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Rechargeable silicon anode lithium ion batteries (SLIBs) have attracted
tremendous attention because of their merits, including a high theoretical
capacity, low working potential, and abundant natural sources. The past
decade has witnessed significant developments in terms of extending the
lifespan and maintaining high capacities of SLIBs. However, the detrimental
issue of low initial Coulombic efficiency (ICE) toward SLIBs is causing more
and more attention in recent years because ICE value is a core index in full
battery design that profoundly determines the utilization of active materials
and the weight of an assembled battery. Herein, a comprehensive review is
presented of recent advances in solutions for improving ICE of SLIBs. From
design perspectives, the strategies for boosting ICE of silicon anodes are
systematically categorized into several aspects covering structure regulation,
prelithiation, interfacial design, binder design, and electrolyte additives. The
merits and challenges of various approaches are highlighted and discussed in
detail, which provides valuable insights into the rational design and devel-
opment of state-of-the-art techniques to deal with the deteriorative issue of
low ICE of SLIBs. Furthermore, conclusions and future promising research
prospects for lifting ICE of SLIBs are proposed at the end of the review.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have received much
attention and have been widely used as power supplies for
portable electronics and electric vehicles since their first com-
mercialization in 1991.10 In 2019, the Nobel prize was awarded
to John B Goodenough, M. Stanley Whittingham and Akira
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Yoshino, which fulfilled a long-cherished
wish for researchers dedicated to studies
of batteries. Although LIBs represent a
sophisticated technique and have under-
gone many developments in recent dec-
ades, the current LIBs cannot meet the
increasing demand for high energy and
power density owing to the low specific
capacity of graphite anodes.) Thus, it
is essential and urgent to develop novel
electrode materials with high theoretical
capacities, that can effectively broaden the
operating potential window of LIBs. With
regard to anodic materials, silicon (Si)
has attracted widespread concerns in the
past decade as one of the most promising
anodes because of its ultrahigh theoretical
capacity (3579 mA h g'), low operating
voltage (0.1-0.5 V vs Li/Li*), and natural
abundance (Si is the second most abun-
dant element in the Earth's crust).?

Undoubtedly, Si anode lithium ion bat-
teries (SLIBs) provide an exciting blue-
print for supplying energy more efficiently.
However, it should be noted that there are still some critical
issues that need to be addressed, mainly including the large
volume changes during lithiation/delithiation process, inherent
poor electric conductivity of semiconducting Si, formation of
unstable solid electrolyte interface (SEI) films, and low initial
Coulombic efficiency (ICE).Yl To date, tremendous efforts have
been devoted to design delicate structures of Si composites or
to synthesize Si with controllable sizes and/or morphologies to
accommodate the volume expansion resulting from aforemen-
tioned issues.!

On the other hand, the problem of low ICE for SLIBs is
aroused increasing attention in recent years because the ICE
value is a core index in full battery design that profoundly
determines the utilization rate of active materials and the
total weight of an assembled battery.[’) In current research
stage, most of research works stem from SLIBs are in the
laboratory. Although the formation of SEI films and the side
reactions that occurred in the first lithiation process will
result in severe problems relating to the cycle stability and
the lifetime. However, in experimental studies, the counter
electrode is usually constructed with metallic Li plates, which
are considered as inexhaustible. Meanwhile, the low loading
amount of Si slurry on the current collector will not weaken
the cycle stability and lifespan of the half battery significantly.
As a matter of fact, the limited supply of Li* in a full battery
is mainly stem from the lithium-containing cathode. Any loss
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of Li* will notably impair the energy density and electrode
stability. As a result, the exploration of an advanced silicon-
based electrode with high ICE has been in the spotlight of
research effort to overcome this limitation to further realiza-
tion of superior electrochemical performance. However, many
efforts have been devoted to eliminate the mechanical stress,
while few studies have been conducted to focus on the ICE,
as shown in Figure 1a,b. Nevertheless, over the past several
years, we have witnessed steady growth in high-quality works
in relation to ICE improvement of SLIBs (Figure 1b), but to
our best knowledge, there has so far been no special review
that systematically probes and summarizes the research to
tackle the problem of the low ICE of SLIBs. From viewpoint
of the practical application, the ICE for SLIBs is a very impor-
tant parameter on the energy density of LIBs when assem-
bling into full batteries, so it is necessary to comprehensively
summarize and analyze recent work dedicated to improving
the ICE value of Si anodes.

This review is the first work to systematically summarize
the representative work from the perspective of ICE values of
SLIBs and categorize approaches into several groups based
on the influencing factors. The origination of the inferior ICE
for SLIBs is analyzed in detail, and solutions and strategies
for improving the ICE of SLIBs are thoroughly discussed. As
shown in Figure 2, we introduce in each part the representa-
tive work on ICE engineering in terms of structural regulation,
prelithiation, interfacial design, binder design, and electro-
lyte additive. In addition, some notable works providing new
insights for solving the problem are also presented. Finally,
conclusions and future approaches for the development of real-
world SLIBs are considered.

