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1. GENERAL INTRODUCTION

1.1. Lithium-ion Batteries: Past and Present

The glorious history of lithium-ion batteries, LIBs, began when Whittingham
presented the concept of intercalation reactions for rechargeable batteries [1]. Thereafter
the principle of LIB formulated in the late of 1970s [2] was embodied as a cell using
LixWO: cathode and TiS; anode [3]. Goodenough’s discovery for cathode, in which
lithiated transition metal oxides with NaFeO, structure reversibly intercalate Li" ions, is
amajor milestone [4]. Regarding anode, Yoshino described a by-product of oil production
called petroleum coke in a seminal patent [5]. Thus, the main elements of LIBs were
invented by Whittingham, Goodenough, and Yoshino. In 2019, they were awarded the
Nobel Prize in Chemistry for the achievements. However, there were many studies
required to develop commercial LIBs with superior properties compared to Ni-Cd and
Ni-MH batteries. After a lot of challenges to memory effect, low specific energy, and poor
charge retention, Sony was the first to manufacture LIBs in 1991. The original product
had energy density of 200 Wh L and specific energy of 80 Wh kg™ with a charge
limitation of 4.1 V. LIB’s performance has improved significantly after the
commercialization. The cathodes, anodes, and electrolytes were modified to reach higher
energy densities, higher charge/discharge rates, and longer cycle life. Current LIBs
commonly use transition metals oxides as the cathode active materials. In addition, the
electrolytes are generally composed of lithium salts such as LiPF¢ and organic solvents
such as ethylene carbonate. The evolution of anodes related to my work is briefly
described below.

Innovative anode materials can be classified into three groups based on their
performance and reaction mechanism.

1) Intercalation/deintercalation materials

C-based materials



2) Alloy/dealloy materials
Si, Si0, Ge, SnO; etc.
3) Conversion materials
metal oxides, metal phosphides, metal sulphides, and metal nitrides

First, C-based materials have been recognized as appropriate anode materials due to
their availability, stability, and cost. There are two categories according to the degree of
crystallinity and C atoms stacking [6]:

a) Hard C (non-graphitizable C) where crystallites possess disordered orientation

b) Soft C (graphitizable C) where crystallites are stacked almost in the same direction
Hard C exhibited high capacity and enhanced stability. Furthermore, the large doo2 spacing
(>0.372 nm) did not experience much volume change upon lithiation and provided
excellent reversibility even at higher charging voltage [7]. As such, the 2nd generation of
LIBs used the hard C instead of Yoshino’s cokes as the anode material. They were rated
at220 Wh L and 85 Wh kg'! with the charging of 4.2 V [8]. This was about 10% increase
in volumetric energy density over the first generation. On the other hand, soft C is quite
popular because of appropriate reversible capacity, long cycle life, and good coulombic
efficiency [9-13]. Natural graphite found commercial success by introducing C or Zr
coating [14,15] and surface functionalizing [16] to limit direct contact with electrolytes.
Even since the graphite anodes were made feasible, the volumetric capacity has
undergone significant enhancements. As the result, the market share was completely
dominated by graphite-based materials. However, the use of commercially available
graphites is still limited to low power electronics like mobile phones due to a low specific
capacity of 372 mAh g'!. Recently, the research activity is strongly focused on porous C,
nanotubes, nanofibers, and graphene. The size reduction and the unique shape introduce
novel properties in LIBs [17-22]. For example, C nanorings with 20 nm outer diameters
and 3.5 nm wall thickness showed outstanding performance: capacity over 1200 mAh

! and current density of 0.4 A g

g
Second, Si, SiO, Ge and SnO; etc. react with Li according to alloy/dealloy
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mechanism. Their theoretical capacity ranges from 782 mAh g'! for SnOz up to 4199 mAh
g! for Si [23-25]. The major drawback was the poor cycle life due to the high-volume
expansion/contraction during alloy/dealloy process. To overcome these issues, the
downsizing to nanoscale and the fabrication of composites are the most promising.
Nanostructured alloy materials with different morphologies were considered as an
implementable path to achieve long cycle life [26,27]. Regarding Si with the highest
theoretical capacity, the development trend will be detailed in Section 1.3 because of the
close relation to my study.

Third, transition metal compounds such as oxides, phosphides, sulphides, and
nitrides (MxKy; M = Fe, Co, Cu, Mn, Ni, and K= 0O, P, S, and N) were utilized as anodes
in LIBs. The electrochemical reaction between these compounds and Li implies the
reduction (oxidation) of the transition metal along with the composition (decomposition)
of lithium compounds (LixKy). Anodes based on the compounds exhibited high reversible
capacities (500-1000 mAh g') owing to the participation of many electrons in the
conversion reactions [28-30].

The high gravimetric and volumetric energy, high power density, long cycle life and
low self-discharge property [31-38] proved that LIB is the most efficient energy storage
device for a wide range of portable electronics [39-45]. Beyond the dominance in this
consumer electronics, the ultimate and exciting market of LIBs is the application to
electric vehicles (EVs). Today, almost all major car manufacturing companies have at
least either one type of hybrid EV, plug in hybrid EV, and pure EV on their product line.
In 2025, 50% of all manufactured LIBs is forecasted by demand in EV sector. However,
the employment of LIBs in next generation EVs needs higher safety ability than the
present technology [46]. In the following section, all-solid-state LIBs (ASSLIBs) are

reviewed as the solution.



1.2. All-solid-state Lithium-ion Batteries: Past and Present

Conventional LIBs as described in Section 1.1 normally use organic liquid
electrolytes with low ionic resistance, leading to some drawbacks such as safety issue,
insufficient lifetime, high cost, and low power density. In contrast, ASSLIBs with
nonflammable inorganic solid electrolytes can avoid some of the issues, in particular, the
safety concerns [47]. Therefore, ASSLIBs should be used widely in large electrical power
storage systems such as EVs as well as electronic devices. In the most recent years, a
significant progress has been made for ASSLIBs by optimizing solid electrolytes.
Moreover, some companies have been devoted to promote the application to electronic
devices and EVs. There are various ASSLIBs based on the type of inorganic solid
electrolytes as below.

1) Oxynitride-based ASSLIBs

2) Sulfide-based ASSLIBs

3) NASICON-based ASSLIBs

4) Perovskite-based ASSLIBs

5) Garnet-based ASSLIBs
In this section, the author describes the advances, challenges, and prospective in ASSLIB
research.

Regarding oxynitride-based ASSLIBs, thin film with lithium-phosphorous-
oxynitride (LiPON) electrolyte have been extensively investigated [48-58]. Electrode,
solid electrolyte, and current collectors are usually sequentially constructed on a substrate.
Battery and powered electronic device must be functionally integrated with maximum
efficiency and voltage control [59-68]. Lethien fabricated regular pattern with
LiPON/LiFePOq thin films as the solid electrolyte/cathode for 3D micro-battery [69]. The
preparation of high aspect ratio Si nanopillar (SINPL) as anode was performed by
combining deep reactive ion etching and photolithography processes. Finally, the

conformal deposition of LiPON/LiFePO4 bilayers was also achieved on SiNPL array by
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RF sputtering. The full stack of films is only 10-15 um in thickness. The batteries can be
made into flexible when the support is thin enough [70]. Such thin film ASSLIBs with
typical capacities of 0.1-5 mAh possess wide applications in sensors, RFID tags, and
smarter cards [71].

Sulfides (Li2S-P2Ss) with high ionic conductivity and wide electrochemical windows
have been demonstrated as a kind of attractive solid electrolytes [72-74]. Tatsumisago
reported ASSLIB with LiCoO> and 80Li2S-20P>Ss glass-ceramic electrodes exhibited a
long cycle performance [75]. The cell worked reversibly even at a high current density of
over 10 mA ¢cm™. Various types of Li-S ASSLIBs were also fabricated using Li>S-P»Ss
glass-ceramic electrolytes [76]. The batteries displayed large capacity, >1000 mAh g..
Sakuda found that sulfide electrolytes with low bond energy and a highly covalent
character were beneficial in achieving high ionic conductivity [77]. Young’s moduli of
sulfide electrolytes fell in between those of oxides and organic polymers. Recently, Kanno
reported the feasibility of LiioGeP2S12 as solid electrolyte for practical lithium batteries
[78]. The battery delivered discharge capacity of over 120 mAh g and excellent
discharge efficiency of about 100% after the second cycle. Most recently, Kato designed
new solid-state electrolyte, Lig.s54S11.74P1.44S11.7C105 (LSPSC), with high ionic
conductivity of about 25 mS cm™ [79]. The remarkably enhanced conductivity was
attributed to the change of Li" ion transport from one dimensional to three-dimensional
pathways. A cell with LiCoO: cathode, LisTisO12 anode, and LSPSC electrolyte could
operate in a wide temperature range from -30°C to 100°C and keep about 75% capacity
after 500 cycles at high-rates of charge/discharge [80]. This work represents large
progress in the development of ASSLIBs.

All-solid-state lithium-air batteries (ASSLABs) with NASICON-type 18.5Li>O-
6.07A103-37.05Ge02-37.05P,0s electrolyte was built by Kumar [81]. ASSLABs with
Lii+xAlyGez-y(POs)3 solid electrolyte were also constructed by Zhou [82,83]. The
discharge and charge capacities were about 1700 mAh g'! and 900 mAh g!, respectively,

at a current density of 500 mA g'! in the voltage range of 2.0-4.2 V (vs. Li/Li"). Symmetric
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cell configuration can simplify the fabrication process and reduce the interfacial issues as
well as decrease manufacturing costs. Kobayashi prepared symmetric ASSLIBs with
Li3V2(PO4); electrodes and LiisAlosGers(POs)s electrolyte [84]. LiisAlosGer.s(PO4)s
was added into the electrode to increase the interface area between active materials and
electrolyte. The discharge capacity could reach 92 mAh g™! at a current density of 22 pA
cm? at 80 °C, and 38 mAh g at 25 °C, respectively. Iriyama fabricated new kind of
ASSLIB thin film with Cu/Li,0-Al>03-TiO;-P20s-based glass ceramics sheet/amorphous
Li-Mn-O/Pt by applying high DC voltage [85]. The obtained battery could perform stable
charge/discharge reaction at 1.4 V.

