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Different Dimensional Nanostructured Silicon Materials:
From Synthesis Methodology to Application in High-

Energy Lithium-lon Batteries

Lin Sun,* Jie Xie, and Zhong Jin*

Nanostructured silicon is regarded as one of the most promising next-generation
anode materials for lithium-ion batteries (LIBs) due to its high capacity and
proper working voltage. However, the complexity in preparing nanostructured
silicon and the large volume change in silicon during lithiation and delithiation
impedes its commercial application. Herein, the recent progresses relating to
nanostructured Si-based anode materials are reviewed. The preparation of
nanostructured silicon from dimensionality and methodology is mainly focused
on, and the impactful works on silicon-based anodes, as well as the recent
research directions in this field, are outlined. Finally, key lessons from the
successes so far are reviewed, and further perspectives to enable the application

of silicon-based anodes in practical LIBs are offered.

1. Introduction

As one of the semiconducting materials with outstanding prop-
erties, silicon (Si) has been widely used in a variety of applica-
tions in semiconductor technology development. Especially in
the photovoltaic industry, more than 90% of photovoltaic cells
are exploited based on Si building blocks."! In addition, Si is
the second-most abundant element of the Earth’s crust and is
considered to be limitless in supply, which will significantly
lower the potential cost. In recent years, porous materials have
been in the spotlight of research areas, ranging from adsorption,
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separation, to catalysis due to their huge
specific surface area and ordered micro-,
meso-, and macropores. Thus, the prepara-
tion and application of porous silicon (pSi)
have also attracted researchers’ interests.!”]
However, up to now, there have been few
reports related to the effective and facile
preparation of pSi, which is attributed to
the high activity of pSi with a high surface
area, as well as the limited preparation
approaches. Alternatively, people turned
to focus on the synthesis of Si nanoparticles
(Si NPs). (In many situations, Si NPs
exhibit comparable performances when
compared with pSi; also, in contrast to the
preparation of pSi, it is relatively toilless
to obtain Si NPs.)

It is well known that Si-based anodic lithium-ion
batteries (LIBs) represent a kind of energy storage device with
ultrahigh lithium storage capacity when compared with tradi-
tional graphite ones. However, Si suffers from huge volume
changes during lithiation and delithiation, thus easily resulting
in the pulverization of the electrode and unstability of the formed
solid electrolyte interphase (SEI) film. Common approaches to
dealing with the problem include the nanomerization of
bulk Si materials as well as the rational design of some unique
Si structures to confront with the aforementioned issues.
Certainly, controllable design and preparation of nanomaterials
with low cost and in facile conditions are always the key and fun-
damental issues needed to be addressed in the process of com-
mercialization. Moreover, there are many curious phenomena
within nanomaterials, such as size and quantum confinement
effects, which can significantly change their physical and chemi-
cal properties, thus making such materials have huge potential
applications in the fields of optoelectronics, sensors, biology,
etc.’! In the past few years, many highlighted works have been
conducted to prepare multifunctional Si for LIB applications, so
it is necessary and important to summarize these works. This
review will illustrate a brief scope in recent years, covering the
various preparation methods of Si nanomaterials in different
dimensions and their applications as anodes in LIBs.

2. Current Development Trends of Si
Nanomaterials

Theoretically, Si should be featured with low cost because of its
abundance. However, the current market price of Si nanomaterials
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is very expensive, which is mainly attributed to the extremely rare
form of Si, in the form of elementary substance. Alternatively,
the forms of existence of Si in nature are usually oxides and com-
plex silicates. As we know, it is very difficult to obtain elementary
Si from these oxides and complex silicates because of the huge
energy needed when breaking the chemical bonds such as Si—O
and Si—Cl. Moreover, it should be indicated that the soluble and
effective precursors that can be used to prepare Si are very lim-
ited. From views of applications, as one of the most important
electrical materials in industry, Si is an indirect band-gap semi-
conductor with outstanding properties and has been widely used
in logical switches, sensors, solar cells, etc.” Nonetheless, the
photon adsorption and emission processes of Si are usually
related to phonons. Therefore, Si will transform the adsorbed
photo-energy into lattice vibrational heat energy, which will
further lead to low luminous efficiency. Thus, Si is usually not
regarded as the ideal building block for fabricating photoelectric
devices.

Monocrystalline Si has already proved its values in the field of
photovoltaics. Although bulk Si is not suitable for fabricating
luminescent devices, in the past few years, researchers found
that Si NPs (or Si quantum dots [Si QDs]) are effective fluores-
cent materials. For example, as shown in Figure 1la—c, He and
coworkers modified carbazole molecules on the surface of Si
QDs, elevating the fluorescence quantum yield of Si QDs up
to 75%.°) More recently, this record was refreshed once again.
As shown in Figure 1d-g, Li et al. used sodium naphthalene
to reduce SiBr, in glycol dimethyl ether solvent, after modifying
with tetrahydrocarbazone on the obtained Si NPs (particle size is
~5.2 nm), and the fluorescence quantum yield of Si NPs reached
as high as 90%, which is comparable with commercial dyes and
some classical fluorescent QDs.[%)

Moreover, it should be pointed out that fluorescent Si NPs
are preferred by researchers in life sciences because of the
biodegradability and nontoxicity of Si. Specifically, Si NPs with
luminous efficiency in red or near-infrared regions are very
appropriate for diagnosing and detecting diseases.”!

In the past decade, Si-based nanomaterials have received a
lot of attention in energy areas, especially as anodes in recharge-
able LIBs. Si anodic LIBs deliver a theoretical capacity of
z4200mAhg’1, which is ~11 times than that of commercial
graphite ones.®) However, the cyclic performance of Si anodes
is usually not satisfied because Si exhibits volume changes of
~300% upon lithium alloying and dealloying, which will result
in fracture and loss of the electrical contact and growth of an
unstable SEI on the Si surface. To tackle the issue, Si NPs have
been used as anode materials for LIBs because nanoscaled struc-
tures with large surface areas and abundant interspaces between
particles not only effectively address the pulverization problem of
the Si anodes, but also allow high operation rates.