2. Causes of Low ICE for SLIBs

Alloying-type anode materials usually referring to group
IV and V elements, such as Si,”! Ge,®l Sn,”) P,% and their
oxides,M with a mechanism based on alloying reactions
that take place between electrodes and lithiums. For SLIBs,
the low ICE values primarily stem from Li ion trapping
in the host material and SEI film generation during the
first lithium-insertion reaction.'”! Hence, from an overall
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performance viewpoint, for maintaining long-term cycling
stability, delicate structure designs including various Si
structures fabrication, morphology regulation, as well as
composite materials formation, in turn, will sacrifice the
ICE.8] The compromised ICE would exert great influences
in assembling full-cells in real-world applications because
deteriorative ICE consumes an excess amount of active mate-
rial used only in the first cycle, leading to a diminished total
energy density." For reference, current commercial LIBs
with graphite anodes usually possess ICEs higher than 85%
at low resistances (=0.1 C).[4>13]

On the other hand, the electrolytes of lithium-ion bat-
teries are usually composed of cricoid carbonic esters (e.g.,
ethylene carbonate (EC) and propylene carbonate (PC)), and
linear dimethyl carbonate (DMC), diethyl carbonate (DEC)
and ethyl methyl carbonate (EMC). Concurrently, they also
contain solvated lithium salts (e.g., LiPFs, LiClO,4 LiBFg, or
lithium Dbis(trifluoromethanesulfonyl)imide tetrahydrofuran(
LiTFSI)). It is imagined that electrolytes will undergo irre-
versible decomposition at low potentials (0.8-2.0 V) due to
their thermodynamic instability.'”) The decomposition voltage
is depend on the species of electrolyte used, added compo-
nents such as vinylene carbonate (VC) or vinyl fluorocarbonate
(VFC), and the scanning speed. As a result, a solid electrolyte
interphase (SEI) film with a thickness ranging from several to
hundreds of angstroms (A) will be formed on the electrode.'8!
The average thickness of the SEI film can be measured via
electrochemical impedance spectroscopy (EIS). The composi-
tions of SEIs are very complex, and some of them are easily
dissolved in the electrolyte. When the electrolyte is reduced,
some inorganic salts (e.g., Li,COs, LiF, Li,O) and organics
(e.g., (CH,0CO,Li),, polyethylene oxide, and polycarbonate)
derived from the decomposition of solvated lithium salts and
solvent molecules are formed competitively.'”l In general,
inorganic films have a tendency to adhere to electrodes, and
organic films deposit on them. In typical cases, an SEI film
forms constantly with deep cycling; however, most of the
lithium consumption appears in the first cycle. Ideally, the fur-
ther decomposition of the electrolytes will be impeded by the
presence of the SEI film. Hence, the quality and stability of
SEI films play a pivotal role in the overall performance and
safety of batteries.
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Figure 1. Numbers of publications found by searching key words: a) “silicon lithium-ion battery” and b) “silicon initial Coulombic efficiency” in the

Web of Science.
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Figure 2. Overview of the proposed strategies for improving ICE of LIBs
with Si anodes.

3. Solutions and Strategies for Improving
ICE Values of Si Anodes

3.1. Structure Regulation of Electrode Materials

The large volume changes undergone by Si anodes during
lithiation/delithiation process exert significant impacts on the
Coulombic efficiency and cycling stability.?%! Therefore, allevi-
ating the volume effects by material design, especially reducing
the size of the host active material from bulk to nanoscale, is
regarded as one of the most efficient solutions.?!! The existing
methods for structure regulation can be classified into fol-
lowing three categories, including SEI stability derived from
the various structures, well-dispersed Si, and balancing the
cycling stability and side reactions. In addition, to obtain a com-
prehensive understanding of the relationship between various
structures of Si and the ICE values, we have conducted exten-
sive surveys and summaries, as presented in Table 1.

3.1.1. SEI Stability Derived from the Various Structures

The stability of the SEI film formed during the first discharge
process in SLIBs is clearly important. It directly determines
the ICE value of SLIBs because the generation of SEI film is
closely associated with the irreversible consumption of the
electrolyte.*] Hence, it is of great importance to find ways to
restrain the ongoing growth of SEI film to improve the ICE and
lifespan of SLIBs. Recently, some productive studies regarding
morphological control,*! electrolyte additives,”! surface modi-
fication,™ and artificial SEI formation™®! have been carried
out. For example, Ryu et al. prepared 3D porous Si plates from
natural clay via magnesiothermic reduction. After removing the
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intermediate magnesium oxides, there were many void spaces
left both inside and on the outer surface. The porous Si plate
electrode delivered outstanding high ICE values comparable
to those of various alloyed anode materials, with the ICE value
over 92%.5% In addition, impressive related approaches, such
as the pore modulation (Figure 3a) within Si hosts, have been
proposed to maintain a high ICE value over 80% for SLIBs.
Furthermore, the in situ capability of AFM has been used to
directly measure SEI growth on Si and the Si volume expan-
sion ratio as a function of its degree of lithiation, as presented
in Figure 3b. It should be emphasized that electrode design
from the SEI perspective is a broad concept; in many cases, it
is closely connected with design of electrolytes and structures.

3.1.2. Well-Dispersed Si

The inherently low electrical conductivity of elemental Si
requirs that actual applications of Si anodes can be realized
only by the combination of Si with other conductive sub-
strates.[’3l Generally, carbonaceous materials are employed pref-
erentially to combine with Si, owing to their high machinability,
superior electrical conductivity and moderate price.’ How-
ever, current research related to carbon modifications usually
involves physical mixing or chemical coating. It is difficult to
achieve a thoroughly uniform distribution of Si in the carbon
matrix, which will lead to poor cycling stability and low Cou-
lomb efficiencies.>> Hence, it is necessary to construct Si/C
composite anodes at the atomic scale to realize high electro-
chemical performance. One of the feasible strategies to estab-
lish sub-nanoscale Si/C nanocomposites is designing materials
at the molecular level. As presented in Figure 4, based on a
facile sol-gel and along with pyrolysis method, a porous silicon-
based nanocomposite anode derived from phenylene-bridged
mesoporous organosilicas (PBMOs) was fabricated by Zhu
et al. PBMOs exhibit organic-inorganic hybrid character at
molecular scale, and the formed hybrid anode can retain this
unique structure, with carbon layer distributed homogene-
ously in the Si-O-Si framework at the atomic scale.l’® The novel
composite electrode exhibited superior cycling stability and the
improved Coulomb efficiency up to 95.4%.