Perovskite LigssLaossTiOs (LLTO) with high ionic conductivities of 103-10* S
cm? was used as the electrolytes for three-dimensional ASSLIBs [86-90]. Here LLTO
possess honeycomb structure which has micro-sized holes on both sides of membrane.
The impregnation of LiCoO; and LisMnsOi> particles mixed with precursor sol into
honeycomb holes enabled good contact between LLTO electrolyte and active material
[91]. LiCoO2/LLTO/LisMnsO1> ASSLIB was successfully operated at 1.1 V with a
discharge capacity of 7.3 nAh cm™. Thin films with amorphous lithium lanthanum
titanate solid electrolyte were fabricated by e-beam evaporation under a higher power
[92]. Li/LiPON/LLTO/LiCoO:2> cell with LLTO thin film as solid electrolyte showed the
capacity degradation of 0.5% per cycles after 100 cycles at 7 pA cm™.

Garnet-type LizLazZr;012 (LLZO) was explored as solid electrolyte for ASSLIBs
with Li metal anode [93]. Cyclic voltammogram of Li/LLZO/Li cell showed that the
dissolution and decomposition reactions of lithium reversibly occurred without any
reaction with LLZO [94]. Full cell composed of LiCoO,/LLZO/Li configuration was
successfully operated at the expected voltage estimated from redox potential of Li and
LiCoO». The discharge capacity of full cell was 15 pAh cm™. However, an irreversible
behavior was observed at the first discharge and charge cycle due to the interfacial issue
between LiCoO2 and LLZ. The electrochemical performance and charge transfer

resistance of LiCoO2/Lis.75LazZr1.75Nbo25012/Li ASSLIB was measured by Ohta [95].
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The interfacial resistance between LCO and LLZONb was comparable to that of LIBs
with liquid organic electrolytes. This battery showed capacity retention of approximately
98% after 100 cycles. Li" ion conductor Li3zBO3; (LBO) was used as buffer layer between
LiCoO: active cathode material and Nb doped LisLa3Zr,012 (LLZOND) electrolyte [96].
Sufficient interface contact could be easily achieved with sintering LBO into the cathode
layer by annealing process. The obtained battery exhibited good electrochemical
performance and lower interfacial resistance. Guo prepared Ta-doped LisLazZr2O12
electrolyte for ASSLIBs [97]. The battery shows the first discharge capacity of 150 mAh
g at 0.05 C and 93% capacity retention after 100 cycles at 60 °C. The performance can
be further improved by increasing temperature up to 100 °C. These results indicate that
the lamellar garnet-type ceramic electrolytes are promising for developing high-
performance ASSLIBs operating at intermediate temperatures. Guo examined the effect
of moisture on Li" ion conduction of LizLa3Zr,O12 ceramic and the electrochemical
properties of LLZ-based solid state battery with LiFePO4 (LFP) film cathode [98]. The
secondary phase was observed in LLZ ceramic, when the specimen was exposed to humid
air. LisLa3ZrO12-based Li-rich garnets tend to react with water and CO; in air to form
Li" ion insulating Li>CO;3 layer on the surface of garnet particles, leading to large
interfacial resistance for Li* ion transfer. Goodenough et al. found adding 2 wt% LIF to
garnet LissLaszZri.sTaosO12 can effectively increase the stability of garnet electrolyte
against moist air [99]. Therefore, the protection of LLZ ceramic from moisture is
necessary to gain high performance LLZ-based solid state cell at room temperature.

Due to safety concerns of current LIBs, there are huge market needs for ASSLIBs.
However, it still takes a long time for the practical use, despite considerable advances
described above. The challenges hindering the commercialization is the enhancement of
storage capacity and energy density. In the next section, the studies on Si anodes are

reviewed as the most promising method to meet the energy demands.



1.3. SiAnodes: Past and Present

LIBs have remarkable advantages in cycle life and weight energy density in
comparison with other energy storage devices. Therefore, the related technologies are the
key of the contemporary energy system which is closely coupled with renewable energy
generation, transmission and utilization [100-103]. However, current LIBs cannot meet
the ever-increasing energy demands [104,105]. Thus, a lot of new electrode materials with
different storage mechanisms have been explored to improve the battery performance
[106-109]. Among such advanced candidates, Si is the most promising as an anode active
material mainly for the following reasons [110-112]: high theoretical capacity, low
operating potential, and abundance in nature. The theoretical capacity, TC, can be

calculated by a following equation:

_(mxF)

TC
MW

where n is the number of electrons involved in the reaction of 1 mol active material. F
and MW are Faraday’s constant (26801 mAh/mol) and molar weight of active material,
respectively. For example, in the case of Li22Sis phase, the lithiation process is expressed

by a following reaction equation:

22Li" + 5Si + 22¢” = LixSis

Therefore,



Since MW is 28.084 (atomic weight of Si), TC can be calculated as follows:

(44 x 26801)

— -1
TC = 58,084 =4199mAh g

Table 1-1 summarizes TCs of several crystalline Li-Si phases, which are calculated using
the same formula.

For application of Si as anode for LIBs, it is important to understand the details of
Li-Si phase diagram. As shown in Figure 1-1 [113], thermodynamic process forms a series
of Li-Si alloy phases, such as LiSi, Li12Si7, Li13Sis4, Li15S14, and Li22Sis. However, there
is clearly some differences in electrochemical process. Liu found that the lithiation of Si
is the ledge peeling of Si (111) facet by Li* ions, which produces amorphous LixSi layer
by layer [114]. Namely, initial products in electrochemical lithiation process are always
amorphous LixSi (with 0<x<3.75), though the crystalline phases normally have lower
Gibbs free energy than the amorphous counterparts. The thickness of amorphous layer
gradually increases with uniform distribution of Li. Then the amorphous phase suddenly
crystallizes to form Lii5Si4 at x=3.75 [115]. During the crystallization, no fluctuations are
seen in the composition and volume. Density functional theory calculations and in-situ
transmission electron microscope, TEM, measurements indicated that the amorphous
LixSi crystallizes through spontaneous congruent phase transformation process without
long-distance atomic diffusion. This mechanism differs from nucleation and growth in
thermal equilibrium process.

The lithiation mechanism of Si is associated with massive volume changes. The
expansion coefficient of crystalline Li-Si phase, for example, Li22Sis, to Si can be
calculated through following process.

1) unit cell density and unit cell volume are determined using database [116]

density: 1.2 g cm™

volume: 1.60239x102! cm?



Table 1-1. Theoretical capacities of several crystalline Li-Si phases.

Crystalline Phase Li,,Sis  LigSi, LiygSi, LipSi;  LiSi

Theoretical Capacity

4 4199 3579 3102 1636 954
(mAhg")
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Figure 1-1. Li-Si phase diagram.
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i1) weight of a single Li2»Sis is obtained using Avogadro constant and atomic weight

(6.938 x 22 + 28.084 x 5)

6 X 1023 = 4.88427 x 10722 g

1i1) number of a single Li22Sis in unit cell is obtained using an above calculated value,

unit cell density, and unit cell volume

1.2 x (1.60239 x 10721)

488427 x 10-22 503686

iv) number of Si atom in unit cell is obtained using an above calculated value

3.93686 x 5 = 19.6843

v) volume of a single Li4.4Si1 is obtained using an above calculated value and unit

cell volume

(1.60239 x 10~21)

-8 % 1023 cm3
19.6843 8.14044 x 107“° cm

vi) expansion coefficient is obtained using an above calculated value and volume of

a single Si (2.05292x102% cm?)

8.14044 x 10723

= 3.965
2.05292 x 10-23

Table 1-2 summarizes the expansion coefficients of several crystalline Li-Si phases,
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Table 1-2. Expansion coefficients of several crystalline Li-Si phases.

Crystalline Phase Liy,Sis LigSi, LiggSi, LigpSi;  LiSi

Expansion Coefficient  3.965 3.63 3.237 2094  1.537

-13-



which are calculated using the same method.

The large expansion demonstrated by above calculation causes three main
challenges to the practical use of Si anodes. First, the cycle life is short because the
decomposition proceeds by the large volume change with the storage and release of Li"
ion. Second, the pulverization of entire electrode in the alloying/dealloying process
causes rapid and irreversible capacity reduction and low Coulomb efficiency (CE).
Finally, as solid electrolyte interphase (SEI) breaks due to the delithiation, SEI thickness
increases with cycle number, resulting in the decrease of reversible capacity [117,118].
Tremendous strategies for the issues listed above are follows:

1) downsizing at various dimensions [119-124]

2) compositing with C [125-131]

3) compositing with metal [132-135]

4) compositing with metal oxides [136-139]

In this section, the author describes the advances, challenges, and prospective in Si anodes
for LIBs with liquid electrolytes.

