/LiFePO4 (LFP) full batteries exhibited remarkable cycle durability with a 
92.72% capacity retention after 600 cycles at 1 C [139]. 

Nanosized SiOx/C composites  
Nanosized SiOx/C composites are beneficial offering more space to accommo-

date the volume stress due to their unique size. However, they would create more 
interparticle space and surfaces leading to low tap density and low volumetric ca-
pacity, not suitable for high density LIB [53] [54]. To address these issues micro 
sized SiOx based materials with nanostructure characteristics have been investi-
gated. The micro-nano sized SiOx/C composite material could be synthesized by 
integrating nano SiOx with micro-sized carbon matrix [140]-[144]. Studies re-
vealed that it effectively alleviated the inherently low electron/Li+ conductivity and 
improved the structural integrity of SiOx. The assembled SiOx/NC-2/LiFePO4 full 
cell exhibited a capacity retention of 89% after 350 cycles at 2 C [140]. In another 
investigation, micro-nano structured SiOx/C composites were synthesized by car-
bothermal reduction of silica carbon binary xerogel. The micron sized SiOx/C 
spheres were found to be composed of many near spherical nanoparticles. The 
structures exhibited a high reversible capacity of 830 mAhg−1 for 100 cycles and 
excellent rate capability [92]. In another investigation sub nanoscopic SiOx/C 
composites prepared by heating precursor liquid in a sealed vessel at high temper-
ature exhibited excellent performance. The SiOx/C consisted of homogenously 
dispersed SiOx and free carbon in SiOx/C spheres. The structure exhibited 96.1% 
capacity retention after 400 cycles, outstanding rate performance (146.2 mAhg−1 
at 10 Ag−1) and high specific capacity of 1667.3 mAhg−1. A high areal capacity of 
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2.6 - 2.0 mAh∙cm−2 during cycling promises practical applications [143]. 
Homogenous dispersion of spherical SiOx and free C components on the atomic 

scale is the key requirement for preparation of SiOx@C microspheres with nano 
structures or sub nanoscopic structures. Such dispersion accommodates the vol-
ume change and ensures high electrical conductivity. It could be an effective strat-
egy for implementation of micrometer size electrode materials in practical battery 
systems. The commercial scale production aspect is being explored as well [53] 
[115] [139] [140] [143]-[146].  

4.1.2. Metal Doped; Carbon Coated Structures 
As discussed in the previous section, doped carbon materials enhance the elec-
tronic conductivity of SiOx/C composites. Co-doping with heteroatoms of N, P, 
B, and S has already been discussed in the previous section. Doping SiOx or carbon 
with metals is also in practice. Metals like Mg, Sn, Fe, Ni, Mn, Ti have been re-
ported to enhance the electrochemical performance and structural integrity of 
SiOx/C anodes materials and reviewed [147]-[153]. SiOx/iron/nitrogen co-doped 
carbon (Fe-N-C) microspheres were synthesized using electrospray-carboniza-
tion strategy. Studies indicated that Fe doping contributed to advanced electro-
chemical reaction and storage reversibility of the anodes [151]. Recent studies es-
tablish the superiority of Mg doped carbon coated SiOx anodes over the carbon 
coated SiOx without Mg doping. Researchers utilized magnesio-thermic reduction 
to prepare Mg doped carbon coated SiOx anode material. The capacity of SiOx was 
improved to 1477 mAhg−1 with a minimal compromise in the ICE (83.77%). The 
enhanced electrochemical performance was attributed to the synergistical modi-
fication of both Mg doping and prelithiation [148]. High ICE, high specific capac-
ity and cycling stability of premagnesiated anodes, C@M-SiOx has been reported 
by another group with its commercialization aspects [150]. 

An extensive study of the role of carbon material on the electrochemical per-
formance of SiOx/C composites indicates a dual role of carbon. It enhances the 
conductivity of the SiOx/C composite and helps retain the integrity of the SiOx/C 
anode during lithiation/delithiation process. The lithium storage capacity differs 
based on the carbon morphology, architecture, and properties. Researchers have 
established that carbon nanostructure differs based on the carbon source and type 
[114] [115] [145] [154]. 