Similar work conducted by Lin et al. showed AlCl;-assisted
magnesiothermic reduction of phenyl-rich polyhedral silsesqui-
oxanes (POSS) to afford Si/C composites.””) The obtained Si/C
electrode showed ultrahigh cycling stability (over 1000 cycles)
and a relatively high ICE value of 73.2%. Therefore it is believed
that atomic dispersed Si in carbon and/or other conductive
matrics is beneficial for improving the ICE values of Si anodes
to some extent due to relatively uniform SEI film generated. It
can be briefly summarized that well-dispersed Si, especially at
atomic scale is very beneficial for the uniform growth of SEI
fim, thus probablly boost the ICE value for SLIBs to some
extent. The great research efforts in atomic dispersions of Si in
conductive matrices are also made in recent years.

3.1.3. Balancing the Cycling Stability and Side Reactions

Owing to irreversible interactions occurring between active
materials and electrolytes during the first lithiation process,

© 2021 Wiley-VCH GmbH
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Table 1. Various structures of Si with different ICEs (Note: EC, DEC, FEC, DMC, EMC, and VC represent ethylene carbonate, diethyl carbonate, fluoro-

ethylene carbonate, dimethyl carbonate, ethyl methyl carbonate, and vinylene carbonate, respectively.

Material Electrolyte Charge capacity [mA h g7'] Discharge capacity [mA h g7] ICE [%] Refs.
Si nano-flakes EC/DEC with 10 wt% FEC =~2500 ~2800 89 [22]
SiO/C micro-structure EC/DMC/EMC 1259 =1751 72 [23]
Si nanoparticle EC/DMC/DEC with 5% FEC and 2% VC =730 =800 91 [24]
Si-graphite/C EC/DEC/EMC 687.7 759.2 91 125]
Porous SiO, EC/DEC/EMC with 5% FEC =1786.9 2256.2 79 [26]
Porous silicon EC/DMC 2180.0 2749.1 79 [27]
Si nanoparticle EC/DMC 644 739.6 90 [28]
Si/SiIO,@C PA/FEC/DEC with 1wt% VC - - 74 [29]
Cu@Cu,Si/Sio, EC/DEC/DMC with 2 wt9% VC and 10 wt% FEC ~2415 ~2800 86 30]
Sio,@C EC/DEC/DMC with 10 wt9% FEC ~1491 1986 75 131
Si micro-structure EC/DEC with 10 wt% FEC 3073 3553 86 [32]
Si/SiO,-C EC/DEC with 3 vol% FEC 2167 2851 76 [33]
Silicon@C nanoparticle EC/DEC/DMC 735.53 84533 87 [34]
Si0,/CNT/C EC/DMC 1400.5 1878.6 75 35]
Si/graphite/C EC/DEC/EMC 448 553 81 36]
Core-shell Si@C EC/DC/EMC =1157.12 ~1404.27 82 137]
Si-Sb-ZnO EC/DMC 845.1 1301.5 65 [38]
Porous Si EC/MEC with 5 wt% VC 3067 3652 84 [39]
Si/graphite/C EC/EMC/DMC 909.8 1184.6 77 [40]
Si/graphite/C EC/DEC/EMC 4ns 601.3 78 [47]
Sio@C DEC/EC with 30 vol% FEC 1280 2058.6 62 [42]
Si@SiC@C EC/DEC/DMC ~2108 ~2382 89 [43]
Si@Cu nanowire EC/DC/DMC 2854.4 3066.9 93 [44]

some side reactions are inevitably happened. Especially for SiO,,
electrodes, the severe irreversible reactions will lead to ultralow
ICE values.® One important consideration for this issue is
how to balance the BET surface areas and volume expansion of
Si electrodes.*?%% As shown in Figure 5a, Gu et al. investigated
the internal factors that affect the ICE values of silicon/graphite
(Si/G) composites and found that the low BET surface area of
the Si@C-G electrode delivers an ICE value higher than that of
Si-G@C.[% Similarly, as shown in Figure 5b, Li et al. prepared
Si/C composites with different carbon locations by adjusting
the heating rate and found that the obtained Si/C-1 sample
with BET surface area of 32.4 m? g™' showed an ICE (87.5%)
significantly higher than that of pristine Si with a high BET
surface area of 235.6 m? g! (< 50%).1°l In addition, Cao et al.
systematically researched the effect of the particle size of AlSi
alloy powder on the morphological structure and electrochem-
ical performance, and the results are presented in Figure 5c.1°%
The obtained Si spheres with particle sizes of 30, 15, and 2 um,
showed ICE values of 82%, 76%, and 68%, respectively. Nota-
blly, the surface-engineering strategy was also employed to
tackled the issue. For example, Wang et al. deposited a dense Si
skin onto porous Si microparticles and further encapsulated it
with a conformal graphene cage, which boosted the ICE value
of SLIBs.[%3] Moreover, it should be indicated that the side reac-
tions can-not be merely ascribed to the BET surface alone, but
other parameters, such as the oxidation degree of the surface
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of Si and the types of coated carbon used, also have remarkable
influences on the ICE values.

3.2. Prelithiation

The prelithiation technique is deemed as an indispensable
procedure for electrochemical energy storage systems, and
can effectively make up for irreversible capacity loss, so as to
lifting the Li* ions concentration in the electrolyte and raise
the working voltage.* Currently, the prelithiation methods
for anode materials can be mainly divided into three catego-
ries: prelithiation by direct contact with metal Li foil, stabilized
lithium metal powder (SLMP), and chemical/electrochemical
prelithiation. Some benefits and shortcomings coexist. To
better study prelithiation methods, we deliberately categorized
the prelithiation strategies into three types, as shown in Table 2.