Regarding downsizing, various nanostructures with different dimensions have been
designed to improve the electrochemical performance:

a) 0 dimensional: nanoparticles

b) 1 dimensional: nanowires

¢) 2 dimensional: nanosheets and silicene

d) 3 dimensional: hierachical nanostructure, hollow, and porous structures
Turning to nanoscale is an efficient strategy to overcome the large expansion/contraction
problem by relieving internal strain. Kim prepared well-dispersed 0D nanoparticles with
various sizes by reverse micelle method [ 140]. The capacity was maintained at 2700 mAh
gl after 40 cycles at 0.2 C. The highest charge capacity was obtained at a diameter of 10
nm. Using in-situ TEM technology, Liu found that nanoparticles exhibited stronger
resistance to mechanical strain at a critical size of 150 nm [141]. Recently, Lin prepared

crystalline nanoparticles through a reduction of micro-sized Si zeolite by metallic Al in
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molten AICI3 at 200°C [142]. LIBs with Si crystalline nanoparticles reached reversible
capacities of 2663 mAh g at 0.5 A g! after 50 cycles and 870 mAh g at 3 A g! after
1000 cycles. In 2007, Cui fabricated 1D nanowires with a diameter of 90 nm vertically
aligned on stainless steel substrate by chemical vapor deposition [143]. The improved
LIB performance was ascribed to the sufficient space between nanowires to release the
strain from large volume change. Very recently, Wang produced nanowire film using
magnetron sputtering with electroless etching technology. The anode delivered an initial
reversible discharge capacity of 3158 mAh g! and maintained a capacity of 2840 mAh g’
after 100 cycles at 200 mA g™!' [144]. 2D materials possess smaller specific variable SEI
surface area compared to other dimensional nanostructures. Chen synthesized ultrathin
mesoporous nanosheets by soft template [145]. Owing to ultrathin 2D characteristics and
mesoporous structure, the nanosheets buffered the structural stress, resulting in superior
cycle performance. Lately, scalable preparation of freestanding high-quality silicene via
liquid oxidation and exfoliation of CaSi, was reported by Liu [146]. The obtained silicene
exhibited an extraordinary cycling stability with no capacity decay after 1800 cycles.
Well-crystallized hierarchical mesoporous Si  was synthesized through the
magnesiothermic reduction process using 0D Si particles as self-template [147]. The 3D
nanostructure exhibited a reversible capacity of 959 mAh g™! was retained after 300 cycles
at 0.2 A g' with a high mass loading density of 1.4 mg cm™. Xiao combined
magnesiothermal reduction and acid etching method to synthesize hollow porous
nanospheres [148]. In-situ TEM demonstrated that both the mesoporous shell and hollow
internal void relieved inward expansion and contraction during lithiation and delithiation.

Second, C uniformly coated on Si with various structures becomes a promising
approach to improve the electrochemical performance [149,150]. Encapsulation of
polybenzimidazole onto microsized Si spheres was achieved by an aerosol-assisted
assembly combined with physisorption process [151]. Si-C composite exhibited high
reversible specific capacity (2172 mAh g!), superior rate capability (1186 mAh g at 5

A g') and prolonged cycle life. Guo fabricated porous Si nanoparticles loaded in
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controllable void C spheres with yolk-shell structure by combining hydrothermal water
etching and magnesiothermic reduction strategy [ 152]. The optimized composite showed
excellent LIB performance, delivering a capacity of 1400 mAh g™! after 100 cycles at 0.2
A g!. Moreover, Chen fabricated double C shells with certain inter spaces by CVD and
magnesiothermic reduction method [153]. The inner C shell provided certain voids to
withstand volume changes. Compared with bare Si and single C layer coated Si electrodes,
the composite electrode possessed superior rate capability and good cycling performance
up to 1000 cycles. An et al. reported a scalable top-down technique to produce ant-nestlike
porous Si [154]. Synchrotron radiation tomographic reconstruction images and in-situ
TEM characterization reveal that the unique structure could prevent pulverization and
accommodate volume expansion during cycling. The C-coated porous Si anode delivered
a high capacity of 1271 mAh g! with 90% capacity retention after 1000 cycles. Li
reported an efficient approach to large-area fabrication of 3D graphene-Si networks with
good flexibility and high electrical conductivity [155]. These properties are beneficial to
minimizing the volume change of Si and facilitating the diffusions of both lithium and
electron. As the results, 3D network exhibited a superior rate capability, cyclability and
high reversible capacity over 2050 mAh g after 200 cycles.

Third, as metal composites, Song delivered a template-free synthesis of highly
connected hollow Si-Cu nanotubes [156]. CuO was firstly grown on the copper foam by
a thermal oxidation treatment. Then, coating amorphous Si on CuO nanowires was
achieved via a plasma-enhanced CVD technology. Finally, hollow Si-Cu nanotubes were
obtained by an in-situ H> annealing. The resulting anode possessed a high specific
capacity of 780 mAh g™! after 1000 cycles, with a capacity retention rate of 88%. Recently,
3D nanoporous Si-Ge alloy with tunable morphology and porosity was synthesized by a
dealloying method with a ternary AlSiGe ribbon as the precursor [157]. By adjusting the
Al content in the precursor, the morphology and porosity could be controlled. With an Al
content of 80%, 3D alloy with hierarchical micropores delivered a high reversible

capacity of 1158 mAh g after 150 cycles. Zhang developed a composite anode of
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Cu/Si/Ge nanowire arrays, where each nanowire consisted of a core of Cu segments and
a Si/Ge bilayer shell [158]. This unique electrode architecture exhibited several favorable
properties: nanowires enabled facile strain relaxation; free space between nanowires and
hollow space between Cu segments accommodated volume expansion; core Cu segments
enhanced electron transport. Moreover, the outer Ge shell also served as an active high-
capacity coating. By using in-situ TEM and electrochemical testing, a novel co-
lithiation/co-delithiation reaction mechanism was proposed, which effectively alleviated
the electrochemically induced mechanical degradation and thus greatly enhanced the long
cycle stability of the electrode.

Finally, regarding metal oxide composites, Fang reported a rational design of core-
shell structure with Si nanoparticles encapsulated in TiO> hollow spheres by combination
of hydrolysis with magnesiothermic reduction method [159]. In this architecture, the
inside void provided enough space for accommodation of the volume expansion. In
addition, the robust TiO; shell could improve the electrical conductivity and prevent the
direct contact of Si with the electrolyte. As a result, the hollow nanospheres maintained a
specific capacity of 804 mAh g! after 100 cycles. Lately, a facile sol-gel strategy was
proposed to synthesize core-shell Si@amorphous TiO> (~3 nm) by Yang [160]. STEM
and the elemental mapping characterizations clearly verified that a thin TiO> nanograin
layer was conformally coated on Si nanoparticle core. The amorphous TiOz shell offered
superior buffering properties over the pristine Si nanoparticles and crystalline TiO layers
coated Si for unprecedented cycling stability. More recently, Wang reported thermally
alloy lithiation approach to prepare the lithiated TiO> protecting LixSi nanoparticles [161].
The robust lithiated TiO> matrix not only improved the electrical conductivity but also
spatially limited the direct SEI formation during cycling. More importantly, the coating
layer protected the most inner LixSi alloys from corrosion, leading to high dry-air stability.

As aresult, the anode achieved a capacity of about 1300 mAh g™! after 500 cycles.
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1.4. Purpose of This Study

The goal of this study is to enhance the energy density of ASSLIBs by using Si
anodes. To accommodate the volume expansion of Si, which is a serious problem in the
practical use, this thesis focuses on the fusion of nanosizing and compositing. Specifically,
nanoporous Si particles are adopted as the anode active material. This is because nano-
sized pores are expected to act as the buffer regions for large volume change. In addition,
sulfide-based solid electrolyte is used as a counterpart to prepare the composite anodes.
The sulfide should have excellent adhesion with Si particles due to its low Young’s
modulus [162]. To the best of my knowledge, the approach described above is a novel
attempt in ASSLIBs. It is also worth noting that there are the advantages in the
manufacturing cost and handling compared to other Si anodes. In this dissertation, I report
the fabrication of nanoporous Si composite anodes and their application to sulfide-based

ASSLIBs.
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1.5. Contents of This Thesis

This doctoral thesis consists of the following five chapters.

Chapter 1

This chapter describes the background and the contents of this thesis.

Chapter 2

In Chapter 2, | describe the preparation and the structural characteristics of
nanoporous Si particles. Si particles were prepared by three processes: air oxidation of
Mg2Si (Mg@2Si + O2 — Si + 2MgO) and Mg,Si reduction of mesoporous SiOz or SiO:
fumes (SiO2 + M@2Si — 2Si + 2MgO). The crystal structure of the prepared Si particles
was confirmed to be diamond cubic by X-ray diffraction (XRD) and Raman scattering
measurements. Using field emission scanning electron microscopy (FE-SEM) and TEM,
nano-sized pores were observed on the surface and inside of Si particles. Specific surface
area (~300-500 nm) and pore size (<10 nm) were analyzed by Brunauer-Emmett-Teller
(BET) measurements. In addition, the oxidation state of the Si surface was quantitatively
evaluated using x-ray photoelectron spectroscopy (XPS). Based on all the experimental
results, it was concluded that MgSi reduction of SiO2 provided highly-pure nanoporous

Si particles compared to the air oxidation of Mg2Si.

Chapter 3

In Chapter 3, I describe the electrochemical characteristics of ASSLIBs with various
Si composite anodes. Anode composite materials consisted of nanoporous Si paricles,
75L12S-25P>Ss solid electrolyte (SE), and acetylene black. To fabricate ASSLIBs with
half cell configuration, the anode composite material, SE powder, and Li-In counter
electrode were sequentially stacked in an electric insulation tube. The capacity retention

of nanoporous Si half cell was much larger than that of non-porous Si half cell. Based on
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the cross-sectional SEM images and electrochemical impedance profiles, the high
capacity retention was caused by the closely-contact between nanoporous Si
particles/aggregates and SE. This indicates that the shrinkage of pores buffers the
volumetric expansion of Si. In addition, the elasticity of sulfied-based SE relieves the
strains arising from the slightly expanded Si particles. Using oxidation state, particle size,
pore size, and dispersibility of Si particles as parameters, the capacities, coulombic

efficiencies, and capacity retentions were compared among three kinds of half cells.