4.2. Porous Structures 

Carbon cladding provides an attractive option to alleviate volume expansion and 
low electrical conductivity of SiOx. Research shows that the effectiveness of carbon 
encapsulation is limited. 0D, 1D, 2D nanoscale SiOx/C structures mitigate the is-
sues of low electrical conductivity and high-volume expansion [30] [39] [53] [54] 
[72]. However, these structures have an adverse effect on mass transfer processes 
within the electrode after prolonged cycling due to accumulation of the material. 
3D SiOx/C porous structures are designed to circumvent this issue [145] [146]. 
Porous structures provide plenty of space to buffer the volumetric stress during 
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the cycling of SiOx/C anodes [72] [88] [98] [100] [128] [146] [155]-[165]. A na-
noporous material has pore size ranging from 1nm to 100nm or smaller according 
to IUPAC. Following IUPAC, porous materials can be divided into microporous 
(pore size < 2 nm), mesoporous (pore size between 2 - 50 nm) and macroporous 
(pore size > 50 nm) material depending on the size of the pores. Porous SiOx/C 
structure can be porous SiOx, Si/SiOx/C or combination of SiOx and a porous 
framework, mostly porous carbon [72] [154]-[167]. 

3D-ordered honeycombs like macroporous SiOx/C structures have been exten-
sively investigated by researchers. [156] [157] Unlike the 0D - 2D structures, these 
3D honeycomb like structures offer plenty of active sites for lithiation/delithiation 
process for a stable SEI after prolonged cycling. Carbon coating alleviates volume 
expansion and enhances electrical conductivity. It alleviates electrode pulveriza-
tion. The synthesis process of 3D honeycomb structure is also simple, based on 
wet chemistry and CVD. Quite a few studies are carried out on full cell structures 
[154] [156] [157]. 

The most recent study proposes encapsulation of SiOx in a joint structure of 
carbon shell and carbon nanotube with excellent electrochemical performance. 
LPCVD and spray drying were employed to construct the composite anode mate-
rial. On half cells, the anode SiOx@C@CNTs exhibited excellent cycling stability 
(624.7 mAhg−1 after 1000 cycles at 2 Ag−1) and rate performance (790.3 mAhg−1 
reversible lithium storage capacity at 4 Ag−1). Full cell study with SiOx@C@CNTs 
anode and NCM 811 cathode material provided a substantial energy density of 
401.8 Whkg−1 with excellent cycling stability of 134.8 mAhg−1 after 100 cycles at a 
rate of 1C. The capacity retention rate was 80.7% [161]. 

The porous SiOx/C structures-macroporous, mesoporous, and nanoporous 
SiOx/C structures, provide large surface area with an abundant number of pores 
for Li+ transportation leading to improved rate performance and cycling stability. 
Other than pore size, various other pore properties, such as pore structure, pore 
alignment, specific surface area, symbiosis, and defects influence the performance 
of the porous SiOx/C anodes [156]-[170]. 

Material cost and tap density are the two main concerns for commercialization. 
Though nanosized porous structures have the advantage of mitigating the volume 
expansion, excessive specific surface area and side reactions result in low ICE of 
the anode. The low tap density is another disadvantage limiting practical applica-
tions. Micro sized porous material with nano characteristics is therefore best 
suited for production of composite anodes [171]. 

Recent research proposes a novel SiOx/G/C composite with SiOx nanoparticles, 
graphite, and carbon nanotube. The structure was achieved by a simple ball mill-
ing and annealing process [169]. The dual carbon framework connection with 
SiOx via C-O-Si bonds offered enhanced reaction kinetics with reduced volume 
fluctuations. Excellent cycling stability and performance rate were demonstrated 
by the composite anode. A capacity retention of ~700 mAhg−1 over 500 cycles at 1.0 
Ag−1 was observed. In a full-cell configuration (SiOx/G/C//LiNi1/3Co1/3Mn1/3O2), 
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this system exhibited a reversible capacity of 113 mAhg−1 over 100 cycles at 1.0 
mA∙cm−2 emphasizing its superior performance. 

Another group recently reported fabrication of porous Si/SiOx assembled mi-
crospheres interweaving CNT network (CNT/SFDP-Si/SiOx@C microspheres) 
utilizing bottom-up inverse water-in-oil microemulsion method and magnesio-
thermic reduction. Silica fume (SF), an industrial byproduct or solid waste of the 
manufacture of silicon metal and ferrosilicon alloys was added as the precursor to 
form nano-Si. The particle size of SF ranged from 50 nm to 250 nm. N doped 
outer carbon shell improved the electronic conductivity and induced the for-
mation of stable SEI to enhance the overall structural integrity [170]. The ap-
proach was facile compared to yolk-shell or core-shell structure fabrication meth-
ods. The structure had an excellent electrochemical performance. A long cycling 
lifespan with a reversible capacity of 675.8 mAhg−1 after 1000 cycles at 2 Ag−1 was 
achieved. A very small decay rate per cycle of 0.018% was observed with a high-
rate performance. The prelithiated LiFePO4||CNT/SFDP-Si/SiOx@C full cell per-
formance was also analyzed. It exhibited the reversible capacity of 129.4 mAh g at 
0.2 C. 