3.2.1. Prelithiation by Direct Contact with Li Foil

As presented in Figure 6, prelithiation by direct contact with
Li metal foil is a technique based on a self-discharging mecha-
nism. Due to the potential difference between metallic Li and
the electrode, electrons spontaneously migrate to the anodes,
and this is accompanied by the insertion of lithium ions while

© 2021 Wiley-VCH GmbH
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Figure 3. a) Schematic diagram of the lithiation and SEI growth of solid polymer electrolyte-filled hollow structured silicon spheres (SPE-HSSi). Repro-
duced with permission.’l Copyright 2017, American Chemical Society; b) Cross-sectional schematic of the AFM “beaker” cell and photograph of the
AFM “beaker” cell integrated into an AFM with Ar gas protection. Reproduced with permission.’2 Copyright 2016, Wiley-VCH.

the anode materials are in contact with Li foil in the presence
of electrolyte.®] As shown in Figure 7a, after prelithiation,
both the initial capacity and the ICE of SLIBs were improved
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significantly. As such, Liu et al. employed in-situ TEM tech-
nique to investigate the dynamic lithiation process of single-
crystal silicon with atomic resolution. It is easy to observe the

200 250 300
Cycle Number / n

100 150

10Unm

Position / nm

Figure 4. Schematic and characterization of atomic-level SiO,/C nanocomposites. Reproduced with permission.®l Copyright 2019, Wiley-VCH.
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Si with different sizes and the corresponding ICE values. Reproduced with

sharp interface (=1 nm thick) between c¢-Si and amorphous
Li,Si alloy.’? Although internal short method is convenient
and efficient, the degree of prelithiation is extremely hard to
control. Thus, an optimized prelithiation strategy based on
the direct-contact method is proposed (Figure 7b). In this
case, introducing a resistance buffer layer (RBL) between
the anode and Li foil could effectively regulate the rate and
degree of lithiation. The porous structure and the high elec-
trical conductivity of RBL could boost the transfer of Li* and
the transport of electrons. In addition, the soft trait of RBL
could ensure a close contact and bring out a homogeneous
prelithiation. The initial charge-discharge curves of SiO, elec-
trodes after prelithiation using the RBL method indicated
that the ICE value is promoted to 89.2% from 79.4% (without
prelithiation).

3.2.2. Stabilized Lithium Metal Powder (SLMP)

In 2005, stabilized lithium metal powder (SLMP), which
involved small spherical particles with sizes of approximately
20-30 um coated by Li,CO3; was designed by FMC Lithium
Co. (Philadelphia, PA, USA).’Y SLMP is stable in dry air,
which makes it effective in compensating for the first cycle
Li loss of various anode materials, including Si and graphite.
However, preparation of SLMP in the laboratory is difficult.
Moreover, due to the large particle size, uniform distribution
of SLMP in the anode is still challenging. Furthermore, a pres-
sure activation process is normally required to crack the Li,CO;
shell and thus enable contact between active materials and Li
metal.l®! As exhibited in Figure 8a, Forney et al. utilized SLMP

Small 2021, 2102894 2102894

permission.®4 Copyright 2019, Elsevier.

with pressure activation to effectively prelithiate high-capacity
Si-carbon nanotube (Si-CNT) anodes, eliminating the 20-40%
first cycle irreversible capacity loss.l® Moreover, based on the
traditional SLMP method, Zhao et al. reported Li,Si-Li,O core-
shell nanoparticles as an excellent prelithiation reagent with a
high capacity to compensate for the initial cycle capacity loss.[
As shown in Figure 8b, these nanoparticles exhibited high
capacity under dry air conditions with the protection of a Li,O
passivation shell. Moreover, this approach is considered appli-
cable to various anode materials, including those with complex
nanostructures.

As a typical commercial technique, SLMP features some spe-
cial advantages: 1) the degree of prelithiation can be regulated
by controlling the usage of lithium powders; 2) lithium can be
uniformly distributed on the surface of the electrode; 3) SLMP
is stable in dry air and has high compatibility with the existing
battery production process; 4) It can be immediately reacted
with anode to form SEI film after contact with the electrolyte;
and 5) the lack of residual lithium metal after prelithiation pre-
cludes lithium plating.

3.2.3. Chemical /Electrochemical Prelithiation

Chemical/electrochemical prelithiation methods are char-
acterized by convenience, maneuverability and low cost.[”’]
For instance, Ai and coworkers developed facile and effective
approaches to prelithiate hard carbonl® and silicon anodes!®!
by using a spontaneous chemical reaction with lithium naph-
thalenide (Li-Naph). Due to the moderate reactivity and strong
lithiation ability of Li-Naph, hard carbon and silicon anodes

(6 of 19) © 2021 Wiley-VCH GmbH
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Prelithiation Methods Material ICE [%] Ref.
Direct contact with Li foil SiO, 89 [65]
Si-Gr 103 66]

Si/graphene oxide nanoribbons 97 [67]

Si/sio, 94 68]

Si nanoparticles >100 [69]

LiAIH, 88 [70]

hard carbon/graphene 99 7

SiO; particles >90 [72]

graphite 100 [73]

Stabilized lithium metal powder (SLMP) Si nanoparticles-multiwalled carbon nanotubes 98 [74]
Si@G/C 91 75]

micro-sized SiO-based/graphite/carbon 99 [76]

graphite =100 77

Si@C =100 78]

