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A Brief Overview of Silicon Nanoparticles as Anode Material:
A Transition from Lithium-lon to Sodium-lon Batteries

Alireza Fereydooni, Chenghao Yue, and Yimin Chao*

The successful utilization of silicon nanoparticles (Si-NPs) to enhance the
performance of Li-ion batteries (LIBs) has demonstrated their potential as
high-capacity anode materials for next-generation LIBs. Additionally, the
availability and relatively low cost of sodium resources have a significant
influence on developing Na-ion batteries (SIBs). Despite the unique
properties of Si-NPs as SIBs anode material, limited study has been
conducted on their application in these batteries. However, the knowledge
gained from using Si-NPs in LIBs can be applied to develop Si-based anodes
in SIBs by employing similar strategies to overcome their drawbacks. In this
review, a brief history of Si-NPs’ usage in LIBs is provided and discuss the
strategies employed to overcome the challenges, aiming to inspire and offer

valuable insights to guide future research endeavors.

1. Introduction

Global warming, dwindling fossil fuel reserves, and the urgent
need for decarbonizing electric power sector have prompted con-
siderable attention to renewable energies. To use renewable ener-
gies as a stable and reliable source in daily-life applications, high-
performance energy storage devices need to be implemented in
electric grids, electric vehicles (EVs), mobile electronics and other
electricity-driven devices.'™* In recent years, there has been a
growing adoption of batteries composed of group 1 and 2 met-
als (e.g., alkaline, and alkaline earth elements) thanks to their
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high energy density, satisfactory working
potential, superior cycling stability, and eco-
friendliness. The most popular of these are
sodium-ion batteries (SIBs) and lithium-
ion Dbatteries (LIBs).’! It has been well
versed in the literature that electrode mate-
rials, particularly anode materials, provide
great potential for improving battery en-
ergy density as compared to cathode mate-
rials in both LIBs and SIBs.l?] In a general
view, anode materials can be divided into
three categories based on their ion storage
mechanism: 1) intercalation (also known
as insertion),'* 2) alloying,'>"*] and 3)
conversion.!1+-17]

Anodes for commercial LIBs are primar-
ily made of intercalating graphite, which
has a theoretical capacity of ~#370 mAhg™!
for LiC,.['] Nevertheless, graphite has been considered as
thermodynamically unfavorable intercalating medium for SIBs
(namely NaCy/NaGCq).[*! Also, theoretical calculations demon-
strated a reversible capacity of ~ 35 mAhg~! for NaCg,.?") This
low capacity is ascribed to certain accountable factors, such as
the larger ionic radius of Na* (1.06 A) compared to Li* (0.76 A)
which hampers the ionic intercalation process.?2* As an alter-
native, other carbonaceous materials with wider interlayer spac-
ings have been introduced for intercalation-type SIBs anodes,
among which hard carbon has drawn considerable attention in
this area.[?l Many attempts have been made to increase hard car-
bon’s capacity in Na storage, from the choice of precursor,26-28]
to optimizing the operating conditions;!?*3* yet its capacity is
still insufficient for large-scale applications. Carbonaceous an-
odes also have a relatively low reaction potential with Li and Na,
which results in Li and Na dendritic deposition during battery’s
charge/discharge cycles, and thus raises safety concerns such as
short circuiting.[®*)

Conversion-type anode materials offer much higher capacities
than carbonaceous compounds. Several studies have investigated
the use of conversion-based compounds as anode material.36-#!]
Despite their ultra-high capacity, their widespread application has
been severely hampered by their low conductivity and poor cy-
cling stability.[1642]

Alloying materials in LIBs and SIBs have recently received
enormous attention due to their higher capacity, lower cost and
safer performance compared to intercalation- and conversion-
type anodes. Alloy-type anode materials undergo the following
electrochemical reactions M + xN = N,M where N is the host
alkaline element (i.e., lithium or sodium) and M is the alloying
agent. The most common metals and metalloids used as alloying-
type anodes are silicon (Si), germanium (Ge), antimony (Sb), tin
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Table 1. Electrochemical properties of common alloying anode materials.
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Element Alloying Theoretical Volume Volumetric Conductivity Density Terrestrial Annual
Compound Capacity Expansion capacity (S cm~Ny[>44] (g cm™3)[5:43] Abundance (%) Extraction (ton)
(mAh g—1) (%)[4447,49] (mAh Cm—3)[5,43,45] [50] [51]
[44-48]
Si Liy, Sig 4200 400 - 2.52 x 107° 233 28.2 7.20 x 10°
NaSi 954 14 2190
Ge Liy, Ges 1624 370 - 1.45 x 1072 5.32 1.5 x 107# 3.65 x 10*
NaGe 369 300 1624
Sb Li,Sb 660 200 - 2.88 x 10* 6.68 2 x 107 1.30 x 10°
Na;Sb 660 390 660
Sn Liy, Sns 994 340 - 9.50 x 10* 7.31 23 x 107 2.80 x 10°
Na,sSn, 847 423 994
Bi Li; Bi 385 200 - 8.67 x 10° 9.75 8.5 x 1077 1.02 x 10
Na,Bi 385 250 3800

(Sn), and bismuth (Bi).[>*3] Table 1 summarizes their key char-
acteristics. A graphical comparison of the investigated charac-
teristics for the above-mentioned elements in SIBs is depicted
in Figure 1a, where 5 represents the highest scale (most favor-
able) and 1 represents the lowest (least favorable). Values are nor-
malized based on the maximal and minimal results tabulated in
Table 1. Theoretical capacity as well as volume expansion during
alloying in LIBs and SIBs are separately compared in Figure 1b,c,
respectively.