Synthesis of porous structures: 
Porous SiOx-based structures can be either porous SiOx or SiOx with a porous 

carbon shell. The synthesis of porous SiOx can be divided into two groups. The 
top-down type of porous SiOx prepared by etching technology and the bottom-up 
type of porous SiOx formed by weak interaction self-assembly according to the 
different construction strategies. Therefore, there are different preparation pro-
cesses such as etching, template-assisted method, chemical exfoliation and treat-
ments etc. [53] [54]. Most of the synthesis methods to prepare porous SiOx are 
based on magnesiothermic reduction methods. Recently, low temperature zinc-
thermal reduction has been utilized to fabricate porous SiOx@C (pSiOx@C) com-
posites. When the pSiOx@C composite material is used as an anode in LIB, it dis-
played stable cyclic stability even after 1300 charge/discharge cycles at 0.3 Ag−1, and 
superior rate capability even at a high current density of 3.0 Ag−1. Full cells exhibited 
superior Li-ion storage attaining a high reversible capacity of 147 mAhg−1 at 0.2 Ag−1 
[171]. 

These synthesis methods have been discussed earlier in Section 2.3. 
Porous 3D SiOx/C structures successfully mitigate large volume expansion and 

have long cycle life. However, there are challenges at industrial scale production 
as wet processes like magnesiothermic reduction, hydrothermal reduction, Alu-
minothermic or zinc thermic reduction have achieved small scale production.  

Another porous structure is SiOx encapsulated in a porous carbon shell [139] 
[155] [156] [160] [162] [172]. Biomass carbon is the potential source for large 
scale synthesis [77] [128] [138] [140] [173]. Researchers have successfully utilized 
bamboo charcoal to produce porous carbon shell embedded SiOx composite an-
ode for LIB. The synthesis followed a top-down route [70] [152] [159] [160]. Cat-
kins derived, N, P co doped, SiOx/C nanosheets (N/P-SiOx/C-Nss) architecture 
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exhibit ultra long cycle life with about 340 mAhg−1 and almost no capacity decay after 
10,000 cycles at 10 Ag−1. The studies utilized chemical exfoliation and treatments to 
fabricate the anodes [172]. In the most recent work, mesoporous SiOx@C spheres 
(m-SiOx@CS) were encapsulated in a three-dimensional ordered macroporous car-
bon (3DOMC) framework. Sol-gel and soft templating methods were utilized to 
obtain the nanocomposite (3DOMC/m-SiOx@CS). The anode thus prepared dis-
played excellent structural stability, electrochemical performance, and cycling sta-
bility. A comparison with some other SiOx/C anodes has been presented by the 
authors in Tab. S4 and Tab. S5 [173] presented here as in Table 2 and Table 3. 
 

Table 2. Comparison of the rate performances of the 3DOMC/m-SiOx@CS electrode with previously reported SiOx-based electrodes. 

Electrode Rate capability 

3DOMC/m-SiOx@CS (this work) 861.5 mAh∙ at 0.1 Ag−1 121.1 mAhg−1 at 5 Ag−1 

SiOx/C4 670 mAhg−1 at 0.05 Ag−1 69 mAhg−1 at 5 Ag−1 

(SiOx/G/SnO2)@C5 490 mAhg−1 at 0.1 Ag−1 100 mAhg−1 at 2 Ag−1 

SiOx/C6 642 mAhg−1 at 0.05 Ag−1 299 mAhg−1 at 1.5 Ag−1 

SiOx/graphite7 430 mAhg−1 at 0.1 Ag−1 150 mAg−1 at 1.2 Ag−1 

SiOx/C8 610 mAhg−1 at 0.1 Ag−1 238 mAhg−1 at 1.2 Ag−1 

SiOx/C-rGO9 676.9 mAhg−1 at 0.1 Ag−1 234.4 mAhg−1 at 1 Ag−1 

TiO2/SiOx/C10 510 mAhg−1 at 0.0335 Ag−1 61 mAhg−1 at 3.35 Ag−1 

 
Table 3. Electrochemical performance comparison of the 3DOMC/m-SiOx@CS electrode with previously reported SiOx-based elec-
trodes. 