Chemical/electrochemical pre-lithiation SiO, >100 [79]
Sio =91 180]

Carbon-coated SiO, microparticles 90 [81]

sio 82 182]

si 93 [83]

Li,Ge nanoparticles 101 [84]

silicon nanopowder 96 [85]

Si@Sio, 89 36]

Si nanoparticles 97 [87]

graphite 93 [88]

Hard carbon =106 [89]

could be prelithiated rapidly and controllably to a desired level
by tuning the reaction time, which led to a high ICE of > 93%.
However, to date, it is still difficult to dope active Li in high-
capacity SLIBs; attempts often merely form SEI film, leading
to only partial mitigation of the cycle irreversibility. As pre-
sented in Figure 9, Jang et al. proposed a molecularly engi-
neered Li-arene complex with a sufficiently low redox potential
that enables active Li doping in Si anodes.l”! Fine regulation
of the degree of prelithiation and the uniformity of active Li

After Assembly After 1st Cycle

© 7 lithium
------------------ - | O /// //////////

Electrolyte

Figure 6. Schematic illustration of the prelithiation process by direct con-
tact to Li metal. Reproduced with permission.’®l Copyright 2018, MDPI,
Basel, Switzerland.
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throughout the electrodes were realized by controlling the time
and temperature of immersion. It is encouraging that trig-
gering active Li incorporation into SiO, via Li-arene complex
modifications, elevated the initial CE to exceed 100%.

The electrochemical prelithiation method, is usually con-
ducted by preassembling a half cell with lithium metal as the
counter electrode, as illustrated in Figure 10. The required
degree of lithiation can be realized by adjusting the number
of cycles, the potential, or the cycle time. Thereafter, the
prelithiated electrode is separated and reassembled with
a fresh anode. Thus far, the electrochemical prelithiation
method has been extensively used for the prelithiation of
electrodes such as metal oxides,[1% hard/soft carbon,!'! and
graphene.l'? Under normal circumstances, two key require-
ments need to be fulfilled: 1) for finely control of the degree
of prelithiation, it is essential to ensure that the prelithi-
ation process is conducted at a low current density, and 2)
it is necessary to carry out more cycles to retard side reac-
tions. Certainly, although the electrochemical prelithiation
method is controllable and easily operated, the assembly/
disassembly of pretreated half-cells will result in expendi-
tures and complicated procedures, which are not beneficial
for commercialization.

© 2021 Wiley-VCH GmbH
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Figure 7. a) Schematic diagrams showing the prelithiation of Si nanowires on stainless steel and the internal electron and Li* pathways during prelithi-
ation. Reproduced with permission.®l Copyright 2011, American Chemical Society. b) Graphical illustration of Li* and electron transfer in the direct con-
tact prelithiation process and RBL-regulated prelithiation process, as well as the initial charge and discharge profiles. Reproduced with permission.[®]
Copyright 2019, American Chemical Society.
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Figure 9. Benefits of prelithiation of high-capacity Si/SiO, anodes and prelithiation of SiO, anodes enabled by molecular tailoring of arenes. Reproduced

with permission.l®®l Copyright 2020, Wiley-VCH.
3.3. Interfacial Design
3.3.1. Coatings

Coating modifications on Si surface represents a high effi-
cient strategy to stabilize the SEI film because the coating layer
effectively avoids the direct contact between the electrode and
electrolyte. Amongest various coatings, graphitic and/or amor-
phous carbons are widely used due to their machinability, high
conductivity, and low cost. As illustrated in Figure 11b, Zhang
and coworkers obtained amorphous carbon from the coal tar
pitch, when it adheres to the surface of Si, the formed Si@C
electrode displayed a high specific capacity of 1314.6 mA h g™
and an ICE of 83.8% because the amorphous carbon could
effectively restrain the volume variation of Si; Wang et al.
(Figure 11c) designed a cellulose-based topological microscroll
by the self-rolling of cellulose nanosheets to fabricate a flexible,
binder-free, and free-standing electrode containing an unprece-
dented 92% Si content. In this design, carbon-coated Si nan-
oparticles are not only confined in cellulose carbon rolls, but
also anchored on conductive carbon nanotubes. This unique
coating design for Si-based anodes enables remarkable electro-
chemcial performance such as high Si content and improved
ICE values (=85%). Besides carbon substances, some inorganic
layers are also employed to modify Si anodes. As shown in
Figure 1la, anatase-phase TiO, layer was introduced as highly
stable interface to embellish Si, this TiO, layer gave rise to the
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decreased resistance to electron and ion diffusion of composite
and the improved ICE higher than 81%. The assembled full-
battery exhibited an initial area capacity of 2.6 mA h cm™ with
an ICE higher than 90%.

3.3.2. Metal/Nonmetal Doping

Carbon coating is considered one of the most effective strate-
gies to boost the electrochemical performance of Si anodes,
however, in many cases, amorphous carbon coatings irrevers-
ibly react with Li* at low potentials, which is unfavorable for
the ICE.") In addition to carbon modifications, carrier doping
is another available pathway to enhancing the conductivi-
ties of Si materials.'%®l Recently, some metal oxides have been
employed to modify anode materials to improve ICE values,
and this was attributed to the rapid electron transport and
alleviation of side reactions induced by metal components.l?’!
Figure 12a,b show metallic Ag- and Cu- doped Si anodes with
significantly improved ICE values. On the other hand, some
nonmetal doping strategies were also used to optimize Cou-
lombic efficiency.'%! For example, Chen et al. designed highly
crystalline B-doped porous Si (B-doped pSi) nanoplates via the
air-oxidation demagnesiation of Mg,Si from p-type Si wafers.
As illustrated in Figure 12c, doping with B greatly decreased
the resistance and surface oxidation compared to those of
the starting materials.""l As a result, the obtained B-doped