Chapter 4

From the practical point of view, in Chapter 4, I describe the optimization of
conduction path using conductive additive and the quantitative evaluation of structural
stress using full cell configuration. Anode composite materials were prepared with the
weight ratio of nanoporous Si particles:SE:conductive additive=4:6:x (x=1, 2, 3, and 4).
The electrical conductivity and charge capacity simply increased with the concentration
of conductive additive. On the other hand, there was an optimum amount of conductive
additive for cycle performance. Full cells were composed of composite cathode with
LiNisMn13C01302:SE:conductive additive=70:30:5 wt% and composite anode with
nanoporous Si particles:SE:conductive additive=40:60:10 wt%. The load change was
extremely small during charge and discharge. In addition, no cracks were observed in the
cross-sectional SEM and EDX images of electrodes. It was concluded that nanoporous
structure acted as the buffer regions for large volume change of Si particles/aggregates

during charge and discharge.

Chapter 5

This chapter summarizes all the conclusions in this thesis.
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2. PREPARATION OF NANOPOROUS Si PARTICLES

2.1. Introduction

Porous Si can be fabricated both by ‘top-down’ techniques from solid Si and by
‘bottom-up’ routes from Si atoms and Si-based molecules [1]. Electrochemical etching
has been the most studied approach for chip-based applications and has been utilized to
produce highly directional mesoporous and macroporous materials. Chemical conversion
of porous or solid SiO; is currently attracting much attention for applications that require
inexpensive mesoporous Si in powder form. In contrast, very few techniques are available
to fabricate microporous Si with pore sizes below 2 nm.

Regarding the anodes for LIBs with liquid electrolytes, following methods have been
reported to prepare the porous Si-based materials. Bang fabricated macroporous-Si
particles via Ag deposition and chemical etching with HF and H>O,, after C coating [2].
The 3D porous Si exhibited a capacity of 400 mAh g after 50 cycles. Nanoporous Si
networks with controllable porosity and thickness were fabricated by a simple and
scalable electrochemical process [3]. These served as high performance anodes with an
initial discharge capacity of 2570 mAh g, above 1000 mAh g after 200 cycles. Liu
directly derived pure Si nanoparticles from rice husks [4]. Such recovered materials
exhibited high reversible capacity (2790 mAh g') and long cycle life (86% capacity
retention over 300 cycles). Porous Si-C composites were prepared by Rochow reaction,
which is commonly used to produce organosilane monomers in chemical industry [5].
The interconnection between porous structure and conductive C-coated layer induced an
initial discharge capacity of 2646 mAh g' and 997 mAh g after100 cycles. Jiang
developed a novel and simple method to prepare porous Si by acid etching Al-Si alloy
powder [6]. The discharge capacity retained 66% as 1368 mAh g™! after 258 charge and
discharge cycles. Li used various conducting agents to build electrical bridges between

porous Si-C composites, which significantly improved the structural stability and hence
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the cycle life (capacity retention of 80% at 80 cycles) [7].

Converting Mg>Si into Si is an interesting route to obtain porous Si materials. Hwa
proposed new method to synthesis mesoporous Si-C composites. Si nanoparticles were
obtained through Mg>Si reduction of amorphous Si using high energy mechanical milling
process [8]. Mesoporous C matrix was fabricated via C coating method on Si
nanoparticles followed by chemical etching of preexisting MgO nanoparticles. This
composite anode showed excellent electrochemical performance, achieving a reversible
capacity of 1600 mAh g! over 50 cycles. Nanoporous Si particles were synthesized
through the reaction of Mg>Si and molten Bi in high-purity He gas [9]. Their anodes
presented a capacity retention of 1500 mAh g™! after 500 cycles. Porous Si nanoparticles
were prepared by a ‘metathesis’ reaction of Mg>Si and ZnCl: in an autoclave at 300°C
[10]. The as-prepared Si exhibited a reversible capacity of 795 mAh g™ over 250 cycles.
Nanoporous Si has been prepared through the air-oxidation demagnesiation of Mg>Si at
600°C for 10 hours, followed by HCl washing [11]. The as-prepared Si exhibited a
reversible capacity of 1200 mAh g'! after 400 cycles.

The choice of fabrication technique for porous Si is very much dictated by
application area, which has differing requirements on porosity levels, pore morphology,
skeleton purity, physical form, cost, and volume. Low-cost and simple preparation
process is desired in this study, because the porous Si is applied to ASSLIBs. Therefore,
I firstly focused on the conversion reaction of Mg>Si in air. This method is very simple
and suitable for mass production. Mesoporous SiO and SiO, fumes were also selected as
the oxidizing agents instead of air. These conversion reactions in a vacuum should provide
high-purity Si particles. In addition, Si derived from SiO2 possibly forms unique pore
structure. This chapter reviews the fabrication processes and structural properties of three

kinds of nanoporous Si particles.

-33-



2.2. Air Oxidation of Mg>Si

2.2.1. Experimental

Nanoporous Si particles were prepared through the air-oxidation demagnesiation of
Mg,Si [11]. MgzSi (1000 mg; Kojundo Chemical Laboratory; 99%) and Mg (30 mg;
Mitsuwa Chemicals; 99%) were mechanically milled at 1800 rpm for 15 min by using a
high-speed mixer (CM-1000, EYELA). The mixture was heated to 700°C with a ramp
rate of 100°C min™!, and it was held at 700°C for 12 hours in air. The products were soaked
in 1M HCI under Ar atmosphere to remove MgO and unreacted Mg>Si, and then collected
by centrifugation. Finally, the precipitates were rinsed by deionized water and ethanol
three and two times, respectively. After drying under vacuum at room temperature,
nanoporous Si particles were obtained with a yield of 300 mg (82%). Hereinafter,
nanoporous Si particles prepared by this process is referred to as NPS-A.

XRD patterns and Raman scattering spectra were obtained using an X-ray
diffractometer (SmartLab, Rigaku) with CuKa radiation and a laser Raman spectrometer
(NRS-3100, JASCO), respectively. The chemical bonding states of the products were
analyzed using XPS (Kratos AXIS-ULTRA, SHIMADZU). The microstructures were
examined using FE-SEM (JSM-7800F, JEOL) and TEM (JEM-2100, JEOL). The surface
area and pore distribution were measured using an accelerated surface area and

porosimetry system (ASAP 2020, Shimadzu).

2.2.2. Results and Discussion

Figure 2-1(a-I) and (a-1I) show XRD patterns of Mg,Si raw material and air-oxidized
sample, respectively. In the pattern of the air-oxidized sample, sharp and intense Si (111)
reflection, accompanied by higher-order reflections, was observed together with some
diffraction peaks attributable to MgO and a small amount of unreacted Mg>Si. These

findings indicate that the air oxidation of Mg»Si particles almost proceeded as follows:
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Figure 2-1. (a) XRD patterns of Mg2Si (I), air-oxidized sample
(II), HCl-soaked sample (IIT) and (b) Raman scattering of HCI-
soaked sample.
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Mg>Si + O (air) — Si + 2MgO.

XRD pattern of HCl-soaked sample is shown in Figure 2-1(a-1II). Note that all the
diffraction peaks due to MgO and Mg>Si disappeared in this process, while the observed
peaks can be indexed to diamond cubic Si. The calculated lattice constant of a=0.544 nm
was close to the reported value of a=0.543 nm (JCPDS 27-1402). By using Scherrer
equation, the average crystallite size was estimated to be 55 nm. In Raman spectrum,
Figure 2-1(b), there was a broad peak at 495 cm™'. Compared with the strong scattering
at 520 cm™! in single crystal Si, assignable to k~0 transverse optical mode, the signal shifts
to lower frequency with broadening. This is due to the decrease in the crystallite size. In
fact, a shift of 10 cm™ has been reported to correspond to a size change of 11 nm [12].
Figure 2-2 shows XPS spectra of NPS-A and non-porous Si particles. The feature of O 1s
and Si 2p electrons indicates that the surface of NPS-A is more oxidized than that of non-
porous Si. Both samples showed the similar peaks of elemental Si (at 98.9 eV and 99.1
eV), which is attributed to Si cores. On the other hand, the signals of Si oxides were
observed at various binding energies: 103.4 eV and 101.2 eV for NPS-A and 103.1 eV,
100.2 eV, and 99.5 eV for non-porous Si. These results suggest that two kinds of Si
particles suffered the different passivation because of their dissimilar surface activities.
Some SiOx with the binding energies near 100 eV are probably O-doped oxides, because
the binding energy for Si 2p in pure SiO> is about 104 eV [13]. As shown in SEM image
(Figure 2-3(a)), the disordered nano-sized pores were observed on the surface of NPS-A.
I found the aggregation of particles with several ten nanometers in TEM image, Figure 2-
3(b). Based on BET analysis, the specific surface area and pore size were approximately
140 m? g'! and 9.4 nm, respectively (Figure 2-4). These experimental results indicate that

NPS-A were successfully prepared by the air-oxidation demagnesiation of Mg>Si.
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O 1s electrons of both samples.
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Figure 2-3. (a) SEM and (b) TEM images of NPS-A.
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Figure 2-4. Pore size distribution of NPS-A.
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2.3. Mg:Si Reduction of Mesoporous SiO:

2.3.1. Experimental

Nanoporous Si particles were prepared by Mg>Si reduction of mesoporous SiOo.
First, mesoporous SiO; spheres were synthesized by following Fang’s method [14].
Tetraethyl orthosilicate (TEOS: 6 ml; Nacalai Tesque; 95%) was rapidly added to a
mixture of ethanol (74 ml), deionized water (10 ml), and ammonium solution (3.15 ml;
Nacalai Tesque; 28%). The mixture was then stirred at 25°C for 6 hours to give a white
Si0; colloidal suspension. SiO2 particles were centrifuged from the suspension and
washed 3 and 2 times with deionized water and ethanol, respectively. As-prepared 1000
mg of SiOz spheres were homogeneously dispersed by sonication in 180 ml of deionized
water for 15 min. The suspension was added to a solution containing cetyltrimethyl
ammonium bromide (CTAB: 1.5 g; Tokyo Chemical Industry; 98%), deionized water
(300 ml), ethanol (300 ml), and ammonia solution (5.5 ml). The mixture was stirred at
25°C for 30 min and then TEOS (2.5 ml) was added rapidly. After reaction with stirring
for 6 hours, the product, S10; spheres/CTAB/SiO», was collected by centrifugation and
re-dispersed in 200 ml of deionized water. With vigorous stirring, Na,COs3 (4.24 g; Futaba
Pure Chemicals) were added into the well-sonicated water suspension of SiO:
spheres/CTAB/Si0,. After the reaction was stirred at 50°C for 10 hours, nanoporous Si
particles were collected by centrifugation and extensively washed with deionized water
and ethanol. Hereinafter, nanoporous Si particles prepared by this process is referred to
as NPS-M.