Among these compounds, Si exhibits the highest theoretical
capacity both in LIBs and SIBs. Furthermore, considering its
abundant resources, high extraction, low working potential, and
environmentally friendly nature, Si has long been known to be
one of the most promising anode material for LIBs, and numer-
ous studies have successfully investigated its application in high-
performance LIBs.’27%] Despite Si’s theoretical capacity being

Volumetric Capacity

the highest and its volume expansion being the smallest among
alloying-type SIB anode compounds, not many researchers have
focused on its implementation in high-performance SIBs. The
scarcity of Si-based anodes for SIBs may be attributable to the
fact that SIBs have only recently regained popularity. Moreover,
Si anodes are plagued by severe volume fluctuations during
charge/discharge cycles, which causes serious pulverization of
the anode materials and eventually leads to capacity degradation
and poor cyclability.’”>8] Retrospectively, when considering the
history of Si as an anode material for LIBs, it is apparent how
nanoengineering has alleviated these concerns; designing nano-
scaled structured alloys can result in high gravimetric capacities
and rates, superior fracture endurance, smaller ionic diffusion
paths, as well as mitigated volume expansion.[*®-%!] Qur objective
in this review is to recount a brief history of the use of Si-NPs
in LIBs along with the strategies used to tackle the challenges, so
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Figure 1. a) Comparison of common alloying-type elements used as anode materials in SIBs, b,c) theoretical capacity and volume expansion of alloying-

type anodes in LIBs and SIBs.
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Figure 2. a) TEM image of hollow Si@C after 48 h of HF etching. Reprinted with permission.[®2] Copyright 2015, Royal Society of Chemistry. b-d) STEM
image of Si@void@C/C and corresponding elemental mapping of Si and C. Reprinted with permission.[®3] Copyright 2021, John Wiley and Sons. e,f)
STEM image of Si@TiN. Reprinted under terms of the CC-BY-NC 3.0 license.[%4] Copyright 2022, Royal Society of Chemistry.

that inspirations and insights can be gained into their application
in SIBs and potentially other types of batteries like potassium-ion
batteries.

2. Silicon in Lithium-lon Batteries

It has long been known that the downside to Si-based LIBs an-
odes is that they suffer from low conductivity (%107 S cm™),
sluggish ion diffusion kinetics (~107* cm? s71), and drastic
volume fluctuations during the lithiation-delithiation process
(~400%), which eventually mitigate battery’s electrochemical
performance.l>>-7]

Researchers have developed innovative nanostructures in an
attempt to mitigate these drawbacks. As an example, Pang
et al.[®] gsynthesized a hollow Si@C nanostructure (Figure 2a)
via carbonizing the emulsified polyacrylonitrile (PAN) at 1000 °C
for 2 h with a heating rate of 10 °C min~!' followed by
HF etching. This nanocomposite retained a specific capac-
ity of 700 mAhg=! at 0.25 Ag~'after 100 cycles. More recently,
Ma et al.%] synthesised a yolk-shell structure of Si@void@C
nanoparticles embedded in 3D carbon-net (Figure 2b—d). Their
preparation method involved UV illumination to a microemul-
sion of water and oil, followed by freeze drying and hydrother-
mal treatment. The yolk-shell structure delivered a high capacity
of 1160 mAhg~" at 0.3 Ag~'after 300 cycles. The excellent perfor-
mance of such hollow structure’s bears witness to their effective-
ness in buffering the volume expansion of bare silicon. More re-
cently, Zhang et al.[* used titanium nitride (TiN) as a coating
layer (Figure 3a) to develop a yolk—shell-like Si@TiN nanocom-
posite (Figure 2e,f). Their proposed composite exhibited a re-
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versible capacity of 2047 mAhg=! at 1 Ag~'after 180 cycles and
a remarkable discharge capacity of 903 mAhg™"' at high current
density of 12 Ag™! (Figure 3b-d). This special yolk-shell config-
uration not only accommodates the volumetric expansion of Si-
NPs in recurrent cycling, but also boosts the electronic conduc-
tivity of pure Si, thanks to the conductive TiN shell, leading to its
notable cyclic performance.

It is important to note, however, that despite the effectiveness
of such nanocomposites in mitigating anode volume expansion,
they cannot yet be mass produced at a substantial scale. Many
factors contribute to this, including high production costs and
low initial Columbic efficiency (ICE). The low ICE stems from
nanomaterials’ interaction with electrolytes because of their high
specific surface areas.[®%]

Recent years have witnessed the development of several strate-
gies to minimize manufacturing costs, mainly by substituting
inexpensive substitutes for bare silicon. The following sections
provide an overview of these strategies and materials.

2.1. Silicon Monoxide

Due to their extremely abundant resources, low cost, ease of
synthesis, and relatively smaller volume change, silicon oxides
have been promoted as promising substitutes for elemental Si.[*]
In particular, a majority of attention has been paid to Silicon
monoxide (SiO) as an anode material for LIBs. It is also possi-
ble to support volume fluctuations and increase anode electri-
cal conductivity by using carbon as a matrix (or scaffold) to re-
inforce the SiO structure. Ohzuku et al.l’%! developed a SiO/C

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) Graphical depiction of the synthesis of the yolk-shell Si@TiN composite. Reproduced under terms of the CC-BY-NC 3.0 license.[%4] Copyright
2022, Royal Society of Chemistry. b) The first and second galvanostatic charge/discharge profile, c) cycling performance at a current density of 1 Ag™",
and d) rate performance of the Si-NPs and Si@TiN samples. Reprinted under terms of the CC-BY-NC 3.0 license.[®*] Copyright 2022, Royal Society of