Electrode Current density (Ag−1) Cycle Capacity after cycles (mAhg−1) 

3DOMC/m-SiOx@CS (this work) 1 2000 488.1 

SiOx/C HSs11 1 1000 469.2 

SiOx/G/C12 0.1 500 487 

SiOx/BNCNTs13 0.2 100 660.6 

YSG-SiOx/C@C14 0.2 150 680 

SiOx/C@CNTs15 0.1 200 702 

MRH-SiOx/C16 0.5 150 392.91 

SiOx@ZrO2@C17 0.5 500 412.9 

SiOx@C18 1 400 506.9 

B-SiOx/CNT@LBO19 1 300 532.3 

Reproduced from Ref. [173] with permission from American Chemical Society. 
 

Ongoing research on porous structures based SiOx anodes establishes their su-
periority over other anodes. However, the etching methods involve expensive 
toxic chemicals. On the other hand, the sacrificial template approach remains a 
challenge for industrial scale production due to the complex processes involved 
and high production cost [53] [54] [113]. 

Recently, solvent free approaches to developing SiOx/C anodes have also been 
explored [97] [174] [175]. Though the approach offers reduced cost and less en-
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vironmental impact, inhomogeneous mixing of SiOx nanoparticles within the car-
bon matrix, limited control on the particle size of SiOx nanoparticles, and control-
ling the morphology of SiOx/C composites remains the key challenges [53] [97] 
[169] [176]. 

4.3. Surface Modification with Metal Oxides  

Carbon coating buffers the volume change of SiOx, improves the conductivity of 
the material as well as its electrochemical performance. However, carbon layer 
diffusion to Li+ is limited, hindering the formation of stable SEI [107] [113]. The 
surface modification with metal oxides reduces the direct contact of the SiOx core 
and the electrolyte, thereby reducing the consumption of Li+ ion to form stable 
SEI [23] [72] [107] [153] [167]. Therefore a promising surface modification strat-
egy is to combine hybrid coating with transition metal oxides [96] [119] [153] 
[174] [177]-[184] or other metal oxides [185]-[190]. Nanostructured transition 
metal compounds with high specific surface area and appropriate pore size distri-
bution display high ion diffusion coefficients suitable for Li+ diffusion in SiOx 
leading to improved electrochemical performance [174]. One group synthesized 
a 3D hierarchical SiOx@C@CoO mosaic structure nanosheets via high energy ball 
milling and hydrothermal reduction process. The electrode material displayed 
good cyclic performance with a reversible discharge capacity of 1079 mAhg−1 over 
250 cycles at a current density of 1 Ag−1. It also exhibited an excellent rate capa-
bility (with an average specific reversible discharge capacity of 777.8 mAhg−1 at 2000 
mAg−1 and 480 mAhg−1 at 5000 mAg−1). The improved performance is attributed 
to the specific structure and the synergistic effect between the two materials [177]. 
In another study, sponge-like structures of SiOx@C@CoO, were synthesized via 
spray drying and electrostatic self-assembly strategy. The novel design containing 
ultrathin nanosheets of CoO on SiOx@C improved the conductivity of SiOx, short-
ened the diffusion length and provided large surface area for enhanced Li+ diffu-
sion. Moreover, the sponge like structure successfully accommodated the large 
volume change of SiOx. An improved and stable electrochemical performance was 
observed during the charging/discharging process with the multifunctional com-
posite anode. When employed in half cells, a reversible specific capacity of up to 
1287 mAhg−1 at a current density of 0.1 Ag−1 and retaining 714 mAhg−1 after 750 
cycles at 1 Ag−1 with a capacity retention of 98.9% was observed. The full pouch-
type cells, employing LiNi0.8Co0.1Mn0.1O2 (NCM 811) as the cathode, exhibited an 
excellent reversible capacity of 206 mAhg−1 and a long-term cycling stability with 
a capacity retention of 85.9% after 200 cycles [178]. Similarly, TiO2 coating has 
been an efficient and feasible strategy to effectively improve the electrochemical 
performance of SiOx based anodes. TiO2 has strong mechanical stability, favorable 
electronic conductivity and ionic conductivity properties contributing to efficient 
charge transport within the material leading to small volume change in SiOx elec-
trode after lithium insertion. Synthesis routes ranged from sol-gel deposition/car-
bonization methods, ball-milling and surface coating during electrospinning to 
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CVD [96] [119] [174] [179]-[181] [184]. Hierarchical mesoporous structures with 
hybrid MnO-SiOx@C microspheres, obtained via spray pyrolysis and subsequent 
annealing, proved to effectively enhance the cyclic stability and rate performance 
of SiOx anode. Researchers concluded that the Mn2SiO4 phase was attributed to 
the improvement of structural stability [182]. It is crucial to highlight that multi-
layer coatings are more effective in mitigating the volume change of SiOx. A double-
coated composite structure exhibited improved cycling performance. Synthesized 
by elevated temperature heat treatment, the double layer composite SiOx/C/Cu2O 
exhibited excellent long-cycle ultra-high stability [183]. Similarly, dual-shell 
SiOx/C@Sn@NC anode exhibited excellent lithium storage ability. A combination 
of the hydrolysis method and polymer coating technology was utilized to synthe-
size the hybrid material. SEM and TEM analysis confirmed the uniformly layered, 
coated structure with clear lattice stripes of Sn and N-doped amorphous carbon on 
the outermost layer [185]. Ternary composites with Tin (IV)oxide, SiOx@SnO2@C 
[187] and (SiOx/G/SnO2)@C [188] displayed high lithium-ion diffusivity and lower 
volume expansion. In a comparative study of dry coated SiOx/C with metal oxides, 
Al2O3-coated SiOx/C anodes also displayed improved electrochemical properties 
[186]. Researchers have obtained SiOx/MgO/Mg2SiO4/C composite anode mate-
rial after magnesium thermal reduction and carbonization. The material effec-
tively maintained structural integrity during cycling leading to improved electro-
chemical performance of the SiOx anode [189]. Double layered SiOx/Mg2SiO4/SiOx 
composites also displayed enhanced ICE and good control on volume expansion 
[190]. 