3. Classifications of Nano-Si Materials

Nanomaterials are typically classified into 0D NPs (including
QDs), 1D nanowires (NWs) or nanotubes, 2D nanosheets, and
3D porous materials from a size perspective. Similarly, Si nano-
materials can also be classified from a dimensional perspective.
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3.1. OD Silicon Particles

The size of 0D Si NPs is less than 100 nm, because the 0D
material has a particularly obvious quantum confinement effect,
especially the Si QDs, and their sizes are only a few nanometers.
Moreover, the photoelectrical property of Si is greatly changed
when its size is close to the Bohr radius (about 4 nm) because
of its indirect band-gap feature. More importantly, Si is a biocom-
patible substance; therefore, the merits of Si QDs have attracted
much attention in life science such as cell imaging, biological
probe, and drug transportation. In recent years, a series of
methods for synthesizing Si QDs have been developed, among
which the most common and relatively popular ones are solution-
based syntheses such as chemical reduction’” and microwave
synthesis."”) The chemical reduction method is a direct reduc-
tion of surface-exposed or protected Si QDs by a strong reducing
agent in the presence of an organosilane in a certain organic
solvent. As early as 1992, Heath first used this method to obtain

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED

Energy Technology

ion, Conversion, Storage, Distribution

SCIENCE NEWS

www.advancedsciencenews.com

www.entechnol.de

(a)
CI1-Si NPs QQ
icl & . Di-Si NPs
SiCl, glyme
Na(naphthalide) Le Ca-Si NPs
oil-dispersibl
(b) ()
d Ca-SiNPs Ca-Si NPs
E ——Di-SiNPs | 5] —Di-Si NPs =
Ky — CI1SiNPs | & ] =
£ 8 B
2 £ 3
§ 3 z.
£ <
4 o/ .n ;”
i d QY 50% o £
1 QY 8% 1
= — d
350 400 450 500 550 600 650 300 350 400 450 500 550 600 650 700
Wavelength / nm Wavelength / nm
(d)
SiBr, Br-Si NPs ~ On-Si NPs
glyme S
Si

Na(naphthalide)

FWHM
40 nm!

QY: ~90% !

~52nm

00 500
Wavelength (nm)

T T

600 700

Figure 1. a) Scheme of solution reduction syntheses and surface modification to prepare highly luminescent water-dispersible SiNPs. b) PL spectra of SiNPs
before and after surface modification. c) Normalized PL and UV-Visible absorption spectra of the two surface-modified SiNPs. d) Scheme of modified Si QDs
with ultrahigh fluorescence quantum yield via solution reduction method. e) Optical photo of On-Si dispersing in glycol dimethyl ether. f) TEM image of
On-Si. g) Photoluminescence (PL), photoluminescence excitation (PLE) and absorption spectra (ABS) of On-Si. (a—c) Reproduced with permission.?!
Copyright 2013, American Chemical Society. (d-g) Reproduced with permission.®! Copyright 2016, American Chemical Society.

crystal silicon via reducing SiCl, or RSiCl; by metal sodium in a
nonpolar organic solvent under high temperature and high
pressure (385°C more than 100 atmospheres).'"! A series of
preparation methods based on simple chemical reduction have
been developed. As shown in Figure 2,0 SiCl, is usually used as
a Si source in an ether solvent, and LiAlH, and NaC;oHg are gen-
erally used as reducing agents. At the same time, the prepared Si
QDs can also be protected by surface passivation by adding some
protective groups. In addition, a modified chemical substitution
method is also a relatively common strategy for preparing Si
QDs. Zintl compounds such as KSi, NaSi, or Mg,Si are used as
Si sources, and Si QDs are obtained by reacting a corresponding
Si halide or Br,, NH,Br, as well as the like as an oxidizing
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agent at room temperature or under heating for a sufficient
period of time.!"*

Microwave-assisted synthesis is a popular method for synthe-
sizing functional QDs.!" At the same time, the synthesis of Si
QDs by the microwave method has also been widely used. One of
the biggest advantages of microwave-assisted methods is that it
can greatly shorten the reaction time under the microwave con-
dition, and a large amount of functional nanomaterials can be
obtained in a short time. Although the mechanism of micro-
wave-assisted synthesis of nanomaterials is still not very clear
at present, this method can indeed provide a shortcut for the syn-
thesis of functional nanomaterials. For example, as shown in
Figure 3, Ye et al. obtained Si QDs with the maximum emission
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Figure 2. Preparation of surface-functionalized Si QDs based on chemical
reduction method. Reproduced with permission.'? Copyright 2014,
American Chemical Society.
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Figure 3. Schematic illustration of Si NP synthesis. Reproduced with
permission.l"”! Copyright 2016, American Chemical Society.

wavelength of ~660 nm by adding glutaric acid under a micro-
wave-assisted reaction at 185 °C for 10 min.!"! The obtained Si
QDs have a very narrow size distribution of about 4.5 nm. In
addition, Si QDs can also be synthesized by other less common
methods, such as the hydrothermal method,*® self-assembly,™”!
the cosputtering method,™® supercritical fluid preparation,™
and high-temperature laser synthesis.[?”

3.2. 1D Silicon Nanowires

1D Si NWs have received wide attention in both physical and
chemical fields due to their unique structures. The reason
why people are interested in Si NWs is mainly because they have
many novel unique properties such as optoelectronics, magne-
tism, and mechanics, which are significantly different from other
low-dimensional semiconductor materials, which make them
possess huge potential applications in field-effect devices,
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single-electron memory devices, photodetector devices, sensors,
and luminescent materials.”"! As early as 1964, Wagner et al. first
synthesized Si NWs by the vapor-liquid-solid (VLS) method.?*”
It is considered that the synthesis of Si NWs by VLS method is
one of the most earliest and mature synthesis strategies, and a
large series of relevant methods have been developed so far, such
as the chemical vapor deposition (CVD) method, physical evapo-
ration method, and other similar ones. The mechanism of the
VLS method can be explained by the following Si—Au binary
phase diagram (Figure 4).%%! First, the Si is formed by the cleav-
age of the Si—Si bonds in precursors to form a eutectic droplet
above the eutectic point of <363 °C on the Au particles growing
on the substrate. When Si atoms that continue to be cleaved fall
onto this droplet, the Si atoms therein will reach saturation. The
Si NWs are formed by gradually growing in one direction accord-
ing to the principle of lowest energy. In this mechanism, metals
play very important roles in nucleation, so people can prepare Si
NWs with different diameters by regulating metal species and
temperature.