Chemistry.

composite (Figure 4a) composed of only 50 wt.% SiO incorpo-
rated with carbon fiber (9 wt.%), deposited carbon (20 wt.%),
and graphite (21 wt.%). The SiO/C composite demonstrated a
700 mAhg~! discharge capacity after 100 cycles at 0.5 C. Using
synthesized composite as the anode in a 14 500 full cell with
LiCo, ;Ni; ;3Mn, ;;0,/LiCoO, cathode, Ohzuku’s group reported
a capacity of 200 mAhg='at 1 Ag™! current density after 300
cycles.”!l Liu et al.”?! utilized chemical vapor deposition (CVD)
approach to develop SiO coated with graphene (Figure 4b). After
100 cycles, a remarkable capacity of 1600 mAhg~! and an ICE of
95% were reported for this synthesized composite at 0.32 Ag™'.
This high specific capacity was attributed to the unique structure
of particles, which make stable electrical contacts, facilitated ion
diffusion paths, and buffering effect against volume expansion.
A variety of metals and metal oxides have been used in SiO
anodes to enhance lithium storage. Wang et al.l”*] used mechan-
ical milling to develop SiO/Fe,O; composite (Figure 4c). The
prepared composite delivered 600 mAhg™! capacity at 4.8 Ag™!
current with 71% capacity retention after 50 cycles. Amine
et al.”* used ultrahigh energy ball milling to develop a state-of-
the-art Si0/Sn,Co,C, anode composite. In particular, 50 wt.%
Sn,,Co;,C,, with 50 wt.% SiO combination demonstrated a
fairly steady capacity of 900 mAhg~! at 0.3 Ag~!. Substituting
Co with Fe, Amine and coworkers later developed a family of
SiO/Sn,Fe,C, composite. It was shown that SiO/Sn;,Fe;,Cy,
composite delivers a capacity of 900 mAhg™' at the same current
density (0.3 Ag™1).I”] Miyachi et al.l”®! compared SiO doping with
Ti, Ni, and Fe dopants. Their study showcased 84% ICE for Ni
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dopant (25 wt.%), as well a remarkable 100% ICE for Li-added
Ni doped SiO. In a study done by Yamamura and coworkers,!””]
SiO was uniformly coated with Fe,SiO, at 800 °C for 3 h under
Ar atmosphere, providing an anode with an 89.3% of ICE.

2.2. Silicon Dioxide (Silica)

The earth’s crust consists primarily of silicon dioxide (SiO,) in
its crystalline polymorph form. It has been shown that nanopar-
ticles are necessary to harvest the full theoretical capacity of SiO,
anodes (1965 mAhg™').7*#% To reduce the size of bulk SiO,,
Liang et al.[®!) used ball milling over a variety of time periods.
The obtained anode from 24 h milled SiO, (Figure 5a) delivered a
capacity of 602 mAhg='at 0.1 Ag~! over 150 cycles with ~55% of
ICE followed by 99.8% capacity retention (relative to second cy-
cle). SiO, has also actively been used in more complex nanostruc-
tures. For instance, Favors and coworkers!®?! used hard-template
growth approach to fabricate SiO, nanotubes (Figure 5b) with
1247 mAhg™' discharge capacity after 100 cycles in response to
0.5 C-rate. Nonetheless, an ICE of 43.3% requires considerable
improvement. More recently, Ma et al.[®3] synthesized a hierar-
chically porous multi-shell hollow SiO, structure (Figure 5c) via
a sacrificial template method using Na,SiO, as precursor. The
obtained hollow spheres then used in anode and delivered a ca-
pacity of 750 mAhg™' after 500 cycles at 0.1 Ag~'current density.

Since SiO, is the least electrically conductive of the Si oxides,
considerable effort has been made to use carbon in conjunction

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) SEM image of SiO/C composite. Reprinted with permission.l”® Copyright 2011, I0Pscience. b) TEM image of connected particles of
graphene coated on SiO. Reprinted with permission.l’2l Copyright 2017, American Chemical Society. c) HRTEM image of SiO/Fe,O; composite.
Reprinted with permission.[”3] Copyright 2013, Elsevier.

Figure 5. a) FESEM image of the SiO, samples with 24 h ball milling. Reprinted with permission.[8'] Copyright 2017, Elsevier. b) SEM image of SiO, nano
tubes. Reprinted under terms of the CC license.[32] Copyright 2014, Springer Nature. c) TEM image of multi-shell hollow SiO, spheres. Reprinted with
permission.[83] Copyright 2017, Elsevier. d) SEM image of plum-pudding like SiO, /graphite. Reprinted with permission.[34] Copyright 2015, Royal Society
of Chemistry. e) TEM image of SiO, /C nanofibers. Reprinted with permission.[®?] Copyright 2015, Elsevier. f) TEM image of SiO, @CYB. Reprinted with
permission.[8¢] Copyright 2021, John Wiley and Sons. g) TEM image of Ni/SiO, hollow spheres. Reprinted with permission.!8”] Copyright 2018, John
Wiley and Sons.
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Figure 6. a) Graphical depiction of the synthesis of hollow porous SiO, nanocube, and their b) SEM image, c) cycling performance at a current density
of 0.1 Ag™, d) cyclic voltammetry between 3 and 0 V at a scan rate of 0.1 mVs~', and e) galvanostatic discharge/charge profiles. reprinted under terms

of the CC-BY license.[9?]