Single layer carbon coating of the SiOx material is always beneficial and univer-
sally accepted practice. Adding multiple layers gives rise to additional complexi-
ties at manufacturing level affecting the cost-effective processes. 

4.4. Doped SiOx 

To counteract the volume expansion problem of SiOx anode, there are two widely 
studied approaches 1) Nanosizing SiOx particles [23] [24] [45] [53] [54] [72] [113] 
[120]; 2) Doping with heteroatoms, metals, and carbon [31] [140] [147] [148] 
[150] [173]. The first approach uses the internal void space to Si and SiOx struc-
tures to expand and contract without disrupting the connection between the par-
ticles. The second approach helps achieve better conductivity than SiOx as the at-
oms replace some of the silicon atoms in the structure or occupy interstitial posi-
tions in the material. It modifies the physical and chemical properties of the ma-
terial and establishes a stronger skeleton structure [176] [191]. Non-metallic dop-
ing as well as metal atom doping improve the performance of SiOx material. Non-
metallic dopants significantly alter the surface chemistry of SiOx making it more 
stable during charge/discharge cycles. A finer control over the chemical and elec-
tronic properties of SiOx can be achieved with non-metallic dopants without the 
fear of unwanted metal oxide formation [153]. On the other hand, certain metal 
dopants, like Ni, Ti, Fe, or Mg can enhance the Li+ diffusion kinetics and mechan-
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ical stability of the 3D doped SiOx framework [147] [148] [152]. Studies carried 
on Al doped 3D Si/SiOx porous structures confirm good structural stability, buff-
ered volume change, and increased cycling life of the anodes [191]. In another in-
vestigation, porous SiOx@Li2SiO3/C composites were synthesized by one pot car-
bonization method. The hierarchical porous structure displayed improved elec-
trochemical performance [192]. Co-modification with carbon and lithium borate 
hybrid coating simultaneously improved the electronic and ionic conductivity of 
SiOx. The alloy type anode structure SiOx@C@Li3BO3 displayed superior cycling 
performance (81% capacity retention after 500 cycles at 1 Ag−1). The enhanced 
electrochemical performance is attributed to the synergistic effect of carbon and 
Li3BO3 [193]. The most recent investigation reports high ICE of 85.4% and rela-
tively stable cycling performance of 759.2 mAhg−1 after 100 cycles at 0.5 C with 
the capacity retention of 59.8% for MgSiO3 doped SiOx carbon coated, MgSiO3-
SiOx@C nano architectures [194]. 

Structural modification due to dopant insertion in the various 3D structures 
such as porous and pomegranate structures may prove crucial as it increases Li+ 
diffusivity resulting in more homogenous lithiation across the material. It also 
mitigates volume expansion, improving the ICE of the SiOx anode. However, due 
to the different element ratios in SiOx, exploration of the microscopic mechanism 
of Si, O, Li, and doping elements in the battery reaction process is very much re-
quired for industrial applications. Simulation of the process is a good option as it 
saves the cost of trial and error [195]. 