Based on the VLS reaction mechanism, various Si nanotubes
and NWs have been synthesized so far. The synthesis methods
are also diverse, such as CVD,* in which VLS-based metal-
catalyzed CVD is more common, and metal-assisted solution
etching.”>! These two methods were regarded as the typical
“bottom-up” and “top-down” strategies for the preparation of
Si NWs. In CVD methods, silane and silicon halide are generally
used as precursors to prepare Si NWs by thermal decomposition
at a high temperature. All key indicators of NWs such as chemi-
cal composition, diameter, length, and doping can be precisely
controlled by regulating the crystal growth environment. For
example, the thinnest NWs are currently known to be only a
few nanometers,”*! and the longest NWs can reach a few
millimeters.*”!

At present, the mainstream process for preparing Si NWs
should be metal-catalyzed VLS growth. In the implementation
of this process, one of the active metals (such as Au, Fe,
Ni or Al, etc.) is first deposited on the Si substrate by sputtering
or evaporation and then heated, using the eutectic action
of the metal and Si substrate to form alloy droplets.*!
Thereafter, by the vapor phase transport of the source gas con-
taining Si or the thermal evaporation of the solid target, atoms
participating in the formation of the Si NWs are agglomerated

AuSi () 1414

o
‘; Alloying  Nucleation Grow
5
© 1064 l_
g
E
2 RN AuSi () + Si (s)

— 363

Au (s) + Si ()
Au Atomic Percentage Si

Figure 4. Binary phase diagram of Si-Au. Reproduced with permission.?*!
Copyright 2008, American Chemical Society.
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into nuclei at the droplets, thereby forming Si NWs with a certain
shape, diameter, and length in a certain direction. Compared
with gas phase synthesis, solution synthesis can effectively reg-
ulate the structural properties and preparation conditions of
nanomaterials. Therefore, based on the classical VLS growth the-
ory, a method for preparing Si NWs based on solid-liquid-solid
(SLS) and supercritical fluid-liquid—solid (SFLS) has also been
developed in the past two decades. As early as 2000, Si NWs with
a length-to-diameter ratio of 1000 were prepared by Korgel’s
group at 500 °C and 200 to 270 bar using Au nanocrystals with
a size of about 2.5nm as seeds and diphenylsilane as the Si
source.””! At the same time, the crystal orientation of the
obtained Si NWs can be controlled by regulating the pressure.
Clearly, the synthesis conditions at 500 °C and 270 bar pressure
are still too harsh. In 2008, based on the SLS growth mechanism,
Si;Hg was used as the Si source, and nano-Au or Bi was used as
the seed. Si NWs were grown under normal pressure conditions
in a solution of octadecane or pin squalane.*”

Metal-assisted solution etching is a typical synthesis method
using the “top-down” strategy. A common and low-cost method
is utilized to deposit a layer of nanoprecious metal such as Ag on
the surface of a single-crystal Si substrate. This layer of precious
metal can greatly accelerate the redox reaction rate of the inner Si
that is in contact with it. As the reaction progresses, the bulk Si is
etched to form a NW array. The etching solution usually involves
HF and H,0,, and as this method is simple in operation, it is
widely used for large-scale production of Si NWs.[*!

Recently, Rey et al. integrated the “bottom-up” and “top-down”
synthesis strategies and invented a “soft NP template” technique
to synthesize Si NW arrays with controllable length, site, and
spacing.*”! As shown in Figure 5, monodispersed microgel par-
ticles are grown at the water-n-hexane interface, the microgel
particles being compressible (because of the coated cross-linked
and water-soluble polymers). Figure 5a,b shows the states of the
surface microgel particles at the water and water—oil interface,
respectively, and ¢ and d shows the alignment of the microgel
particles from top down. By inserting the Si substrate into the
water—oil solution containing the microgel particles at different
angles, the microgel particles at the water—oil interface are plated
with the Si substrate, the arrangement pitch of the microgel
particles on the Si substrate can be controlled by controlling
the difference in the insertion angle (changing the surface pres-
sure). Under photolithography, the microgel particles on the Si
substrate become swollen (growth to a certain height), as shown
in Figure Se,f. Then, a 10 nm-thick layer of Au (Figure 5g) is
applied to the surface. This microgel particle provides a tunable
nanotemplate for growing Si NWs and grows regular NW arrays
(Figure 5h). The main advantage of this method is that it can
precisely regulate the growth site of the NW array and the dis-
tance between the lines and the line.

3.3. 2D Si Nanosheets

Due to the ultrathin structure and unique optoelectronic proper-
ties, 2D materials such as graphene and MoS, have attracted
much attention.** Compared with graphene, the synthesis of
2D Si nanosheets is restricted mainly due to the limitations of
Si sources and preparation methods. It should be realized that
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synthesizing Si sheets with single atomic layer thickness is very
difficult. The current reported strategies for obtaining Si nano-
sheets are generally based on CVD methods. For example, Kim
etal.?4 used H, as a carrier gas and introduced SiCl, into a CVD
furnace at 1000 °C to prepare Si nanosheets with a thickness of
~2 nm without any catalysts, and meanwhile the luminescence
properties were investigated; the results are shown in Figure 6.
However, in general, 2D Si prepared by this method is complex,
and the thickness cannot be precisely controlled, and it is difficult
to exert the optimal performance of the 2D material.

It is pointed out that the solution method has always been on
the spotlight for preparing nanomaterials because of the feasibil-
ity in operation, the mild and uniform reaction condition, and
being relatively easy for large-scale production. Considering that
CaSi, is a layered Zintl compound, if the Silayer and the Ca layer
can be separated by a certain methodology, it is nonetheless a
good way for preparing 2D Si nanostructures. Yamanaka
et al.’>! developed a method for stripping CaSi, in a strong acid
(concentrated hydrochloric acid) system as early as 1996 and
studied the effects of reaction temperature, acid concentration,
and reaction time on the product in detail. The results show that
no obvious oxygen can be detected on the surface of the Si sheets
obtained by the reaction at —30 °C for about 1 week. Instead, the
surface H-passivated SigHg nanosheet is obtained. However, due
to the instability of the Si—H bond, further surface modification
should be conducted on the basis of the SigHg nanosheet, and
some related works have been performed.*! Recently, our group
has also developed a novel solvothermal method to prepare ultra-
thin SiO, nanosheets and investigate their applications in high-
energy LIBs with long lifetimes.[*”!