with it.391] Zhang et al.®* synthesized a plum-pudding nanos-
tructure of SiO, nanosphere within flake graphite using a
hydrothermal process (Figure 5d). Under a current density of
0.1 Ag™!, the prepared composite was reported to exhibit a dis-
charge capacity of 702 mAhg™! after 100 cycles and a remarkable
Coulombic efficiency of 99%. Wu et al.®] prepared SiO,/C
nanofibers (Figure 5e) using SiO,-NPs (~ 30 nm) incorporated
polyacrylonitrile (PAN) through electrospinning, followed by
carbonization (800 °C for 2 h and heating rate of 2 °C min™).
Anodes made of nanofibers with 15% silica showed a reversible
capacity of 658 mAhg! after 100 cycles at 0.05 Ag~!. To improve
the reversible capacity of SiO, anode materials, Wang et al.[3¢]
fabricated a yarn-ball structure of nanoscale SiO, entangled
to carbon wires (Figure 5f) via polycondensation reaction be-
tween citric acid and ethylene glycol. The synthesized structure,
SiO,@CYB, has been reported to successfully mitigate the
volume fluctuations and enhance the electrical conductivity of
SiO,, which contribute to a first discharge specific capacity of
1297 mAhg™ at 0.1 Ag™" current density and ICE of 94%. Never-
theless, it is still unclear what mechanisms lead to the formation
of the carbon-yarn-ball structure. Yan et al.l®! prepared hollow
porous SiO, nanocubes using a two-step hard-template process
(Figure 6a,b). This nanocomposite delivered a reversible capacity
of 919 mAhg! over 30 cycles (Figure 6c—e), with a relatively sta-
ble performance after 12th cycle. The observed characteristic can
be linked to the distinct hollow nano-design featuring a spacious
interior and multiple pockets in the shell. These features buffer
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volume fluctuations and reduce structural stress when Li* move
in and out. They also promote quick Li* movement during the
charging and discharging process. This research indicates that
the creation of either permanent or reversible lithium silicates
in the anodes plays a crucial role in determining the deep-cycle
battery’s capacity. Speedy Li* movement in the hollow porous
SiO, nanocubes aids in forming Li,O and Si, leading to the
reversible capacity.

It has also been demonstrated that coupling SiO, with conduc-
tive metal enhances electrochemical activity and electrical con-
ductivity. Zhou et al.¥’] synthesized a novel SiO,/Ni nanocom-
posite through reduction of nickel silicate in inert atmosphere
(Figure 5g). As a result of its distinctive structural hallmarks, the
proposed nanocomposite exhibited a capacity of 672 mAhg'at
0.1 Ag~tafter 50 cycles. The same method could also be used to
prepare other SiO, /metal nanocomposites.

As a means of reducing costs and ensuring sustainability, us-
ing biomass as a precursor offers many advantages. Li and co-
workers!®] used rice husks (RHs) as a Si-rich biomass to de-
velop a core-shell C@SiO, composite. Under a current density
of 1 Ag™!, the prepared composite with 38.27 wt.% carbon con-
tent delivered a capacity of 534 mAhg™ after 1000 cycles, which
is equivalent to 93% of the capacity of its commercial raw ma-
terial counterpart. In another work, Li et al.l®*l added magne-
siothermic reduction and additives modification to the extracted
lignin-SiO, form RHs. They reported a first discharge capac-
ity of 2560 mAhg~'at 0.1 Ag™'. This remarkable capacity was
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Figure 7. a,b) SEM and TEM bright-field images of rolled-up SiO,/SiO, bilayer nanomembrane. Reprinted with permission.l®’] Copyright 2014, John

Wiley and Sons. c) dark field TEM image of 10 h-HEMM Si@SiO,. Reprinted with permission.[®] Copyright 2013, Elsevier. d) TEM image of mesoporous
SiO,/C composite. Reprinted with permission.[*® Copyright 2014, IOPscience. e) SiO, @G composite. Reprinted with permission.['%] Copyright 2018,
John Wiley and Sons. f) TEM image of SiO, /C-CVD. Reprinted with permission.['1 Copyright 2018, Elsevier. g) TEM image of SiO, /NiSi, nanowires.

Reprinted with permission.l1%2] Copyright 2012, Elsevier.

ascribed to the highly porous structure of the composite. Nev-
ertheless, a low ICE of 44% was observed, which can be at-
tributed to the large specific surface area of the composite. Ma
et al.[%! utilized acid hydrolysis to extract sugar residues from
RHs biomass. After a two-stage carbonization process followed
by 12 h of ball-milling, the prepared C/SiO, composite was
used as active material in anode and initially delivered a dis-
charged capacity of 1185 mAhg at 0.1 Ag~! and an ICE of 56%.
Given the simplicity and environment-friendliness of the prepa-
ration procedure, the same strategy could be used for large-scale
biomass treatment. However, improvements need to be made
to ICE.

2.3. Nonstoichiometric Silicon Suboxides (SiO,)

For next-generation LIBs, nonstoichiometric silicon suboxides
(SiO,) have also been considered as attractive anode materials.
Particularly, it has been found that Si-rich silicon suboxides (SiO,,
where x < 1) can also act as high-capacity anodes in LIBs, al-
though they demonstrated an inferior cyclic performance. The
opposite trend applies for O-rich silicon suboxides (i.e., low-
capacity but praiseworthy cyclic performance).[*! Yan et al.*’] in-
corporated these two variant of silicon suboxides into a rolled-up
bi-layer nano-sheets (Figure 7a,b). In 100 cycles of battery testing,
the proposed bilayer nano-sheets provided a specific capacity of
~ 1300 mAhg~! at 0.1 Ag™!. This remarkable performance — both
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in terms of capacity and durability — was attributed to the high Li
storage of Si-rich sheet as well as the volume buffering effect of
O-rich sheet.