NPS-M were prepared in the following manner under an Ar atmosphere, unless
otherwise specified. Mg>Si (255.2 mg, 3.3 mmol; Kojundo Chemical Laboratory; 99%),
mesoporous SiOz (200.0 mg, 3.3 mmol), and Mg (8.1 mg, 0.33 mmol; Mitsuwa
Chemicals; 99%) were mechanically milled at 1800 rpm for 15 min using a high-speed
mixer (CM-1000, EYELA) with ZrO; balls (¢4 mm (12 g) and ¢1 mm (5 g)). Mg was

added to inhibit the peroxidation. The mixture was heated to 700°C with a ramp rate of
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100°C min™! and sintered at 700°C in vacuum for 12 hours. The products were immersed
in 1M HCI to remove MgO and unreacted Mg>Si, and then collected by centrifugation.
Subsequently, the precipitate was rinsed with deionized water and ethanol three times and
twice, respectively. Finally, after drying under vacuum at room temperature, NPS-M were
obtained in a yield of 150 mg, 5.3 mmol (80%).

The measurement methods of XRD, Raman scattering, XPS, SEM, TEM, surface

area, and pore distribution were described in Paragraph 2.2.1.

2.3.2. Results and Discussion
Figure 2-5(a) shows XRD patterns of NPS-M. All the peaks were indexed to
diamond cubic Si. This result indicates that Mg>Si reduction of mesoporous SiO; particles

almost proceeded as follows:

Mg>Si + Si02 — 281 +2MgO

The calculated lattice constant of a=0.544 nm was close to the reported value of a=0.543
nm (JCPDS 27-1402). By using Scherrer equation, the average crystallite size was
estimated to be 55 nm. In Raman spectrum, Figure 2-5(b), there was a broad peak at 513
cm’!. Compared with the similar scattering at 495 cm™ in NPS-A, the signal shifts to the
higher frequency. This is due to the increase in the crystallite size [12]. Figure 2-6 shows
XPS spectra of NPS-M. For comparison, O 1s profile includes NPS-A signal. Si 2p peak
at 98.8 eV is attributed to the Si cores. Si02 and oxygen-doped oxides exhibited other
peaks at 102.8 eV, 100.5 eV, and 99.5 eV. The vertical axis represents the relative
photoelectron intensity in cps (counts per second). O Is intensity of NPS-M (14824 cps)
decreased to about 27% of NPS-A value (55350 cps). Compared with the air oxidation of
Mg>Si to prepare NPS-A, the oxygen source is limited to SiO; under vacuum conditions.
As a result, higher-purity NPS-M were obtained using this process. SEM and TEM

measurements revealed that nano-sized pores were present on the surface and inside of Si
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Figure 2-5. (a) XRD pattern and (b) Raman scattering
spectrum of NPS-M.

-42-



Intensity / a.u.

106 104 102 100 98 96
Binding Energy / eV

[x10%] ©
O1s (b)
5
[72]
2 4 — NPS-A
- — NPS-M
£ 3
[
L 2
<
. /\

| I M B B R
838 536 534 532 530 528
Binding Energy / eV
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particles (Figure 2-7). BET specific surface area and pore size were 200 m? g'!' and 6.0
nm, respectively (Figure 2-8). Compared with the air oxidation of Mg>Si, the surface area
increased by 1.4 times and the pore size decreased by 37%. The experimental results
described above indicate that NPS-M were successfully prepared by Mg»Si reduction of

mesoporous SiO> and demagnesification.
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Figure 2-7. (a) SEM and (b) TEM images of NPS-M.
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Figure 2-8. Pore size distribution of NPS-M.
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2.4. Mg:Si Reduction of SiO2 Fume

2.4.1. Experimental

Nanoporous Si particles were prepared as follows under Ar atmosphere, unless
otherwise specified, by using Mg>Si reduction of SiO> fumes [15]. Mg>Si (382.9 mg, 5.0
mmol; Kojundo Chemical Laboratory; 99%), SiO; fumes (300.0 mg, 5.0 mmol; Sigma
Aldrich; 0.2-0.3 pum in diameter), and Mg (12.1 mg, 0.50 mmol; Mitsuwa Chemicals;
99%) were mechanically milled at 1800 rpm for 15 min by using a high-speed mixer. The
mixture was heated to 700°C with a ramp rate of 100°C min™!, and it was held at 700°C
for 12 hours in vacuum. The products were soaked in 1M HCI under Ar atmosphere to
remove MgO and unreacted Mg>Si, and then collected by centrifugation. Finally, the
precipitates were rinsed by deionized water and ethanol three and two times, respectively.
After drying under vacuum at room temperature, nanoporous Si particles were obtained
with a yield of 225 mg, 8.0 mmol (81%). Hereinafter, nanoporous Si particles prepared
by this process is referred to as NPS-F.

The measurement methods of XRD, Raman scattering, XPS, SEM, TEM, surface

area, and pore distribution were described in Paragraph 2.2.1.

2.4.2. Results and Discussion
Figure 2-9(a) shows XRD patterns of NPS-F. All the peaks were indexed to diamond
cubic Si. This finding indicates that Mg>Si reduction of SiO> fumes proceeds as follows,

similar to NPS-M.

MgsSi + Si02 — 281 +2MgO

The calculated lattice constant of a=0.544 nm was close to the reported value of a=0.543
nm (JCPDS 27-1402). By using Scherrer equation, the average crystallite size was

estimated to be 55 nm. In Raman spectrum, Figure 2-9(b), there was a broad peak at 496
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Figure 2-9. (a) XRD pattern and (b) Raman scattering
spectrum of NPS-F.
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cm’!. This wavelength is close to 495 cm™ in NPS-A. Therefore, NPS-F and NPS-A have
similar crystallite sizes. XPS spectra of NPS-F are shown in Figure 2-10. For comparison,
O Is profile includes the signals of NPS-A and NPS-M. Si 2p peak at 98.9 eV is attributed
to Si cores. Si0> and oxygen-doped oxides exhibited other peaks at 102.6 eV, 100.2 eV,
and 99.4 eV. This feature of O 1Is and Si 2p electrons indicates the slight oxidation on
NPS-F surface. O 1s intensity of NPS-F (14431 cps) is nearly equal to that of NPS-M
(14824 cps). On the other hand, the intensity of NPS-A Ols (55350 cps) is extremely
large. These results demonstrate that Mg>Si reduction of SiO» is superior to the air
oxidation of Mg>Si in the preparation of high-purity nanoporous Si particles. As shown
in SEM image (Figure 2-11(a)), the disordered nano-sized pores were observed on the
surface of powder. I found the aggregation of particles with several ten nanometers in the
TEM image, Figure 2-11(b). Based on BET analysis, the specific surface area and pore
size of NPS-F were approximately 213 m? g'! and 5.9 nm (Figure 2-12), respectively.
These experimental results indicate that NPS-F were successfully prepared by Mg>Si

reduction of SiO2 fumes and demagnesification.
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Figure 2-10. XPS spectra for (a) Si 2p electrons of NPS-F and (b) O
1s electrons of NPS-F, NPS-M, and NPS-A.
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11. (a) SEM and (b) TEM images of NPS-F.
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2.5. Summary

Nanoporous Si particles could be successfully prepared by three methods: air
oxidation of Mg>Si (for NPS-A), Mg>Si reduction of mesoporous SiO> (for NPS-M), and
Mg>Si reduction of SiO> fumes (for NPS-F). These processes based on the mixing of
reactants are very simple and suitable for mass production. In comparison with other
techniques such as anodization, etching, and deposition, the merits are as follows:

1) No special environments or equipments required

2) No acids or alkalis required

3) No toxic solvents required

4) Easy batch modification

5) Low running cost and low risk

All the peaks in XRD patterns of NPS-A, NPS-M, and NPS-F were indexed to
diamond cubic Si. The calculated lattice constants for the three NPSs were exactly the
same at a=0.544 nm. This is close to the reported value of 0.543 nm for Si (JCPDS 27-
1402). The average crystal size evaluated using the Scherrer equation also agreed at 55
nm among the three NPSs. These results indicate that all the prepared nanoporous
particles are composed of a similar Si single phase.

Raman spectra showed a broad peak at 495 cm™, 513 cm™ and 496 cm™! for NPS-A,
NPS-M, and NPS-F, respectively. This can be assigned to k~0 transverse optical mode.
Compared with the strong scattering of single crystal Si at 520 cm™!, the signal shifts to
lower frequencies with broadening. This is due to the decrease in the crystallite size.
Among the three NPSs, NPS-M had the largest size, and NPS-F and NPS-A had similar
sizes.