Instead of the exfoliation of Zintl compound CaSi, to produce
Si-based nanosheets, some unusual strategies can also be used.
Recently, Ryu et al.’® used natural montmorillonite as raw
material to synthesize Si nanosheets with a thickness of 5 nm
in two steps. First of all, montmorillonite and nitrate are ground
and heat treated at 250-320°C (prestripping stage). Then, the
obtained prestripped montmorillonite was mixed with Mg pow-
der and NaCl, and a thin Si nanosheet was obtained by secondary
peeling of NaCl and Mg thermal reaction. Similarly, as a compar-
ison, direct reduction of montmorillonite by Mg thermal method
can only obtain broken Si NPs without obtaining 2D structures.
After carbon modification, the C-SiNS composite anode exhibits
excellent cycling stability after cycling at different current
densities; the results are shown in Figure 7a,b. A similar route
for producing Si nanosheets can also be applied in natural ver-
miculite,*” as shown in Figure 7c,d.

3.4. 3D Silicon Porous Si Materials

In addition to 0D, 1D, and 2D materials, 3D porous materials
have always been the focus of researchers. For porous materials,
the pores themselves are attractive enough; especially in the
field of catalysis, porous materials featured with rich pore types
and high specific surface areas have very large impacts on
performance.*”) Among them, Si porous materials have always
been the “star” substances with people’s awareness of health and
the importance of life sciences. The integration of nanotechnol-
ogy and life sciences makes pSi a powerful tool for diagnosing
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Figure 5. a,b) A schematic illustration of microgel particles in bulk water and at an oil /water (o/w) interface, respectively. c,d)Top view of the structure of
the gel monolayer at different degrees of compression. The deposited microgel array e) is swollen in photoresist, leading to an increased particle height
from the substrate. f) A 10 nm layer of Au is deposited and g) the microgels provide masking for the contact between the Au layer and the Si substrate.
h) Upon exposure to the etching solution, the metal-assisted chemical etching (MACE) reaction proceeds around the swollen microgels, causing the
formation of VA-Si NWs that replicate the lateral geometry of the customized microgel shadow mask with high fidelity. i) Center-to-center NW separation
and corresponding pressure as a function of position x on the substrate. j) SEM cross-section of the VA-Si NW array, scale bar 1 pm. Reproduced with

permission.??l Copyright 2016, American Chemical Society.
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Figure 6. a,b) SEM images of Si Nanosheet (NSs) grown on a Si substrate
with a growth time of 30 min. c) SEM image of cross-sectioned substrate.
d) A typical low-magnitude TEM image of Si NSs. €) A high-resolution
transmission electron microscopy (HRTEM) image of Si NSs, showing
the single-crystalline nature of the Si NS. f) Selected area electro diffraction
(SAED) pattern of Si NSs. g) The image exhibiting the luminescent emission
from an ethanol solution containing Si NSs when irradiated with UV light.
h) Room-temperature photoluminescence (PL) spectra of Si NSs dispersed
in an ethanol solution (black, solid) and as-grown Si NSs (red, dotted)
excited by a wavelength of 325 nm using a He—Cd laser. Reproduced with
permission.?“l Copyright 2011, American Chemical Society.

diseases. In the field of life sciences, drug transportation is insep-
arable from the help of porous nanomaterials, and pSi is biocom-
patible, which greatly expands their application ranges.

The synthesis of pSi materials can be roughly classified into
two types: “dry method” and “wet method”. The so-called “dry
method” is through solid phase synthesis, such as CVD, ion/
plasmon etching, and hard template methods commonly used
in the field of microelectronics.*!! For example, Fan et al.*?
prepared a Si/C composite via spray drying by dispersing Si
NPs with particle size ranging from 80 to 160 nm in aqueous
solution containing a certain amount of glucose and NaCl; as
shown in Figure 8, Si/C materials with different carbon contents

Energy Technol. 2019, 7, 1900962

1900962 (7 of 19)

www.entechnol.de

can be prepared by controlling the amount of glucose. pSi mate-
rials with different pore distributions can be obtained by control-
ling the amount of NaCl used.

For another example, as shown in Figure 9, Wang et al.[**!
mixed SiO, and NaCl uniformly and reduced SiO, to elemental
Si by Mg thermal reduction. The inorganic salts of NaCl and in
situ-formed MgO were used as hard templates and subsequently
washed away to produce disordered pSi material. The obtained
compound has a high specific surface area of around 242 m* g~ .
The pSi material and the C nanotubes are combined to exhibit
excellent electrochemical performance as a negative electrode of
lithium batteries. The battery is charged and discharged at a
current density of 0.5 °C for 500 cycles, the capacity degradation
is less than 20%, and the reversible capacity is up to
3000Mahg™.

The so-called “wet method” is generally based on solution
methods, using chemical or electrochemical reactions combined
with hard templates. For example, Dai et al.*? used NaK alloy to
reduce SiCly in a toluene solution, and KCl and NaCl inorganic
salts were used as pore-forming agents, as shown in Figure 10a.
The elemental Si materials with mesoporous distribution are
obtained by washing the inorganic salts, and the high-temperature
crystallization treatment in inert atmosphere is more favorable for
the stability of the channels, and the obtained crystallized Si mate-
rials exhibit a better performance for the photolysis of water to
produce hydrogen.

Although the reduction of SiCl, by NaK alloy is relatively
rapid, it is not suitable for practical use due to the danger and
toxicity of NaK alloy. On this basis, Lin et al.**! recently developed
a solvothermal-based Mg reduction method. That is, in the
ethylene glycol dimethyl ether solution, the metal Mg powder
is used to reduce SiCl, under solvothermal conditions at
100 °C, and the surface-oxidized pSi is synthesized using in situ
MgCl, as a pore-forming agent material. The preparation process
is shown in Figure 10b.