Sohn et al.®®l fabricated nanosized Si embedded in a SiO,
matrix (Figure 7c) by using high-energy mechanical milling
(HEMM) and disproportionation reaction of SiO. Their study in-
dicated good lithium storage capabilities though microstructure
engineering of SiO, such that 10 h HEMM treatment of SiO de-
livered a reversible capacity of #1000 mAhg~! with low capacity
retention throughout 50 cycles.

In terms of cyclability and rate capability, SiO,/C compos-
ites have been demonstrated to outperform SiO, without special
modifications, which is basically a result of carbon’s superb elec-
trical conductivity and ability to buffer volume variations. Zhao
et al.[®! fabricated an arrayed meso-porous structure of SiO,/C
composite (Figure 7d) with an oxygen level of x = 1.2. The de-
signed composite delivered a capacity of 780 mAhg™! after 350
cycles at 0.1 Ag™" and 0.02% decay per cycle. Xu et al.'%] recon-
structed a SiO, @G composite (Figure 7e) by encapsulating SiO,-
NPs into a self-assembled graphene bubble sheet. After 1000 cy-
cle under a current density of 1 Ag™!, the synthesized SiO, @G
exhibited a capacity of 780 mAhg™" which is 80% of its original
capacity. Using sol-gel process, selective etching, and CVD, Liu
et al.l1%) coated semi-graphitic carbon on the interior and exte-
rior surfaces of SiO, to get a yolk@shell like SiO,/C structure
(Figure 7f). The designed nanostructure exhibited a capacity of
972 mAhg™ after 500 cycles at 1 Ag™'. Using LiCoO, as cathode
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Figure 8. a) High-resolution TEM image of as-prepared Si nanoparticles. Reprinted with permission.l'?4] Copyright 2016, John Wiley and Sons. b) TEM
image of a-Si shell/ c-Si core nanowires. Reprinted with permission.l'?>] Copyright 2018, Royal Society of Chemistry. c) TEM image of the prepared a-Si.
Reprinted with permission.[126] Copyright 2018, Royal Society of Chemistry. d) SEM image of rolled-up a-Si. Reprinted with permission.l'2’] Copyright
2018, John Wiley and Sons. e) fabricated bamboo-rattle-like structure of Si/C. Reprinted with permission.I"8! Copyright 2017, John Wiley and Sons. f)
dark-field SEM image of Sn coated a-Si. Reprinted with permission.[128] Copyright 2016, Elsevier. g) SEM image of the Si/TiN/Ti/Ge nanorods. Reprinted

with permission.[?] Copyright 2015, John Wiley and Sons.

for this anode, an outstanding energy density of 428 Wh kg~! was
reported.

In a similar manner to the use of metals along with SiO
and SiO,, SiO, has also been combined with metals to improve
performance and cyclability. For instance, Jo and coworkers!'®!
used SiH, CVD and thermal evaporation to grow SiO,/NiSi,
nanowires (Figure 7g). The synthesized nanowires exhibited a re-
markable initial discharge capacity of 4058 mAhg~" at 0.15 Ag™!
with an ICE of 43%, and eventually reaching to 800 mAhg™" after
100 cycles.

Table 2 provides further remarks on the electrochemical per-
formance of Si-based anodes used in LIBs.

3. Silicon in Sodium-lon Batteries

Similar to LIBs, it has been demonstrated that alloy-type mate-
rials possess the highest specific capacity to be used as anode
in high-energy SIBs.1114116 The highest capacity among allying-
type materials for SIBs anodes belongs to phosphorus that forms
an alloying binary phase of Na, P offering an amazing theoretical
specific capacity of 2560 mAhg~!. Nevertheless, its low electrical
conductivity (#107* S cm™!), high volume expansion (>300%),
and some serious safety concerns make them difficult to be inte-
grated into real-life batteries.['’>-1"7] Meanwhile, Si offers a capac-
ity of 954 mAhg~! with a volume expansion of only 114% while
used in SIBs in a binary phase of NaSi, which counts for the low-
est volume expansion of all alloying-type SIBs anodes.[!1#-120] [
light of such unique properties, Si is a very promising candidate
for next-generation SIBs, and it is therefore imperative to con-
duct further investigative research into its application. Upon re-
view of Si’s integration in LIBs anodes, it is evident that previous
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research provides valuable insight into the design of Si-based an-
odes, along with strategies to overcome their disadvantages (i.e.,
limited electrical conductivity). With a few minor adjustments,
we believe that these principles could also be applied in design-
ing Si-based anodes for SIBs.

As a first point, it is noteworthy to know that first principles
calculations have demonstrated that crystalline Si (c-Si) is elec-
trochemically inactive with elemental Na due to ¢-Si’s high en-
ergy barrier of sodiation.'?'122] In contrast, amorphous Si (a-
Si) possesses a much lower energy barrier compared to c-Si,[1*]
and hence, it has been the subject of a few research studies. For
instance, Xu et al.l'?!l studied reversible Na-ion uptake of Si-
NPs consist of both c¢-Si and a-Si (Figure 8a). When cycled at
0.02 Ag™!, the prepared SIB maintained a reversible capacity of
248 mAhg™! after 100 cycles. More recently, Jangid et al.}?] fab-
ricated Si nanowires (Figure 8b) consist of core and shell made of
¢-Si and a-Si, respectively, capable of delivering 125 mAhg™" after
100 cycles at a current of C/10.