The features of O 1s and Si 2p electrons in XPS profiles indicate the presence of
oxide layers on the surface of the prepared nanoporous Si particles. Based on the
comparison between the relative photoelectron intensities of O 1s, NPS-A was strongly

oxidized because of the preparation in air. On the other hand, O 1s intensities of NPS-M
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(14824 cps) and NPS-F (14431 cps) were about 27% and 26% of NPS-A values (55350
cps), respectively. This is because the oxygen source is limited to SiO> under vacuum
conditions. These results indicate that Mg>Si reduction of SiO; is suitable for the
preparation of high-purity nanoporous Si particles.

In SEM and TEM measurements, the disordered nano-sized pores and the
aggregation of particles with several ten nanometers were similarly observed for the three
NPSs. Based on BET analysis, the specific surface areas and pore sizes of NPS-A, NPS-
M, and NPS-F were about 140 m? g'! and 9.4 nm, 200 m? g'! and 6.0 nm, and 213 m? g’!
and 5.9 nm, respectively. It was reasonably confirmed that the smaller the pore size, the
larger the surface area.

Based on the structural data evaluated by XPS, DLS, and BET analyses (Table 2-1),
the electrochemical characteristics of nanoporous Si cells are expected as follows. The
intensity of Ols signals in XPS profiles reflects the amount of oxides near the surface of
Si particles. Therefore, NPS-A with O1s intensity of 55350 cps contains a lot of Si oxides.
Here, the theoretical capacities of Si oxides are smaller than that of Si. On the other hand,
the particle size of NPS-M (354 nm), which has the similar Ols intensity as NPS-F, is
obviously smaller than that of NPS-F (479 nm). Such small Si particles that are not in
contact with the conductive additive cannot involve in charging and discharging. The
results describe above suggest that NPS-F cell show the largest capacity among three
kinds of nanoporous Si cells. In addition, Si oxides form several Li oxides (Li20, Li4SiO4,
and Li2S1,05) during charging, which show no reversible reactions. Therefore, NPS-F cell
with the smallest Ols intensity (14431 cps) is expected to have less loss of Li" ions,
resulting in the largest CE. In NPS-A cell, where the pore size is 9.4 nm, the volume
change during charging and discharging is possibly mitigated by the shrinkage and
expansion of the pores. In contrast, the volume change cannot be completely absorbed in

NPS-F cell with a small pore size (5.9 nm), which should decrease the capacity retention.
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Table 2-1. Structural data of nanoporous Si particles.

Active Material

Intensity of O 1s  Particle Size Pore Size

(cps) (nm) (nm)

Nanoporous Si: NPS-F 14431 479 5.9
Nanoporous Si: NPS-M 14824 354 6

Nanoporous Si: NPS-A 55350 506 94
Non-porous Si 37984 466 -
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3. APPLICATION TO SULFIDE-BASED ALL-SOLID-STATE LITHIUM-ION
BATTERIES

3.1. Introduction

In LIBs with liquid electrolytes, a lot of Si-based anodes with different structures
and compositions have been explored to improve battery performance, as described in
Section 1.3. In contrast, there have been a few reports concerning ASSLIBs, because of
the extreme volumetric change of Si during lithiation and delithiation. Multiwalled-
carbon-nanotubes (MWCNTs) were studied as a conductive additive for ASSLIBs using
Si nanoparticle anodes [1]. For over 100 cycles, reversible capacities over 900 mAh g!
were measured for these anodes. MWCNTs were shown to be a superior conducting
additive for LIBs with a solid-state construction. In addition, Si nanoparticles
demonstrated reversible cycling over bulk Si anode material. Pure amorphous Si films
prepared by r.f. sputtering process exhibited excellent anode performance in all-solid-
state electrochemical systems [2]. They kept high capacity of 2400 mAh g™!' even under
high current discharge of 10 mA cm™. Cycle properties under 0.1 mA cm™ were stable
with high coulombic efficiency nearly unity. Kato reported that Li>S-P»>Ss glasses with
lithium halides, especially Lil, exhibited both high ionic conductivity and favorable
mechanical properties [3]. The addition of lithium halides decreased the Young’s modulus
of the electrolytes. In addition, fewer pores and grain boundaries were observed in the
powder-pressed pellets of Li»S-P>Ss glasses with lithium halides. ASSLIBs using Si
anodes and glass electrolytes with lithium halides exhibited a larger capacity (1500 mAh
g!) of 20 cycles compared to those without lithium halides. These results provided
guidelines for the construction of ASSLIBs from the viewpoint of the mechanical
properties of solid electrolytes. Yamamoto presented a slurry-mixing method for
fabricating homogeneously dispersed composite sheets containing micrometer-sized Si

particles [4]. Subsequent removal of the volatile binder from the stacked-sheet cells was
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demonstrated to reduce their internal resistance. Si composite sheets exhibited high initial
coulombic efficiencies of 95%, with practical areal capacities of 2.0-4.4 mAh cm™ at the
47th cycle under 0.30 mA cm, a reversible specific capacity of 2300 mAh g™! after 100
cycles, and long-term cycling stability (specific capacity above 1700 mAh g™ after 375
cycles). Cracks vertical to Si composite layer after cycling was suggested to buffer the
internal strain originating from Si volume changes, providing excellent cycling stability.
These results assisted the rational design of Si anodes for high-cell-performance ASSLIBs.
Piper showed that Si alloyed with fewer moles of Li as the confinement pressure increased
[5]. This limited Si particles’ expansion and improved their cycling stability. Si-C
composites consisting of Si particles embedded in a dense and non-porous C matrix were
prepared by the pyrolysis of intimate mixtures of poly (vinyl chloride) and Si powder at
900°C under a flow of N [6]. A capacity of 1000 mAh g™ was achieved for 20 cycles (0-
2.0 V vs. Li"/Li) for a Si-C composite containing nano-sized Si particles. Son reported a
Si-Ti-Ni ternary alloy developed for commercial application as an anode material for
lithium ion batteries [7]. The alloy exhibited a stable capacity above 900 mAh g™! after 50
cycles and a high coulombic efficiency of up to 99.7% during cycling. To enable a highly
reversible nano-sized Si anode, melt spinning was employed to embed nano-sized Si
particles in a TisNisSi7; matrix. Whitley presented a proof-of-concept: pairing high
capacity anode materials by imbedding Si in Sn matrix [8]. The cell exhibited with a
reversible capacity of 700 mAh g for 50 cycles. Si-C composite anodes were formed
through the pyrolysis of coal-tar-pitch [9]. ASSLIB half cell displayed stable specific
capacities of 654 mAh ¢! (per mass electrode) and 1089 mAh g (per mass Si-C
composite) after 100 discharge-charge cycles.

In this study, nanoporous Si particles were applied to ASSLIBs with half cell
configuration. This is because the nano-sized pores are expected to act as buffer regions
for large volume changes. In addition, a sulfide-based solid electrolyte was used to
prepare the composites. Sulfides exhibit excellent adhesion with Si particles via plastic

deformation by pressing at room temperature. Furthermore, their low Young’s modulus

-58-



probably facilitates elastic deformation, resulting in a good response to volume changes
[10]. In general, the performance of ASSLIBs is strongly dependent on the
microstructural features of the electrodes. Therefore, it is important to optimize the
dispersibility of Si particles. In this regard, the mixing methods of composite materials
were also investigated to control the ion and/or electron conduction paths in the anodes.
This chapter reviews the electrochemical behavior and microscopic structures of sulfied-

based ASSLIBs with three kinds of nanoporous Si composite anodes.
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3.2. Composite Anodes comprising Nanoporous Si Particles Prepared by Air

Oxidation of Mg:Si

3.2.1. Experimental

75L12S-25P2Ss (mol %) solid electrolyte, abbreviated as SE, was prepared from Li>S
(Furuuchi Chemical; 99.9%) and P»Ss (Sigma-Aldrich; 99%) using a high-energy
planetary ball mill (Pulverisette 7, Fritsch). Li>S (30 mmol) and P>Ss (10 mmol) with a
molar ratio of 75:25 were dry mixed using an agate mortar for 10 min. The mixture was
added to ZrO; pot (80 ml) with ZrO> balls (5 mm in diameter, 106 g) and 8 g of heptane
and mechanically milled under a rotating speed of 500 rpm for 20 hours at room
temperature. Fine SE powder (approximately 1 um in diameter) used as the basis for half
cells was prepared by pulverizing the as-prepared SE (approximately 10 um in diameter,
1 g) in heptane (8.9 g) and butyl ether (0.2 g) with ZrO; balls (1 um in diameter, 40 g)
under a rotating speed of 200 rpm for 20 hours. Anode composite materials consisted of
nanoporous Si particles (NPS-A; 36 wt%), SE (55 wt%), and acetylene black (AB; 9 wt%;
Denka; 99.99%). Here, commercially available non-porous Si particles (Alfa Aesar; 1-5
um in diameter) were used as a reference material. [ adopted two mixing methods, namely
mechanical milling and hand milling, to vary the dispersibility of Si particles. The
mechanical milling was conducted using a high-speed mixer with ZrO- balls (¢4 mm (6
g) and ¢1 mm (2.5 g)) under a rotation speed of 1800 rpm for 60 min. The hand milling
was carried out by hand with an agate mortar and pestle for 10 min. Half cells were
fabricated as shown in Figure 3-1. In an electric insulation tube (10 mm in diameter), SE
(80 mg) and anode composite material (2 mg) were pressed under 330 MPa to obtain a
two-layered pellet. As the counter electrode, Li-In foil was attached on SE side. Finally,
the three-layered pellet was compressed at 148 MPa using stainless-steel disks. Half cells
thus fabricated had high areal mass loadings of about 0.90 mg cm™, which are applicable
to practical batteries. All these procedures, including the preparation of SE, anode

composite materials, and half cells, were performed in a dry Ar atmosphere.
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Figure 3-1. Fabrication process of all-solid-state half cells.
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To accurately analyze the cross section, half cells were transferred to a polishing
machine (IB-19520CCP, JEOL) using a transfer vessel to prevent exposure of the samples
to air. A smooth surface was obtained by ion milling under a 4 keV Ar" ion beam with a
current of 70-80 pA at -70°C. The cross-sectional structure and composition were
evaluated using an FE-SEM equipped with an energy-dispersive X-ray spectrometer
(EDX). Dynamic light scattering (DLS; ELSZ-2000, Otsuka Electronics) was used to
determine the size distribution profile of Si particles.