Recent development of “Nanoskeleton” Si-SiOx/C anode supported by CNTs 
has exhibited enormous potential for improved cycling stability in full cells [196]. 
Another recent approach has been uniform nano-Si dispersion to achieve Si-rich 
SiOx materials. Electrochemical analysis revealed silicon sub oxides achieved through 
high energy mechanical milling demonstrated a higher reversible capacity of 2558 
mAhg−1 and an ICE of 89%. Carbon incorporation further enhanced the cycling sta-
bility [197]. 

5. Conclusions  

Contemporary research trends establish surface modified SiOx/C anodes as the 
most promising candidate for the higher energy storage option in Li-ion batteries. 
They offer higher cycle stability and rate capacity compared to silicon or graphite 
anodes. Combination of carbon improves the overall efficiency supporting struc-
tural integrity and the conductivity of high-capacity SiOx. Prelithiation has proved 
crucial to the electrochemical performance of the end product [198]. 

Better electrochemical performance of a battery requires a uniform carbon coat, 
evenly dispersed Si particles and a flexible buffer phase. All together these attrib-
utes stop pulverization, speed up ion flow and keep the battery stable over many 
cycles. Uniform carbon coat lowers the resistance and helps electrons speed up. A 
smooth, complete layer of carbon also prevents the liquid electrolyte from touch-
ing the inner silicon and causing bad side reactions. Buffer phase creation forms 
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specific silicates absorbing the swelling stress of charging [53] [114] [150] [184] 
[197]. Industrial application of SiOx anodes for LIB requires high tap density, uni-
form SEI formation, chemical and structural stability, high conductivity and high 
purity leading to high ICE, high specific capacity and high cycling stability with 
high-rate capability of the SiOx anodes in full cells. Synthetic methodologies which 
are highly controllable with high yield, low cost and eco-friendly, are therefore 
required. Structural designing of SiOx anodes is based on these considerations. An 
open, porous, or well-spaced design letting Li-ions travel faster through the anode 
is the preferred one. 

Present day synthesis methodologies at the industrial level utilize thermal dis-
proportionation, mechanical milling and CVD carbon coating. This is a complex 
process with high yield and highly pure SiOx material with the required morphol-
ogy. It is considered cost effective compared to pure nano silicon alternatives and 
moderately expensive relative to graphite anodes. Wet chemistry-mostly magne-
siothermic reduction with HEMM and CVD is also in use due to high yield. It is 
considered comparatively greener technology though it generates chemical by-
products and large energy consumption. A third methodology is Spray drying. It 
is often combined with carbonization. HEMM, sintering and LPCVD. It is another 
highly scalable method with high production yields, though a complex high tem-
perature process [161] [182] [188] [199] [200]. 

Structurally modified, three-dimensional, porous structured SiOx anode mate-
rial with single layer of carbon coating has an edge over other types of anodes. The 
effectiveness of SiOx/C stems from several factors. SiOx has a high specific capacity 
and smaller volume fluctuation due to the formation of Li2O and silicates of lith-
ium counteracting the volume expansion. Carbon matrix promotes electron and 
ion transportation. It contributes to SEI layer formation, establishing the struc-
tural integrity of SiOx. Incorporation of non-carbonaceous materials, such as met-
als and metal oxides, improves mechanical robustness and stability, contributing 
to efficient electron and Li+ transport. However, the intrinsic formation of Li2O 
and lithium silicates lowers the ICE of SiOx-based materials, demanding novel 
material design strategies.  

Porous SiOx/C nano particles buffer the volume expansion, structural stability 
and enhanced electrochemical performance have been reported. However, mass 
production of porous SiOx/C is an expensive and complex manufacturing process. 
Therefore, excellent performance in all performance metrics (high specific capac-
ity, ICE, capacity retention, stability, tap density and rate capacity) along with re-
producibility, safety strategies and acceptable production cost are yet to be at-
tained at industrial scale [201]. 

Future research should therefore be directed toward eco-friendly, scalable syn-
thesis of SiOx/C nanostructures with precise control on process parameters to pro-
duce required morphologies towards specific applications. Simulation of the pro-
cesses and parameters can provide cost-effective solutions. Testing under real world 
conditions can address the safety concerns of the device. Optimized pre lithiation 
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strategies and innovative technologies need to be combined with the factors men-
tioned above for system level integration. This may bridge the gap between aca-
demia and industry.  
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