A few studies have attempted to develop buffering structures
for SIBs anodes. For instance, Han et al.l'?] prepared a sponge-
like a-Si (Figure 8c) by reacting magnesium powder with sili-
con tetrachloride. Applied as an anode SIBs at 0.1 Ag™!, the pre-
pared anode could obtain a reversible capacity of 176 mAhg~! af-
ter 100 cycles. Huang et al.['”] achieved a capacity of 152 mAhg!
at 0.5 Ag™! after a long cycling of up to 2000 cycles with an
85% capacity retention for their rolled-up a-Si nanomembranes
(Figure 8d).

Instead of bare a-Si, some studies have used Si oxides in
their preparation method. Zhang et al.'®) utilized a combina-
tion of electrospinning, carbonization, and HF treatment to fab-
ricate a bamboo-rattle-like structure consist of yolk—shell C/Si
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Table 2. Electrochemical performance of some of Si-based anodes used in LIBs.
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Composite — Reference Composite microscopic view

porous SiO, -

Image reprinted with
permission.['%] Copy
right 2014, Elsevier.

Li/sio -

Image reprinted with
permission.['%] Copyright
2076, Elsevier.

V&
si (1)
_ o d=315A

(-131),

Hollow Porous SiO,
-nanocubes

Image reprinted under terms
of the CC-BY license.[?]
Copyright 2013, Springer
Nature.

hollow SiO, /C nanospheres

Image reprinted with
permission.l1%] Copyright
2017, Elsevier.

Reversible cap Discharge Cap retention ICE (%)
(mAhg=")Jcycle rate/current (%)
1242/100 0.1Cfor 1% 46.8 64.4
cycle & 0.2 C
for following
cycles

0.02 C 61.4 82.12

0.1Ag™! 29.7 47

05 Ag™! 50 68
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Composite — Reference

Composite microscopic view

Reversible cap Discharge Cap retention ICE (%)
(mAhg=")/cycle rate/current (%)
num

C/sio, /C -
Image reprinted under terms
of the CC-BY license.[1%¢]
Copyright 2015, Royal
Society of Chemistry.

Si0,/CN -

Image reprinted with
permission.l'%] Copyright
2015, Royal Society of
Chemistry.

porous SiO,/C -

Image reprinted with
permission.['%8] Copyright
20714, Elsevier.

SiO, nanospheres -

Image reprinted with
permission.[1%! Copyright
2014, American Chemical
Society.

1055/150 0.5 Ag™! 41.4 56.5

800/100 0.2 Ag™! 27.5 42

210/30 1Ag™! 78.6 59

876.7/500 1C 50.8 54.8
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Composite — Reference Composite microscopic view Reversible cap
(mAhg=")Jcycle

num

SiO, -
Image reprinted with

800/200

2012, Royal Society of
Chemistry.

+ si (400) SLE0S)

PDF#
01-089-9056

FeSi@Si/SiO, -
Image reprinted with

permission."" Copyright
2017, Elsevier.

727/600

3D Si0, /C@RGO -
Image reprinted with

1284/100

permission.[112] Copyright
2014, Royal Society of
Chemistry.

Si/Sio, /C -
Image reprinted with

7407100

permission.["3] Copyright
2014, American Chemical

Society.
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nanobeads embedded in carbon nanofibers (Figure 8e). The syn-
thesized composite retained a reversible capacity of 454 mAhg~!
at0.05 Ag~! after 200 cycles. Using ether-based electrolyte, Chan-
dra et al."3% successfully increased the capacity of silicon oxycar-
bide (SiOC) anode up to 287 mAhg™! at 0.025 Ag™! current den-
sity.

A number of studies have focused on the combination of
a-Si with other alloying metals. A good example would be
Lim et al.'?®] where they fabricated Sn coated a-Si compos-
ite (Figure 8f) capable of delivering 140 mAhg~"! of capacity at
C/20 and after 5 cycles. Also, Yue et al.1?! fabricated hexago-
nal match-like Si/Ge nanorods buffered by TiN/Ti interlayering
medium (Figure 8g) via a cost-effective approach. After 200 cy-
cles at 0.4 Ag!, a reversible capacity of 390 mAhg~! and an ICE
of 50% was recorded for their composite.

As can be seen, there has been a relatively small amount of re-
search conducted on Si-based anodes for SIBs. There are several
reasons for this disparity in research:

Maturity of technologies: Since the 1990s, LIBs have been com-
mercially available and are now the dominant energy storage
technology for portable electronics, electric vehicles, and a wide
variety of other applications.['*! Considering this, LIBs have re-
ceived a great deal of attention with regards to improving their
performance, which has led to research into materials like Si that
can enhance battery performance. Compared to LIBs however,
SIBs are relatively newer and have not reached the same level of
maturity or commercial scale. Therefore, SIB research is still in
its infancy, and the exploration of advanced anode materials such
as Siis limited.

Electrochemical behavior of Si in SIBs: As a result of Si alloying
with lithium, Si-based anodes in LIBs have contributed to a high
theoretical specific capacity. In contrast to LIBs, Si’s alloying re-
action with sodium is not as favorable, and as discussed before, is
almost limited to a-Si.['?*] Researchers may be discouraged from
conducting research due to this reduced benefit.

Initial focus of SIBs: One of the main motivations behind
the development of SIBs is to create a more cost-effective alter-
native to LIBs by leveraging the abundance and availability of
sodium.['*?] Initial research, as well as more current research
trend on SIBs has therefore been more focused on using abun-
dant, cheap, and easily accessible materials like layered oxide
cathodes.[133-137]

Research funding and commercial interests: The success of LIBs
and their widespread adoption has resulted in substantial fund-
ing for research to improve their performance. Because SIBs are
still emerging and do not have the commercial success of con-
ventional LIBs,!13#13% there may be fewer resources allocated to
advanced materials research for SIBs, including the exploration
of Si-based anodes.