Electrochemical tests were conducted in constant current (CC) mode of 0.127 mA
cm™ (0.03 C) for the first three cycles and 0.3 mA cm™ (0.08 C) for the subsequent cycles
at 30°C using a charge/discharge measurement device (BTS-2004, Nagano). The cut-off
voltages were 0.88 and -0.58 V vs. Li-In, corresponding to 1.50 and 0.04 V vs. Li'/Li,
respectively. Electrochemical impedance spectroscopy (EIS) was performed using an AC
impedance analyzer (FRA 1455, Solartron) in the charging state at -0.58 V in a frequency
range of 2 mHz to 1 MHz with an applied amplitude voltage of 10 mV at 30°C. Note that

lithiation, i.e., alloying of Si with Li, is expressed as charging in this thesis.

3.2.2. Results and Discussion

The cross-sectional EDX mapping images of NPS-A composite anodes are shown
in Figure 3-2. Si, S, and C are colored in blue, yellow, and red, respectively. In the
mechanical-milled NPS-A (MM-NPS-A) anode, Si particles were highly dispersed in SE
matrix. On the other hand, some Si particles were aggregated to form pum-sized grains in
the hand-milled (HM-NPS-A) anode (see the dashed circle in Figure 3-2(b)). Since both
the anodes contain the same quantity of NPS-A, the observed difference is caused by the
mixing methods. Namely, the dispersibility of Si particles in the composite anodes can be
improved by adapting the mechanical milling.

Figure 3-3 and Table 3-1 show the charge and discharge characteristics of half cells
with various Si composite anodes during the first three cycles. MM-NPS-A and HM-NPS-

A half cells exhibited the initial charge capacities of 2543 mAh g and 3259 mAh g1,
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Figure 3-2. EDX mapping images of (a) mechanical-milled and (b) hand-milled NPS-
A composite anodes. Si, S, and C are colored in blue, yellow, and red, respectively.
Dashed circle indicates NPS-A aggregate.
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Figure 3-3. Charge and discharge curves of half cells with various Si composite
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Table 3-1. Charge and discharge characteristics of half cells with various Si
composite anodes.

Charge / Discharge Capacities Coulombic Efficiency
Active Material Mixing Method (mAhg?) (%)

1stcycle 2nd cycle  3rdcycle 1stcycle 2ndcycle 3rd cycle

Mechanical Milling 2543 /1240 1510/1242 1375/1236 49 82 90
Nanoporous Si: NPS-A
Hand Milling 3259/2300 2696 /2330 2523/2315 71 86 92
Mechanical Milling 2829 /1761 1885/1344 1337/1031 62 71 77
Non-porous Si
Hand Milling 3244 /1964 2169/1557 1591/ 1255 61 72 79
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respectively. These values are smaller than a theoretical capacity (4199 mAh g'!) of
Li22Sis in its fully lithiated state. In this regard, it is important to understand the change
in Li-Si alloy phase with the insertion of Li" ions. Although the crystalline phases
normally have lower Gibbs free energy than their amorphous counterparts, the initial
products in the electrochemical lithiation process are always amorphous LixSi (with 0<x<
3.75). Then, at x=3.75, the amorphous phase suddenly crystallizes to form Lii5Si4 with a
theoretical capacity of 3579 mAh g [11]. This is the highest lithiated phase achievable
at ambient temperature. In fact, initial charge capacities of around 3500 mAh g have
been confirmed in the case of many LIBs with liquid electrolytes [12]. Although the
capacity of HM-NPS-A half cell is close to that of LiisSi4, there is a difference of 320
mAh g'!. This is probably because some of Si particles/aggregates are not in contact with
AB (conductive assistant). The large difference (>700 mAh g'!) between the initial charge
capacities of HM-NPS-A and MM-NPS-A half cells should be due to the same reason. In
other words, AB with a volume fraction of 45% was possibly too small to construct the
electronic conduction path for the highly dispersed Si particles in MM-NPS-A anode, as
observed in the cross-sectional EDX mapping images. SiO> and SiOx which were
confirmed by XPS measurement (see Paragraph 2.3.2), also cause the observed low
charge capacities. This is because Si oxides have the theoretical capacities as 1873, 749
mAh g'!, and so on [13,14].

MM-NPS-A and HM-NPS-A half cells exhibited initial discharge capacities of 1240
mAh g and 2300 mAh g!, corresponding to coulombic efficiency (CE) of 49% and 71%,
respectively. I note the oxide layers as the origin of these low CE, because they
irreversibly consume Li. The air-oxidation process in the preparation of NPS-A promotes
the formation of the oxide layers. In particular, numerous oxide layers may be formed
owing to the large specific surface area attributable to the nanoporous structure. The lower
capacity (nearly half) of MM-NPS-A half cell compared to HM-NPS-A half cell is
probably due to the contribution from the oxide layer and solid electrolyte interphase

(SEI). In other words, the pulverization of Si particles by mechanical milling inevitably
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produces fresh surfaces for the regeneration of the oxide layer and SEI, resulting in
excessive consumption of Li compared to HM-NPS-A half cell.

As shown in Figure 3-3(b) and Table 3-1, the discharge capacities of non-porous Si
half cells, which were prepared as a reference, rapidly decreased as the number of cycles
increased, regardless of the mixing method. The electrochemical deterioration is due to
the large volume change in the alloying/dealloying process. Meanwhile, the discharge
capacities of MM-NPS-A and HM-NPS-A half cells were nearly constant regardless of
the increase in the number of cycles (Figure 3-3(a)). These results strongly suggest that
the pores buffer the volumetric expansion of Si particles/aggregates, as discussed below.
Here, the initial charge/discharge capacities of the half cells hand-milled separately using
the same NPS-A were 3259/2300 mAh g! and 3213/2279 mAh g'!. These results indicate
that the reproducibility in experiments using hand-milling is high.

Figure 3-4 compares the cycle performance of half cells with various Si composite
anodes, while Table 3-2 summarizes their discharge capacities and capacity retentions.
The maximum discharge capacity is defined as the highest value after four cycles, which
is measured in the constant current/constant voltage (CCCV) mode. The capacity
retention is the ratio of the discharge capacity at the 150th cycle to the maximum
discharge capacity. MM-NPS-A and HM-NPS-A half cells maintained the capacity
retentions of 80% and 44%, respectively. Note that MM-NPS-A half cells with highly
dispersed Si components achieved extremely high capacity retention. Regardless of the
mixing method, the discharge capacities of NPS-A half cells were around three times
higher than the theoretical discharge capacity of graphite (372 mAh g™!) even at 150 cycles.
Non-porous Si half cells used as a reference exhibited poorer cycle stability with a
capacity retention of 19% or less. The increase in the discharge capacity at the fourth
cycle for MM-NPS-A and HM-NPS-A half cells is due to the increase in the number of
Si particles/aggregates responsible for charging and discharging in CCCV mode. The
gradual increase in the discharge capacity from cycles 4 to 15 in MM-NPS-A half cell can

be explained by a similar mechanism. Meanwhile, such an increase in the capacities was
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Figure 3-4. Cycle performance of half cells with various Si composite anodes.
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Table 3-2. Cycle performance of half cells with various Si composite anodes.

i i ity Discharge Capacity at 150th cycle i ion™
Active Material Mixing Method Maximurm Dlschargle Capacity getap ty_l Y Capacity Retention
(mAhg™) (mAhg?) (%)
Mechanical Milling 1532 1220 80
Nanoporous Si: NPS-A
Hand Milling 2498 1097 44
Mechanical Milling 782 90 12
Non-porous Si
Hand Milling 1056 201 19

*1 Maximum discharge capacity is the highest discharge capacity after the fourth cycle.
*2 Capacity retention is the ratio of the discharge capacity at the 150th cycle to the maximum discharge capacity.
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not observed in the case of non-porous Si half cells because of the large-scale and rapid
deterioration.

Figure 3-5 shows Cole-Cole plots for MM-NPS-A and HM-NPS-A half cells. The
horizontal and vertical axes represent the real and imaginary numbers of impedance
components, respectively. The intersections with the real axis at 2 kHz can be attributed
to the bulk and grain boundary resistance (Rsg) of SE, when the electrical conductivity in
the electrodes is sufficiently high. The resistances (R) at the arcs from 2 kHz to 0.40 and
0.16 Hz correspond to the charge transfer at the interface between Si and SE [4]. The start
point of the arc was determined by the intersection with the real axis. The end was the
point where the imaginary number of impedance component changes from decreasing to
increasing. In the first cycle, there was nearly no difference between Ry values of MM-
NPS-A and HM-NPS-A anodes. However, in the 20th cycle, the increase in R; was
remarkable in the case of HM-NPS-A anode. This results in rapid capacity fading
compared to MM-NPS-A anode. These findings suggest that the contact area between Si
and SE rapidly decreases in the case of HM-NPS-A anode. In addition, HM-NPS-A anode
shows a larger increase in Rsg with cycling, compared to MM-NPS-A anode. This is due
to the structural relaxation in SE layers and/or the decrease in the electrical conductivity
of Si composites.