4. Applications of Si-Based Anodes in LIBs

4.1. Current Developments in LIBs

LIB has a high specific capacity, low self-discharge rate, no mem-
ory effect, and good cycle stability. It is currently the most prom-
ising high-efficiency secondary battery. The working mechanism
of LIBs is shown in Figure 11a. The vigorous development in
LIBs has also promoted the research of its positive and negative
materials, especially the research on negative materials. As
shown in Figure 11,1*®! at present, research on anode materials
for LIBs mainly focuses on carbon materials,'*”! metal oxides
such as many transition metal oxides TiO,, CuO, NiO, Fe;0,,
Sn0,, etc.,*® IV main group materials (Si, Ge, Sn), etc.*) At
present, the commercial LiB anode is based on graphite. As early
as the 1980s, it was found that the intercalation reaction potential
of lithium metal in carbon materials is close to that of Li/Li".
Moreover, the mechanism of carbon anodes is mainly the inter-
calation and deintercalation of lithium ions between the carbon
layers, which will not destroy the structure of the active material,
and the carbon material also has superior electrical conductivity,
thus endowing it excellent cycle performance. However, the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

www.advancedsciencenews.com

ion, Conversion, Storage, Distribution

www.entechnol.de

(a) e Q RAH,
R — “ J XNO,
<. Agitation Mg HA
e — o
= ~ B
Method |
XNO, (X BLi, Na, K) 9 ‘/' ’
Method 1 o
<@ o [eall  Sfrees L=
= -—eﬁ& L)
2omisr s - a ) 39)
WEEE T 13, <295 Qo
15m °®
(b)“ 2000
R 100
g | —o02Cf 3
T 15004 1200 mAh g“ *05Cr9 2
< { o
> P — 865 mAh g * 10C g £
‘c 1000+ N\ =
S 670 mAh w
g8 9\lgs o
S K]
o 500 B
g s +80 o
5 Graphite (~372mAh g") 3
5 0 . : ; : . . 75 O
0 100 200 300 400 500 600 700

—
(¢)
~

4

Cycle number (n)

Figure 7. a) Schematic illustration shows synthetic routes for preparing Si nanosheets using two different strategies. b) Long-term cycling performance of
C-SiNS electrodes at three different C rates (0.2, 0.5, and 1.0 °C). c) Scheme of the exfoliation of vermiculite. d) Cycling performance of Ver—Si and nano-Si
at 0.1A g™ over 100 cycles. (a—b) Reproduced with permission.’® Copyright 2016, American Chemical Society. (c-d) Reproduced with permission.®!

Copyright 2019, Elsevier.

drawback of carbon electrodes is that the carbon material is
prone to solvent coinsertion, thereby reducing its lithium inser-
tion performance. Moreover, the lower theoretical capacity of
carbon materials (about 372mAh g ") is gradually unable to
meet the increasing demand for high energy density.

In view of this, in recent years, a series of alloy-based anodes
have been developed due to their high specific capacity, such as
Si, Ge, Sn, and some metal oxides as described earlier. Among
them, the elemental specific capacity is up to 4200 mAh g~ for
elemental Si, which is 11 times than that of graphite. Moreover,
the discharge potential of Si negative electrode is about 0.2 V with
respect to the Li/Li* electrode, which is lower than that of most
alloyed metal oxide anodes.”® Regarding Si as anodes, a full bat-
tery having a high energy density can be obtained at such a low
operating potential. In addition, due to the abundance of Si
elements and low potential cost, among the current alloy negative
electrode materials, Si has attracted the most attention.

Energy Technol. 2019, 7, 1900962
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4.2, Various Si Nanostructures as Anodes in LIBs

Nowadays, Si-based nanomaterials play very important roles in
the field of energy storage and conversion. In terms of energy
storage, Si as an electrode material has received extensive
attention and in-depth research in the field of supercapacitors,
especially in LIBs.*!) Compared with the current commercial
graphite anode, Si anode is a new type of alloyed electrode mate-
rial. The charge—discharge mechanism is quite different from
that of graphite anode. In the process of charge and discharge,
graphite anode is mainly used as a host to insert and extract Li
ions between graphite layers to realize the charge and discharge
process, resulting in a lower capacity (=372mAhg™). The
alloyed negative electrode material such as Si is formed using
Si and Li to form an alloy compound during charging and
discharging, and one Si atom can bond more than four Li
atoms, so the Si anodic lithium battery has a very high specific
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different magnifications after washing; inset image in (d) presents the morphology inside Si/C. Reproduced with permission.* Copyright 2016, Elsevier.
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Figure 9. a) Scheme of monodisperse pSi sphere formation through surface-protected magnesiothermic reduction. b) X-ray diffraction (XRD) patterns and
¢) Raman spectra of solid silica spheres and monodisperse pSi. d) SEM micrographs of monodisperse solid silica spheres, inset shows the high magnification
SEM micrograph of the silica sphere. €) SEM micrograph of monodisperse pSi spheres. f) Cycling performance and coulombic efficiency of monodisperse porous
silicon nanospheres (MPSS) electrodes at a higher current density of C/2. Reproduced with permission.**! Copyright 2015, Springer Nature Publishing AG.
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2014, Springer Nature Publishing AG. (c—

capacity. (When Lis,Si is formed, the specific capacity is
~4200 mAh g~ ".)P? Such a high energy density has a very attrac-
tive application prospect; whether in aerospace, electric vehicles,
or small laptops, mobile phones, etc., there is an urgent need for
lithium batteries with high energy density. In addition, Si fea-
tured with a low working potential (<0.5V), abundance in the
Earth’s crust, and environmental friendliness lay a solid founda-
tion for the practical application of Si-based anode materials in the
lithium battery industry.”®) However, the prospects for the appli-
cation of Si-based nanomaterials in the field of lithium batteries
are attractive, but there are still many practical difficulties that
need to be solved (mainly in the formation of alloys, the active
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. (a-b) Reproduced with permission.!* Copyright

e) Reproduced with permission.!*”! Copyright 2016, Wiley-VCH.

material itself undergoes a huge volume change, resulting in
the pulverization of electrode and instability of SEI film.
Meanwhile, poor conductivity and low ion and electron migration
rate also result in a low rate performance). In this Review, we
focus on the research progress of Si-based nanomaterials as
anodes in lithium-ion secondary batteries in recent years, includ-
ing the application of Si nanomaterials with different structures
and the postprocessing of Si nanomaterials to solve the problems
encountered in the process of charge and discharge.

Reducing or eliminating the adverse effects caused by the
large volume change in the Si-based negative electrode material
during charge and discharge can be realized by reducing the size
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Figure 11. a) Schematic illustration of the working mechanism of LIBs.
b) Classifications of positive and negative anodes in LIBs. Reproduced
with permission.**! Copyright 2014, American Chemical Society.

of bulk Si material into nanoscale. Due to the large specific sur-
face area of the nanomaterials, the relatively large voids between
the particles can form a buffer, releasing the stress caused by
volume change. To this end, a series of different Si nanostruc-
tures has been synthesized to obtain electrode materials with
good electrochemical properties, and the summary results are
shown in Table 1.