Infrastructure and expertise: Research infrastructure, expertise,
and focus have been heavily geared toward LIBs due to their com-
mercial importance. The momentum created by the LIB tech-
nology can naturally lead to continued exploration of materials
like Si-NPs, whereas newer technologies like SIBs might require
longer to gain traction.

Although the current disparity between Siresearch in LIBs and
SIBs may be explained by these reasons, but it is also important
to note that as SIB technology matures and becomes more com-
mercially relevant, there will be a greater interest in exploring ad-
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vanced anode materials, including Si, that can improve SIB per-
formance.

Given the burgeoning interest in harnessing the potential of
Si-based anodes for SIBs, and considering the examination of Si-
based anodes in LIBs, we identify the following critical aspects
that need be considered to increase the actual sodium storage
capacity of Si-NPs anodes and help their scaling up process.

3.1. Volume Fluctuations

The anode’s volume expansion leads to particle fragmentation,
which prompts the reformation of SEI layer. Consequently, the
availability of Na* ions for the alloying process diminishes, re-
ducing the overall capacity. Using hollow porous structures can
enhance the anode’s resilience to mechanical stresses during so-
diation/desodiation. During sodiation, hollow structures can pro-
vide space to accommodate silicon’s volume expansion. During
the expansion process of silicon, the void space within the hollow
structure acts as a buffer, preventing or reducing the possibility
of particle fracture and preserving the structural integrity of the
anode. Nevertheless, it is important to note that there are both
advantages and disadvantages associated with hollow structures
in terms of energy density. On the positive side hollow structures
can maintain better electrical connectivity and thus better energy
delivery over numerous charge/discharge cycles by preventing
extensive particle fracture. On the other hand, however, the ex-
istence of void spaces might also result in a decrease in active
material content per unit volume, potentially reducing the overall
energy storage capacity. Therefore, a trade-off between mechan-
ical stability and energy density would need to be carefully bal-
anced while considering hollow structures.

Another strategy in mitigating the effects of volume expansion
involves integrating Si-NPs into a flexible carbonaceous matrix.
Using carbonaceous matrix as the scaffold to Si-NPs can also act
as a protective coating which minimizes direct exposure to the
electrolyte, reducing undesirable SEI formation. Given the supe-
rior Na storage capabilities of hard carbon,3*1*0-1*3] incorporat-
ing Si-NPs within such a medium can be particularly more advan-
tageous. The use of hard carbon as an anode for SIBs is becom-
ing more popular, but until the writing of this review, hard carbon
has not been used for accommodating Si-NPs. The restrained ad-
vancement of Si-NPs in hard carbon anodes can be attributed to
several factors, including conductivity mismatch, compatibility
with electrolyte, incomplete comprehension of Na storage in hard
carbon, challenges in production, as well as concerns regarding
cost and scalability, among others.

Using Si-NPs in their suboxides form as an alternative to pure
Si-NPs can also offer several advantages, including smaller vol-
ume expansion. As previously discussed in LIBs, Si suboxides ex-
hibit smaller volume expansion compared to their pure Si coun-
terparts, minimizing mechanical stress, and enhancing anode
durability. The cost-effective nature of Si suboxides can make the
production and scaling of SIBs more financially viable, thereby
potentially accelerating their adoption in various applications.
While using Si suboxides comes with the drawback of a reduced
theoretical capacity, it is possible to modulate the oxygen content
of these compounds through various reduction methods. Such
fine-tuning offers a balanced trade-off between anode’s volume
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expansion and theoretical capacity, paving the way for optimized
its performance.

3.2. Electrolyte Compatibility

Side reactions between the electrolyte and Si contribute to non-
ideal SEI formation and effectively reducing overall sodium stor-
age capacity of the anode."* Investigating and utilizing elec-
trolytes with specific additives that remain stable across both low
and high potentials can help curb such side reactions and foster
the creation of a stable, thin SEI layer. In a general sense, for SIBs
to achieve high capacity, stability, and flexibility, the electrolyte
should possess these essential attributes:[14>-147]

Ionic conductivity exceeding 0.1 mS cm~'at room temperature
and higher,

High Na* transference number with minimal electronic trans-
ference,

Wide electrochemical stability range,

Robust mechanical and thermal resilience,

Long-lasting durability, ensuring sustained performance under
the specific device’s operational conditions,

Environmental considerations, and

Cost-efficiency.

Furthermore, development of durable solid-state electrolytes
presents additional advantages, including mitigating safety con-
cerns with some conventional liquid electrolytes.[18]

3.3. Sodium Related kinetic Limitations

The larger ionic size of Na* compared to Li* can result in slower
diffusion rates within anode structure.!?”] Designing engineered
Si structures with larger specific surface area, such as porous
Si, Si nanowires, nanotubes, or hollow spheres can shorten the
diffusion pathways for Na* ions, thus enhancing the kinetics of
sodium insertion and extraction.

3.4. Incomplete Alloying

Under typical battery operation conditions, the conversion to
NaSi might not be complete, resulting in incomplete alloying
and a consequent reduction in capacity. Similar to LIBs, enhanc-
ing the degree of alloying in SIBs can be achieved by optimizing
electrode fabrication and using binders that are compatible with
alloying/dealloying processes.[138149]

3.5. Silicon from Biomass-Based Materials

One of the primary motivations behind developing SIBs is to pro-
duce a cost-effective energy storage solution. Given this trend, in-
troducing high-cost materials (like certain forms of Si nanocom-
posites) into SIBs might run counter to the primary motivation
of cost savings in some cases. A promising approach to reduc-
ing Si production costs is to use biomass as a precursor to pro-
duce Si-based materials. Biomass-derived Si, depending on the
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processing route and the source of the biomass, can potentially
produce a high yield of Si. Rice husks are good example for hav-
ing high silica content which has already been used as a suitable
Si precursor in LIBs.[3-]

For biomass-derived Si, the typical process involves initial acid
washing to remove the impurities. This is usually followed by
a reduction process to convert the silica to silicon. Depending
on the preparation procedure, the resulting silicon might be in
the form of amorphous silicon (a-Si) or nanoparticles (Si-NPs),
integrated within a carbonaceous matrix.®! Given that this Si is
derived from a low-cost, abundant source, it is fully aligned with
the cost-saving motivations of SIBs development.