i
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Matchlng

Figure 10. Schematic diagram of the electrochemical prelithiation method. Reproduced with permission.%3l Copyright 2020, Royal Society of Chemistry.
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Figure 12. a) Schematic diagram of the preparation of Si@porous C-Ag satellite-like nanoparticles and the comparison of first cycle voltage profiles of
Si@porous C and Si@porous C-Ag electrodes. Reproduced with permission.['®l Copyright 2019, Royal Society of Chemistry. b) Schematic of the deal-
loying process of porous Si/Cu anodes and the corresponding first cycle voltage profile. Reproduced with permission."% Copyright 2020, American
Chemical Society. ) First discharge/charge curves of B-doped porous Si and porous Si electrodes at 0.4 A g”'. Reproduced with permission.108t]
Copyright 2018, Royal Society of Chemistry. d) Fabrication procedure for the P-doped Si@C material and the comparison of voltage profiles of various
Si-based anodes. Reproduced with permission.[""l Copyright 2021, Springer.
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Si electrode exhibited a high ICE value of 89%. As another
example (Figure 12d), P-doped Si@C electrodes were prepared
by Chen and coworkers, delivered a significant increase in Cou-
lombic efficiency from 74.4% to 99.6% after only 6 cycles, high
capacity retention of =95% over 800 cycles at 4 A g7, and excel-
lent rate capability (510 mA h g ' at 35 A g)).

3.4. Binder Design

Conventional polyvinylidene difluoride (PVDF) is one of
effective binders that has a spreadwide application in battery
domain. However, it is not appropriate for Si anodes owing to
the weak van der Waals interactions betweent Si and the copper
current collector."?l Choi et al. discovered that the addition of
5 wt% polyrotaxane into a traditional polyacrylic acid (PAA)
binder imparted extraordinary elasticity.''’] As presented in
Figure 13a, the mode of action of a pulley was proposed to pro-
vide a plausible stress-release mechanism. The authors found
that polyrotaxane ring components can still move smoothly
along the thread component even a partial of them are cova-
lently bonded to the PAA chains, thus acting like moving
pulleys to substantially lower the tension exerted on the
polymer network. The resulting polymer with highly stretch-
able and elestic can be realized by incorporation of only 5 wt%
polyrotaxane into PAA. which makes even cracked Si particles
remain coalesced without collapsion during ever-increasing
(de)lithiation. For another example, Li and coworkers pro-
posed a binder-lithiated method for ultrahigh-areal-capacity Si
anodes, as illustrated in Figure 13b. Typically, a trifunctional
network binder (N-P-LiPN) with hard/soft modulation was
constructed with partially lithiated hard polyacrylic acid as a
framework and partially lithiated soft Nafion as a buffer via the
hydrogen binding effect. This novel binder had both strong
adhesion and mechanical properties to accommodate huge
volume changes of Si anodes, thus enabling the Si electrode to
achieve a highest ICE of 93.18% and an ultrahigh-areal-capacity
of 49.59 mA h cm™.
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On the other hand, 3D binder networks were also frequently
utilized based on so-called “molecular engineering” to stabi-
lize Si anodes, thus reducing the interfacial side reactions and
improving the ICE.I'"! Figure 14a shows a 3D binder devised
with an organic polyvinyl alcohol (PVA) skeleton cross-linked by
a functional boric acid (BA). A high ICE of 92.8% with excellent
rate performance (=2920.7 mA h g at 10 C) was achieved after
optimization of some key parameters. Another study carried out
by Zhang and coworkers showed that the employment of a self-
healable supramolecular polymer, which was prepared by copo-
lymerization of tert-butyl acrylate and a ureido-pyrimidinone
monomer followed by hydrolysis, significantly relieved the side
reactions caused by volume changes of silicon hosts. An elec-
trode using this supramolecular polymer as the binder deliv-
ered an initial discharge capacity as high as 4194 mA h g™! and
a Coulombic efficiency of 86.4%, and reached a high capacity of
2638 mA h g ! after 110 cycles (Figure 14b), elucidating a signifi-
cant improvement in the electrochemical performance relative
to those of Si anodes using conventional binders.

3.5. Electrolyte Additive

Electrolytes are considered the media for Li* transport between
the anode and cathode in a packed battery. In general, the
electrolytes for Si anodic LIBs contain Li salts, organic sol-
vents (mixture of carbonate esters), and some functional addi-
tives. A good electrolyte should meet certain requirements: 1)
low viscosity and high ion conductivity at the operating tem-
perature; 2) stability over a wide electrochemical window; 3)
chemical inertness; and 4) formation of an effective SEI film
on the surface of the Si electrode.™ In order to improve the
ICE values of Si-based LIBs, it is of great importance to design
effective additives for the electrolyte.''® One important cause
of the low ICE values for Si anodes is the ever-growing SEI
film. Therefore, designing functional electrolyte additives
that enable stable formation of SEI films is quite beneficial
for increasing the ICE values of Si anodes. Currently, some
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Figure 13. a) The pulley principle used to lower the force in lifting an object and the schematic of the pulverization of the polyacrylic acid-modified Si
microparticle electrode. Reproduced with permission.["®l Copyright 2020, Science. b) Preparation scheme of the N-P-LiPN binder and schematic illustra-
tion of the functional mechanism of the N-P-LiPN binder in the Si electrode. Reproduced with permission.™ Copyright 2020, Wiley-VCH.
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Figure 14. a) Schematic of the cross-linking mechanism for PVA-B complexes, the interaction with —OH on the Si surface, and the electrochemical
properties. Reproduced with permission.["®l Copyright 2020, Elsevier. b) Schematic illustration of the PAA-Upy binder for Si anodes and the related
electrochemical performance. Reproduced with permission.[”] Copyright 2018, Wiley-VCH.