4.2.1. 0D Si Nanoparticles

Si NPs are regarded as the most easily synthesized Si nanoma-
terials. At present, the method for industrially preparing Si
NPs is generally obtained by pyrolysis of silane precursors at
high temperatures via the CVD method. The obtained Si
NPs have a uniform size distribution, good crystallinity, and
good electrochemical performance. At present, commercial
Si NPs prepared by the CVD method are generally utilized
as negative electrode materials for lithium batteries. For exam-
ple, Cui et al. found that the incorporation of 5wt% polyro-
taxane to conventional polyacrylic acid (PAA) binder imparts
extraordinary elasticity to the polymer network originating
from the ring-sliding motion of polyrotaxane. This binder com-
bination keeps even pulverized silicon particles coalesced
without disintegration, enabling stable cycle life for silicon
microparticle anodes at commercial-level areal capacities,®!
as shown in Figure 12.

Shang et al. developed an in situ weaving strategy to apply ultra-
thin graphdiyne nanosheets in solving Si anodes.”® The in situ
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weaving strategy greatly improves the interfacial contact among
the components of the electrode. Combining with the conductivity
and in-plane atomic-level cavities of graphdiyne, such a structure
obtains plenty of channels for the fast migration of both electrons
and ions, the scheme is shown in Figure 13.

As the volume of active material varies greatly during the cycle
of charge and discharge of the Si negative lithium battery, the
particle size of the Si NPs has a great influence on its electro-
chemical performance. Wang et al.®! prepared Si QDs with a
particle size of ~3 nm and surface amination under microwave
assist. The Si QDs were loaded onto the graphene sheet (GNS)
surface by surface functionalization, as shown in Figure 14a. The
obtained Si QD-GNS composite material has excellent electro-
chemical performance as a negative electrode of a lithium bat-
tery. The cycle stability test result of the battery is shown in
Figure 14b, and at a high current density of 2Ag " and 500
cycles of charge and discharge, the Si QD-GNS negative lithium
battery has almost no capacity attenuation (red line). As a com-
parison, the Si NPs with a particle size of ~50 nm were directly
combined with graphene, and it is shown that the capacity decays
very rapidly (purple line) at a current of 2 A g™, Tt is shown that
the size of Si particles also has a significant impact on their cycle
stability. Certainly, up to now, all sorts of routes have been devel-
oped for obtaining Si or Si-based composite electrodes to
enhance the electrochemical performances.””

4.2.2. 1D Si Nanowires

Due to the discovery and application of VLS growth mechanism,
Si NWs are prone to grow on some substrates and relatively
well-developed lithium battery anode material due to their good
electrical conductivity.[68’71'98] As shown in Figure 15, as the vol-
ume change in the Si negative electrode material during the cycle
charge and discharge is about four times that of itself, the Si film
or the Si NPs plated on the substrate is pulverized. However, if it
is a Si NW array grown on a current collector, due to the struc-
tural characteristics of the 1D material, the volume expansion
coefficient in the direction perpendicular to the radial direction
is small during charge and discharge, and the gap between the
NWs can completely tolerate the volume change, so the Si NW
can ensure the structure’s stability during the electrochemical
reaction. However, further studies have shown that the morphol-
ogy of Si NWs during charging and discharging is not completely
unaffected. Holes are formed on the surface of Si NWs after sev-
eral decades of in-line lithium removal. The main reason for the
formation of these pores is caused by the removal of Li from the
Si-Li alloy during delithiation.”® Cui et al.'*” found through
further research that the size of these holes gradually increased
with each cycle. Interestingly, they found that these holes have a
“memory effect”, that is, as each cycle progresses, no new holes
are formed, and the shape of the original holes does not
change, but the hole size gradually becomes larger. A more
reasonable explanation for this is that the holes formed during
the lithium intercalation process are not completely closed due to
the filling of Li. Therefore, during delithiation, when the diffu-
sion rate of Li* on the surface of the material is much faster than
the diffusion rate of internal Li*, the pores gradually become
larger.
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2010-2019 Anode Synthesis method Current density Discharge capacity Cycles Capacity retention Ref.
(mAg ] [mAhg ] rate (%)

Si NPs SiQD-GNS Solvothermal 2000 890 500 >98 [8]

SiNP/C Commercial 100 768 80 62.6 [54]

SiNP/C Commercial 1000 803 50 83 [55]

SiNP/C Commercial - 626.7 10 40 [56]

Silicon/MXene Vacuum filtration 200 2118 100 84.7 [57]

SiNP/Al Al reduction 200 740 100 64.5 [58]

SINP/C Mg reduction 600 954 200 74 59]

SINP/G Mg reduction 200 2050 200 51 60]

SiNP/C Mg reduction 100 1250 100 90 [61]

SiNP/C VD c2 750 100 68 [62]

SiNP/CNT CvD 1000 1000 100 66.7 [63]

SiNP-C CvD 1C 1400 100 87.5 [64]

SiNP-C Ball milling 1400 1508 100 70.4 [65]

SiINP-MWCNT Magnetron sputtering 620 100 18 [66]

SiNP-C Magnetron sputtering 200 1900 200 86 [67]

Si NWs SiNW/C SFLS 2000 1200 1000 90 [68]

SiNW/SiO, Metal-assisted chemical etching 200 2279 50 83 [69]

SiNW Mg reduction 500 1826.8 50 88.1 [70]

SiNW/PEDOTa) VLS 840 2510 100 80 [71]

SiNW CvD 420 321 650 100 [72]

SINW@G-CNT CVvD 420 1000 100 50 [73]

SINW/C Lithography 300 1450 50 98 [74]

Si NSs SiNS/C CaSi, exfoliation - 1450 10 76 [75]

SiNS/SiO, CaSi, exfoliation 1000 647 50 81 [76]

SiNS/C Mg + NaCl reduction 1000 865 500 92.3 [38]

SiNS Mg reduction 100 900 100 40 [39]

SiNS/G Mg reduction 500 1500 50 60 [77]

SiNS/C Mg reduction 4000 1072 500 100 [78]