3.6. Silicon-Based Alloys and Heteroatom Doping

By alloying Si with metals that have higher electrical conductiv-
ity, the electrochemical stability can be improved. This can poten-
tially lead to a more consistent and prolonged charge/discharge
cycling performance, reducing the rapid capacity fade ob-
served with pure Si. Examples of such Hybrid nanocomposites
are porous Si/silver nanostructures used in high-performance
photovoltaic devices, !> SiO,/Ni nanocomposite used in LIBs
anodes,®] and Si/Ge nanorods in SIBs anodes.??] Furthermore,
heteroatom doping has been used as an approach to increase the
electrical conductivity of the anode composites, as well as tuning
the interlayer spacing of hard carbon.!?®1>1-154 Sych alloys and
doping strategies can be further studied and utilized for high-
performance Si-based anodes.

4, Conclusion

While Si boasts the highest theoretical capacity and exhibits the
least volume expansion among alloying-type Sodium-ion batter-
ies (SIBs) anode compounds, it remains an underexplored area
in the development of high-performance SIBs. Reflecting on
Si’s storied past in Lithium-ion batteries (LIBs), the transforma-
tive role of nanoengineering becomes evident. By creating nano-
structured alloys, benefits such as increased gravimetric capaci-
ties, enhanced fracture resistance, shorter ionic diffusion paths,
and controlled volume expansion are realized. Through this re-
view, we encapsulated the evolution and adaptations of Si-NPs
in LIBs, to provide valuable insights for their prospective appli-
cation in emerging battery technologies, especially SIBs. On a
broader scale, it’s evident that Si-based anodes in SIBs are still in
their nascent stages of research. Drawing from our comprehen-
sive literature survey, we identify the following aspects that re-
quire attention in future research path toward high-performing
Si-based anodes in SIBs:

Anode volume expansion leads to particle pulverization, which
contributes to battery cycle life shortening. While the volume
swelling of Si in SIBs anodes is relatively smaller than that of
LIBs (400% in LIBs vs. only 114% in SIBs), it must still be ad-
dressed for commercializing SIBs.

Similar to the existing studies in LIBs, hollow structures can be
developed and used as an approach in alleviating the volume ex-
pansion of Si-based SIBs anodes. However, itis important to care-
fully maintain a balance between energy density and mechanical
stability while considering hollow structures.
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Si-NPs integrated into graphitic carbon matrix, which is a pop-
ular method for alleviating Si-NPs volume expansion effects in
LIBs, might not be equally effective in SIBs. The reason for this
is primarily due to the larger ionic radius of Na compared to Li,
which limits its intercalation into graphite layers. Hard carbon,
on the other hand, has a larger interlayer spacing and is there-
fore a more suitable host for Si-NPs in SIBs. In this manner, a
composite of Si-NPs inside a matrix of hard carbon can provide
a more reliable anode for SIBs.

Although hard carbon is becoming a popular anode for SIBs,
it has not been explored for the integration of Si-NPs. How-
ever, integrating Si-NPs into hard carbon anodes for SIBs re-
mains a highly promising prospect, especially when considering
emerging strategies and technological developments. The use
of biomass-derived hard carbon that naturally contains Si is an
eco-friendly and potentially cost-effective method, taking advan-
tage of the inherent properties of both materials. Furthermore,
advanced material engineering approaches offer tailor-made so-
lutions that can overcome existing challenges. The manipula-
tion of the structural composition and optimization of the nano-
architecture, for example, may provide a solution to the issues of
compatibility and conductivity. Moreover, the exploration of novel
binders, surface treatments, and hybrid structures may facilitate
a more harmonious integration of Si into hard carbon anodes.

Heteroatom doping has already been extensively used in im-
proving the electrical conductivity of Si-based LIBs anodes. The
same strategy needs to be studied further in SIBs as well.

Nanoscale Si could be considered an expensive anode active
material due to the high cost of production. For applications re-
quiring a high level of cost savings and sustainability, using Si-
rich biomass is highly recommended. Si-NPs are naturally inte-
grated within a carbon matrix inside these biomass precursors
in form of SiO,. A variety of structural formations with desirable
properties can be produced by optimizing the preparation condi-
tions, such as carbonization temperature, heat rate, atmospheric
gas composition, heteroatom additives, to name a few.

To achieve high energy efficiency, it is imperative to optimize
the oxygen content of Si oxides active materials. In general,
higher levels of oxygen are necessary for battery applications with
a long lifespan, while lower levels of oxygen are needed for high-
capacity battery applications. This calls for more experimental
studies on the use of different controllable reduction methods
for Si-based anodes in SIBs.

The use of Si in conjunction with metallic elements can also
facilitate the development of high-performance SIBs. As a result,
there are many potential avenues for exploration in this area.

Na storage in hard carbon as well as the mechanism of reaction
between Na and Si oxides are still subjects of discussion. Gaining
an in-depth understanding of these mechanisms is necessary for
designing better Si oxide-based anodes.
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