popular electrolyte additives for Si-based LIBs include fluoro-
ethylene carbonate (FEC) and vinylene carbonate (VC).'?l To
elucidate the role of FEC additives in standard carbonate-based
electrolytes, Jin et al. combined solution and solid-state NMR
techniques to analyze the formed SEI film.I?!l As shown in
Figure 15, a linear oligomeric electrolyte consisting of soluble
poly(ethylene oxide) breakdown products was observed after
cycling in the presence of 10 vol% FEC additive. The FEC addi-
tive in the electrolyte allowed the generation of a stable SEI
and suppressed the decomposition of the ethylene carbonate

NMR studies of electrolyte decomposition in batteries
o}

(EC)/dimethyl carbonate (DMC) solvents, thus increasing the
Coulombic efficiency.

Apart from FEC and VC, some novel electrolyte additives
have also been developed to improve the ICE values of Si-based
LIBs. For example, Liu et al. introduced tris(trimethylsiyl)-phos-
phite (TMSPi) as an electrolyte additive to improve the elec-
trochemical performance of Si/graphite full cells through the
formation of protective surface layers at the electrode/electro-
lyte interface.’??) As shown in Figure 16a, the ICE value signifi-
cantly increased after TMSPi was added. Figure 16b,c illustrated
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Figure 15. NMR spectra, synthesis of the FEC additive, and comparison of electrochemical performances for LP30 and LP30 + FEC. LP30 represents
EC/DMC (1:1 vol%). Reproduced with permission.2l Copyright 2017, American Chemical Society.
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Figure 16. a) 2D and 3D structures of tris-(trimethylsiyl)-phosphite
(TMSPi) and the first cycle voltage profile of Si anodes with and without
TMSPi added. Reproduced with permission.[?d Copyright 2020,
Wiley-VCH. b) Structure of LiPO,F, and the ICE comparison with dif-
ferent amounts of LiPO,F,. Reproduced with permission.'?l Copyright
2020, Wiley-VCH. c) Chemical formula of ionic liquid [PIVM][TFSA] and
the first cycle voltage profile observed after adding [PIVM][TFSA] in dif-
ferent proportions. Reproduced with permission.?!l Copyright 2020,
Elsevier.

the use of LiPO,F, and ionic liquid [PIVM][TFSA] as electro-
lyte additives, and both effectively increased the ICE values of
Si-based anodes. Due to the utmost importance of electrolytes
during the formation of SEI films, it is believed that the modi-
fication of electrolyte design to boost the electrochemical per-
formance of Si-based anodes in batteries is still an important
research area.

3.6. Other New Insights

Recently, some new insights for increasing the ICE of silicon
anodes have been developed. For instance, Zhu et al. were
inspired by the “isovalent isomorphism” method that is com-
monly used with solid electrolytes, in which similar but larger
ions replace the primary ions to facilitate ion transport.?’! As
shown in Figure 17, Ge atoms were added to a Si anode using
a convenient ball milling method, and they increased Li migra-
tion and effectively improved the initial CE of the Si-based
anode to over 90% (the highest value reached was 94.1%). Ge
dopant atoms expanded the lattice, which greatly reduced the
energy barrier for Li diffusion, thereby minimizing Li trap-
ping. In addition, to address the arising new issue of low ICE
of Si anodes along with the nanostructuring Si host material to
alleviate the volume expansion, a dense silicon layer onto each
mesoporous Si microparticle and further encapsulating it with a
conformal graphene cage was developed by Cui and coworkers
to boost the ICE value of a Si anode.®”) After the surface engi-
neering treatment, both the ICE and later-cycle Coulombic
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efficiencies were improved due to the minimized side reactions
and the reduced electrode/electrolyte contact area.

4. Conclusion and Future Perspectives

Silicon is considered to be one of the most promising anode
materials for next- generation state-of-the-art high-energy
lithium ion batteries (LIBs), owing to its ultrahigh theoretical
capacity, proper working potential and high abundance. How-
ever, the inherently large volume expansion, unstable SEI layer
and poor conductivity of Si have hindered its further practical
application. In the past decade, many research papers and
reviews have been published regarding structural designs to
alleviate the large volume changes and prolong the lifespans of
silicon-based LIBs. However, it is necessary to emphasize that
one of the key parameters that affects the performance of Si
anode full-cell system is the ICE value. ICE has an important
impact on the utilization of the active material and the weight
of a practical battery. On the other hand, some important
research progress related to the ICE values of Si anodes has
been made in recent years. Therefore, it is crucial to conduct
a comprehensive survey of the achievements. Unfortunately,
to date, there has been no review systematically summarizing
related works. Consequently, in this review, we have discussed
and summarized recent advances in boosting ICE values of Si
anodes by way of structure regulation, prelithiation, interfacial
design, electrolyte design and binder design, and through other
insights. For each part, further detailed categories were divided,
and full discussions were presented. The overall advantages
and defects of each approach are illustrated in Figure 18 along
with reported data. In addition, we list some important direc-
tions for future research and development:

1) Over the past decade, the deteriorative issue of low ICE val-
ues for Si anodes has been partially addressed through vari-
ous methods. In particular, structural design is believed to be
the most effective solution, and it involves the construction of
silicon nanostructures (downsizing Si to the nanoscale with
various morphologies, dimensions and porous structures)
and fabrication of silicon composites (compositing with car-
bon, metal, metal oxide and conductive polymers). Regulat-
ing Si structures by stabilizing the SEI film seems promising
for improving ICE value; however, it should be noted that
balancing the side reactions and the electrode stability is of
great importance because nano-scaled structures of Si are
beneficial for the lifespan but are harmful to the ICE value.
Especially for SiO, anodes, the presence of oxide layer on
the surface of the Si-based material has been regarded as an
effective promoter for enhanced cycle life performance. How-
ever, the severe side reactions between the SiO,, electrode and
electrolytes will lead to the dramatically decrement of the
ICE value. Therefore, it is reasonable to consider both ICE
and cycling stability when designing and fabricating Si na-
nostructures.