SiNS DC® arc discharge 100 441 40 22 [79]

SiNS Hard template 0.1C 600 100 15 [80]

pSi pSi/CNTs Mg reduction C/2 1500 500 80 [43]

C@pSi@GF CVD + Mg reduction 1000 969 200 81 81]

pSi nanotube Hard template C/20 1670 30 54 [82]

pSi Hard template 1C 2100 100 80 [83]

pSi/C Electrochemical etching 1 750 1000 80 [84]

pSi/C Solution method 2000 847 320 90 [85]

pSi Solution method 1000 851 350 69 [86]

pSi@C Mg reduction 0.2C 1257 200 87.5 [87]

pSi@C Mg reduction 200 1552 200 ~100 [88]

pSi Hard template 0.1C 1800 400 ~99 [89]

pSi Bi dealloying 1C 2100 100 84 [90]

pSi@C Mg reduction 50 N 30 N [97]

pSi@C Mg reduction 500 1790 100 96 [92]

pSi@C Mg reduction C/2 705 500 25.5 [93]

pSi@C Mg reduction 200 900 300 85.5 [94]

APEDOT: Poly (3,4-ethylenedioxythiophene). ¥ DC: Direct current.
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Figure 12. a) The pulley principle to lower the force in lifting an object. b) Graphical representation of the operation of polyrotaxane (PR)-PAA binder to
dissipate the stress during repeated volume changes in Si microparticles (SiMPs), together with chemical structures of polyrotaxane and PAA.
¢) Schematic illustration of the pulverization of the PAA-SiMP electrode during cycling and its consequent SEI layer growth. d) The initial charge—discharge
profiles of the PR-PAA-SIMP and PAA-SiMP electrodes when measured at 0.033 °C (100mA g™ "). e) Cycling performance at 0.2 °C, along with coulombic
efficiencies. Reproduced with permission.®® Copyright 2017, American Association for the Advancement of Science.

Figure 13. a) Schematic illustrations showing the processes for in situ weaving of the network of ultrathin graphdiyne (GDY) nanosheets on the Si anode
(insets are the photos of electrodes with and without weaving GDY nanosheets); b) the possible structure showing the interactions among the ultrathin
graphdiyne, SiNPs, and CuNWs and the reasonable voids for swallowing the volumetric increase. Reproduced with permission.®® Copyright 2019,

Elsevier.

Although the VLS growth mechanism can be used to prepare
regular Si NW arrays, and this method has practical application
prospects, the only drawback is that it is difficult to obtain a
large number of 1D NW materials on the substrate (probably
only ~200-250 pgcm > or ~0.75 mgh™'). Moreover, if it is
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desired to fabricate an electrode by a conventional method of
coating a slurry, it is necessary to peel the NW from the sub-
strate by ultrasonic treatment, and in all probability, such a
process will damage the NWs. Chan et al.’®" used the SFLS
growth technique to prepare Si NWs (>45mgh ') with large
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Figure 14. a) Schematic illustration of the synthesis of SiQD-GNS.
An electrostatic self-assembly strategy enables the facile and controllable
synthesis of GNS-supported uniform ultrasmall Si QDs featuring
unprecedented surface-controlled lithium storage behavior; b) cycling
performances at 2 Ag™". All the specific capacities calculated and current
rates used are based on the total weight of respective active materials
in the electrodes. Reproduced with permission.®l Copyright 2015,
Wiley-VCH.

scale in solution. The obtained Si NWs can be prepared by a
conventional slurry coating method. After coating a layer of
multiwalled carbon nanotubes (MWNTSs) on the surface of
the Si NW, the obtained SINW/MWNT composite exhibits
high capacity and good cycle stability, and the reversible capacity
after charging and discharging for 30 cycles still has
1500mAhg.

4.2.3. 2D and 3D Si Nanosheets and Porous Si

If the Si wafer is thin enough, the electrochemical performance
should be similar to that of the NWs. However, due to the limited
preparation methods, few literatures on the preparation of ultra-
thin Si nanosheets have been reported so far. Although stripping
of CaSi, in a strong acid system at —30°C can obtain surface-
atomized H-passivated Si nanosheets with several atomic layers,
the SigHe material is used as a negative electrode material for
lithium batteries, and its interaction with Li is limited to the
exchange of H and Li on the surface of Si wafers, resulting in
low capacity. For example, Kumai et al.”> used SigHg as a nega-
tive electrode for lithium batteries by pyrolysis of a layer of
carbon and investigated the electrochemical properties of the
materials at different heat treatment temperatures. The results
were found to be unsatisfactory, and the capacity was degraded
to 60% after only ten cycles. CaSi, was also used as a precursor by
our group to produce partially oxidizing SiO, nanosheets. The
commercially available CaSi, was solvothermally treated at
190°C for 3 days in the presence of ionic liquid (IL) butyl-3-
methylimidazolium chloride and NH,Cl. The layers of CaSi,
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Figure 15. The scheme of morphological changes that occur in Si during
electrochemical cycling. a) The volume of silicon anodes changes by about
400% during cycling. As a result, Si films and particles tend to pulverize
during cycling. Much of the material loses contact with the current collec-
tor, resulting in poor transport of electrons, as indicated by the arrow.
b) NWs grown directly on the current collector do not pulverize or break
into smaller particles after cycling. Rather, facile strain relaxation in the
NWs allows them to increase in diameter and length without breaking.
This NW anode design has each NW connecting with the current collector,
allowing for efficient 1D electron transport down the length of every NW.
Reproduced with permission.”® Copyright 2008, Springer Nature
Publishing AG.

were unfolded by cationic intercalation (e.g., H produced via
the decomposition of NH4CI at a high temperature). Because
of the inherent instability of the free-standing silicon nanosheet,
it was partly oxidized to form ultrathin SiO, nanosheets. To
separate the SiO, nanosheets from the contaminated crystalline
Si particles, the obtained products were sonicated in acetonitrile
for several hours. After removing the dark metallic precipitates of
Si, the yellow SiO, nanosheets were collected from the upper
dispersion. The SiO, nanosheets after coating with carbon exhib-
ited excellent cycling and good rate performance when used as
anode materials in LIBs. Even after charging—discharging for
400 cycles, no significant capacity decay was observed. This
method features convenient high-yield synthesis of ultrathin
SiO, nanosheets, which served as promising candidates for prac-
tical high-energy-density LIB applications. The scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
characterizations and scheme and battery testing results are
shown in Figure 16.