2) The design of novel electrolyte additives and binders with
both extension strength and flexibility is urgent. Although
the SEI film is featured with complexity in the composition,
the Coulombic efficiency of Si anodes is highly dependent

© 2021 Wiley-VCH GmbH
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2019, Science.

Small 2021, 2102894

on electrolyte composition, presence of protective additives,
impurity concentration, charge/discharge condition, etc.12l
Electrolyte additives could help to stabilize the generated SEI
film; concurrently, the high stability of electrodes could be
realized by novel binders. It should be considered that the tra-
ditional role of a binder is merely to act as a adhesive network
to support active materials and electronically conducting
diluents such as carbon black on the current collector. How-
ever, with the flourish of high-capacity alloyed electrodes, it is
momentous to design polymer binders that serve multifunc-
tionalities (e.g., mechanical robustness, superior adhesion
capability, and good dispersion). To this end, it is possible to
develop Si anodes with high ICE values from the perspective
of novel electrolyte additives and binders.

Prelithiation is a necessary and powerful strategy to effec-
tively boost the ICE values of Si anodes. However, it should
be indicated that the current prelithiation method usually
involves complex procedures and/or high costs. In addition,
from the perspective of prelithiation mechanism, the limit-
ing factors for prelithiation kinetics and the Li* ion diffusion
mechanism need to be better understood with the assistance
of theoretical calculations and experiments. Concurrently, af-
ter prelithiation process, it is indispensable to pay close atten-
tion to the characterization and regulation of the SEI film. On
the other hand, in terms of practical applications, it is of great
importance to look for appropriate Li sources for prelithia-
tion technologies. Thus, it is meaningful to conduct on-going
researches and develop some new methodologies to facilitate
the prelithiation process, especially in facile operations and
avoid multiple steps. In order to realize the commercializa-
tion of chemical prelithiation, it is still challenging to devel-
op more active lithium reagents with sufficiently low redox
potentials to compensate the loss of Li ions within various
anodes. It should be noticed that the compatibility between
the prelithiation reagent and the electrode binder needs
further consideration. Additionally, since the electrode after
chemical prelithiation is unstable in air, the suitable method

to improve the air stability of the prelithiated electrode needs

to be developed.
4) Strategies attempt to minimize the oxides on the surface of
Si. The inevitable presence of Si oxides will result in severe ir-
reversible side reactions during the first delithiation process,
thus leading to significantly reduced ICE values. However,
on another side, some investigations have revealed that the
presence of partially oxided Si is beneficial for prolonging the
lifespan, so it is somewhat controversial. In order to obtain
Si anodes with both high ICE and superior cycling stability,
new insights from the design and controllable preparation
of Si with atomic dispersion in graphitic carbon and/or Si
with protective groups on its surface, should be emphasized.
Indeed, it is a balanced plan that improves the ICE value and
reduces the cycling stability.
Advanced techniques are urgently needed to characterize
SEls. Although many techniques have been used to probe the
formation of SEIs, such as Fourier transform infrared (FT-IR)
spectroscopy, X-ray absorption fine structure (XAFS) spec-
troscopy, and X-ray photoelectron spectroscopy (XPS), the in-
depth mechanisms of the formation, growth, and evolution
of actual films are still ambiguous. On the other hand, cur-
rent in situ cells are incapable of completely mimicking real
battery operating conditions, and detailed information relat-
ed to reaction mechanisms, and electron and ion transport
kinetics at the electrode/electrolyte interface is still missing
due to the complexity of these processes. Thus, it is highly
desirable to develop integrated techniques that can access all
information at the same time so that a more complete picture
can be developed for rational design of electrode materials.

(9]
-

Last but not least, for practical applications, some important
factors other than Coulombic efficiency and cycling stability
should be carefully evaluated, including the electrochemical
performance with high Si loading amount in full-cells, the
safety, and the matched cathodes. In SLIBs, large volume
expansion, unstable SEI growth, and electrolyte decomposition

2102894 (14 of 19) © 2021 Wiley-VCH GmbH
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Figure 18. Schematic comparison of different strategies for boosting ICE values of SLIBs. Structure regulation: Reproduced with permission.l% Copy-
right 2016, American Chemical Society,? Copyright 2019, Elsevier; Electrolyte additive: Reproduced with permission."®! Copyright 2016, American
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ical Society; Prelithiation: Reproduced with permission.®l Copyright 2011, American Chemical Society,®® Copyright 2013, American Chemical Society.

can give rise to the severe Li dendrite formation which can
result in a short circuit and cell explosion. Solid-state batteries
using solid electrolytes are a promising candidate to solve this
problem and can be fabricated flexibly to drive portable/wear-
able electronics. Recently, the electrical and ionic conductivity
of solid-state batteries are too low for mass production. This
immature technology should be pushed quickly toward real-
world applications. Certainly, SLIBs have attracted considerable
attention as alternatives to traditional graphite LIBs. We believe
that with the rapid development and extensive research interest
in science and technology in this area, the major stumbling
blocks hindering the practical applications of Si anode mate-
rials will be overcome successfully in the near future.
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