The templating method is also another method commonly
used to prepare Si sheets. Lu et al.'®" utilized graphene oxide
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Figure 16. SEM images of a) CaSi,. b) CaSi, after solvothermal treatment for three days and c) SiO, nanosheets. d) TEM image of SiO, nanosheets
(the inset shows the corresponding ED pattern). e) SEM image of SiO,@C nanocomposites. f) TEM image of SiO,@C nanocomposites.
g) A schematic illustration of the preparation of the SiO,@C nanosheets. h) Cycling performance of SiO,@C nanocomposite anode at various current
densities. Reproduced with permission.?”) Copyright 2016, Royal Society of Chemistry.

(GO) as a hard template. First, a layer of SiO, gel was coated on
the surface of ultrathin GO nanosheets and calcined in air to
remove GO to obtain SiO, nanosheet precursor. The Si nano-
sheets were then obtained by magnesium thermal reduction.
This method enables the preparation of Si nanosheets of
different sizes by adjusting the size of GO, and the resulting
Si wafer has a thickness of about 3.5nm. The Si nanosheet
was used as the negative electrode of LIBs. Compared with
the Si NPs with a particle size of about 50 nm, the cycle perfor-
mance is slightly better, but there is still a big gap from the
practical application. Therefore, pure Si nanosheets do not
exhibit excellent electrochemical performance as Si NWs.
However, it is worth considering that Si films with good crystal-
linity are advantageous compared with Si NP-based anodes as in
films the free volume between NPs is eliminated, resulting in
very high volumetric energy density. However, Si undergoes
volume expansion (contraction) under lithiation (delithiation)
of up to 300%. This large volume expansion leads to stress
build-up at the interface between the Si film and the current
collector, leading to delamination of Si from the surface of
the current collector.!'%%

Because of the abundant pore structures, pSi can greatly
reduce the destructive effect on the active material structure
due to volume change during charge and discharge.®'"357%
Recently, some pSi materials can be obtained by the templating
and etching methods and show good electrochemical
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performance.’® Our group recently also developed a simple,
facile solution-based method to prepare amorphous PSi via
room-temperature reaction of Mg,Si with HSiCl; in CH,Cl,
for merely several hours in the presence of amines, as shown
in Figure 17. The carbon-coated PSi nanocomposite exhibited
excellent electrochemical properties when served as anodes
for LIBs. It delivered a specific discharge capacity of about
847mAhg™' over 320 cycles at a high current density of
2A g™, with a capacity retention of 90%. This new solution
preparative method allows facile, high-yield, and large-scale
production of pSi without using extremely reactive precursors
and harsh conditions, superior to the conventional methods
including etching of bulk Si, CVD of silane or SiCly,
magnesiothermic reduction of SiO,, reduction of SiCl,, and oxi-
dation of NaSi. It provides a convenient way for the massive
production of pSi for use in LiBs, drug delivery systems,
catalysis, etc.®)

In addition, it should be noted that the functionalization of
silicon surface will have a significant impact on electrochemical
performance. It has been found that for silicon-based negative
materials, the binders with carboxyl groups, such as sodium
alginate (SA), sodium carboxymethyl cellulose (CMC), PAA, or
partially lithium PAA, are more helpful to improve the perfor-
mance.'® On this foundation, Bie et Al developed a robust
Si electrode via prepolymerizing dopamine on the Si particle
surface.'”!

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 17. a) Si 2p X-ray photoelectron spectroscopy (XPS) spectra of a-mPSi
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(a1, a2, and a3 show the digital photos of a-mPSi after being exposed in air for

1,12, and 24 h, respectively) and b) c-mPSi-40 (b1 and b2 show the digital photos of c-mPSi-40 after being exposed in air for 1 and 48 h). The red, pink, yellow,

blue, and green lines are deconvoluted peaks for Si® si't, si?t, Si*t, an
voltammetry (CV) curves of the c-mPSi-40@C electrode. e) Voltage profile

d Si**, respectively. ¢) Schematic illustration for preparing mPSi. d) Cyclic
s of the ccmPSi-40@C electrode. f) Rate performance of the c-mPSi-40@C

electrode cycled at different current densities. g) Long-term cycling stability of the c-mPSi-40@C electrode cycled at 2 A g™". Reproduced with permission.®!

Copyright 2017, American Chemical Society.

5. Conclusion and Outlook

In short, in the field of high-energy-density lithium batteries,
silicon-based nanomaterials replace commercial carbon materi-
als as anodes with high specific capacity (=4200 mAh g™, about
11 times that of carbon materials), low operating potential
(<0.5V vs Li/Li*), abundant silicon sources (the second highest
in the crust), and low potential cost and have received widespread
attention. However, the actual use of silicon-based anode mate-
rials still has a very big problem. The main reason is that the
silicon-based anode material has a very large volume change dur-
ing battery charge and discharge (300%-400% volume change),
which causes the pulverization of the electrode and the unstabil-
ity of the SEI film, resulting in poor cycling performance of
batteries. Therefore, improving the electrochemical performance
of silicon-based anodic batteries, especially the cycle stability, is

Energy Technol. 2019, 7, 1900962 1900962

still an urgent issue to be addressed. In addition, although silicon
is abundant in the Earth’s crust, the cost of nanosilicon materials
currently on the market is still very high due to the limited syn-
thesis method. At present, the commercial method for preparing
nanosilicon is generally by high-temperature CVD, but this inev-
itably increases the cost of synthesis. Therefore, the development
of low-cost and facile synthetic pathways to prepare silicon-based
nanomaterials with unique structures is also a very important
scientific and technical issue.

The future research and development trends of Si materials
for LIB applications should be based on the following aspects:
1) Developing new, simple, and cost-effective ways to controllably
prepare nano-structured Si materials and greatly reduce the cost
of preparing Si nanomaterials is required. 2) The Rational design
and preparation of Si and Si-based hybrids for use as anodes in
LIBs is required. On the basis of deeply understanding the

(16 of 19) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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structure activity relationships of various Si structures, it is
possible to investigate the lithium storage mechanism of Si by
using some in situ characterizations.3) The safety of such anodic
batteries must be taken seriously, how to build a better battery
with reliable safety is necessary to be emphasized on.
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