The most important finding in the present study is the high capacity retention
observed in MM-NPS-A half cell. Such excellent cyclability is not due to the size effect
of Si particles. Through in-situ TEM studies, Liu showed that Si particles neither crack
nor fracture upon lithiation below a particle diameter of 150 nm, which appears to be the
size effect [15]. The mechanical-milled non-porous Si half cell with a particle size of 466
nm, which was measured by DLS, exhibited a low capacity retention of 12%. According
to Liu’s observation, this is probably due to the cracks and/or fractures. By contrast, MM-
NPS-A half cell showed a high capacity retention over 80% at 150 cycles in spite of being
506 nm in diameter. These results strongly suggest that the nanoporous structure relaxes

the volume change of Si components.
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The difference between the cycle performance of MM-NPS-A and HM-NPS-A half
cells is due to the contact state between SE and NPS-A. Although the volumetric
expansion is mainly buffered by the shrinkage of pores, NPS-A expand outward slightly
during lithiation. In the case of high dispersion as in MM-NPS-A half cells (Figure 3-
6(a)), the stress arising from the isolated Si particles is relieved by the elastic deformation
of the surrounding SE. During delithiation, the elastically deformed SE reverts to its
original shape and retains contact with each Si particle. Therefore, high capacity retention
is maintained in MM-NPS-A half cells. By contrast, the micrometer-sized NPS-A
aggregates in HM-NPS-A half cells expand outward considerably to afford significant
stress to the surrounding SE, leading to plastic deformation. Thus, in the delithiation
process, voids are formed between Si aggregates and the plastically deformed SE,
resulting in lower capacity retention (Figure 3-6(b)). The occurrence of voids leads to a
decrease in the contact area between Si and SE, which is consistent with the increase in

the interfacial resistance indicated by EIS measurement results.
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NPS-A composite anodes.
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3.3. Composite Anodes comprising Nanoporous Si Particles Prepared by Mg:Si

Reduction of Mesoporous SiO:

3.3.1. Experimental

Anode composite materials consisted of nanoporous Si particles (NPS-M; 36 wt%),
SE (55 wt%), and AB (9 wt%). Mechanical milling was adopted as the mixing method.
The fabrication processes of SE and half cells, and the measurement methods of structural
and electrochemical characteristics are explained in Paragraph 3.2.1. The fabricated half
cells had a high areal mass loading of 0.90 mg cm™, which is applicable to practical

batteries.

3.3.2. Results and Discussion

Figure 3-7 shows the charge and discharge curves of NPS-M half cell during the
first three cycles. The charge/discharge capacities and CE are summarized in Table 3-3,
including NPS-A and non-porous Si half cells as references. The initial charge capacity,
2357 mAh g'!, of NPS-M half cell was significantly smaller than the theoretical capacities,
4199 mAh g and 3579 mAh g [11], of the high-lithiated phases such as Li»Sis and
Li15Si4, respectively. This result is due to two reasons. First, the amount of conductive
assistant is possibly too small to construct the electronic conduction path for highly
dispersed Si particles/aggregates in the mechanical-milled NPS-M composite anodes. As
a result, the isolated Si cannot contribute to the charging. Second, Si oxides having the
theoretical capacities as 1873, 749 mAh g'!, and so on are present inside or on the surface
of Si particles [13,14]. This is reasonable because the signals from SiO» and SiOx are
clearly observed in XPS profile, as shown in Paragraph 2.3.2. On the other hand, the
initial discharge capacity was 1394 mAh g’!, corresponding to 59% CE. The low CE is
due to Si oxide and SEI which consume Li irreversibly. As shown in Table 3-3, the
discharge capacities of non-porous Si half cell decreased drastically from 1761 mAh g’!

to 1031 mAh g in only three cycles. On the other hand, those of NPS-M half cell
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Figure 3-7. Charge and discharge curves of NPS-M half cell.
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Table 3-3. Charge and discharge characteristics of half cells with various Si
composite anodes.

Charge / Discharge Capacities Coulombic Efficiency
Active Material Mixing Method (mAhg?) (%)

Istcycle 2nd cycle  3rdcycle 1stcycle 2ndcycle 3rd cycle

Nanoporous Si: NPS-M  Mechanical Milling 2357 /1394 1651 /1426 1568/ 1416 59 86 90
Nanoporous Si: NPS-A  Mechanical Milling 2543 /1240 1510/ 1242 1375/ 1236 49 82 90
Non-porous Si Mechanical Milling 2829/1761 1885/1344 1337/1031 62 71 77
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remained constant regardless of the increase in the number of cycles, similar to NPS-A
half cell. These results indicate that the nanoporous structure buffers the volume
expansion of Si particles/aggregates.

Figure 3-8 shows the cycle performance of NSP-M half cell, including NPS-A and
non-porous Si half cells as references. Table 3-4 summarizes their discharge capacities
and capacity retentions. The maximum discharge capacity is defined as the highest
discharge capacity after four cycles. The capacity retention is the ratio of the discharge
capacity at the 150th cycle to the maximum discharge capacity. As expected, the cycle
stability of NPS-M half cell was extremely superior to that of non-porous Si half cell.
Namely, the discharge capacity in NPS-M half cell was maintained to obtain the capacity
retention of 63% after 150 cycles. As a result, the discharge capacity of 1058 mAh g’!
was about 12 and 3 times higher than the observed capacity of non-porous Si (90
mAh g1) and a theoretical capacity of graphite (372 mAh g™!), respectively. As discussed
in Paragraph 3.2.2, such an excellent cyclability is not due to the size effect proposed by
Liu. This is because their critical size is less than 150 nm in diameter [15], whereas the
size of Si particles/aggregates in NPS-M half cell was estimated to be 354 nm by DLS.
These experimental results were almost the same as those obtained in NPS-A half cells.
Therefore, the pores of Si particles should effectively mitigate the volume change.

Figure 3-9 shows Cole-Cole plots for NPS-M and non-porous Si half cells. The
charge transfer resistance (Ri) at Si-SE interface in NPS-M half cell were 8 Q and 22 QO
at 1st and 20th cycles, respectively. These small values indicate that the good contact state
between Si and SE hardly changes with the increase of cycle number. On the other hand,
in non-porous Si half cell, Ry value considerably increased from 30 Q to 190 Q. This
results in rapid capacity fading, corresponding to poor cycle performance (see Figure 3-
8). Figure 3-10 shows the cross-sectional SEM and EDX images of both half cells at the
50th cycle. In EDX mapping images, Si, S, and C are colored in blue, yellow, and red,
respectively. Referring to Figure 3-10(a) and (c), I found that Si particles/aggregates

entangle the surrounding SE in NPS-M half cell. As the result, microcracks are generated
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Non-porous Si

Figure 3-10. (a, b) Cross-sectional SEM images and (c, d) EDX mapping images of
NPS-M and non-porous Si composite anodes. Dashed ellipses represent cracks. In
EDX mapping images, Si, S, and C are colored in blue, yellow, and red, respectively.
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Table 3-4. Cycle performance of half cells with various Si composite anodes.

. . L xp
Active Material Mixing Method Maximum Discharge Capacity

Discharge Capacity at 150th cycle  Capacity Retention™

(mAhg) (mAhg?) (%)
Nanoporous Si: NPS-M  Mechanical Milling 1674 1058 63
Nanoporous Si: NPS-A  Mechanical Milling 1532 1220 80

Non-porous Si Mechanical Milling 782 90 12

*1 Maximum discharge capacity is the highest discharge capacity after the fourth cycle.
*2 Capacity retention is the ratio of the discharge capacity at the 150th cycle to the maximum discharge capacity.
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not at Si-SE interface but inside SE, as shown by dashed ellipses. These microstructural
features are consistent with the invariant interfacial resistance, Ry, in EIS measurement.
Since SE is originally high in conductivity, microcracks have negligible effect on the
electrochemical characteristics. Therefore, the high capacity retention was achieved in
NPS-M half cells. On the other hand, many large cracks were observed in non-porous Si
half cells. It is worthy to note that they are formed at the boundary between Si and SE
grains (see the dashed ellipses in Figure 3-10(b) and (d)). This finding is fully consistent

with the marked increase in Ry, resulting in the low capacity retention.
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3.4. Composite Anodes comprising Nanoporous Si Particles Prepared by Mg:Si

Reduction of SiO2 Fume

3.4.1. Experimental

Anode composite materials consisted of nanoporou Si particles (NPS-F; 36 wt%),
SE (55 wt%), and AB (9 wt%). Mechanical milling was adopted as the mixing method.
The fabrication processes of SE and half cells, and the measurement methods of structural
and electrochemical characteristics are explained in Paragraph 3.2.1. The fabricated half
cells had a high areal mass loading of 0.90 mg cm™, which is applicable to practical

batteries.

3.4.2. Results and Discussion

Figure 3-11 shows the charge and discharge curves of NPS-F half cell during the
first three cycles. The charge/discharge capacities and CE are summarized in Table 3-5,
including NPS-M, NPS-A, and non-porous Si half cells as references. Among the half
cells with three kinds of nanoporous Si composite anodes, NPS-F half cell showed the
highest charge capacity, discharge capacity, and CE at all the cycles. The rate
characteristics of nanoporous Si half cells are shown in Figure 3-12. NPS-F half cell also
exhibited the best rate characteristics, achieving the reversible capacities of 2380 mAh
g, 2221 mAh g, 2060 mAh g!, and 1680 mAh g at the current densities of 0.3 mA
cm?, 0.75 mA cm?, 1.5 mA cm?, and 3.0 mA cm?, respectively. These values were 6.4,
6.0, 5.5, and 4.5 times higher than the theoretical capacity of graphite (372 mAh g!),
respectively. Figure 3-13 compares the cycle performance of half cells with various Si
composite anodes, while Table 3-6 summarizes their discharge capacities and capacity
retentions. The first three cycles were measured using CC mode. CCCV mode was used
after the fourth cycle. The maximum discharge capacity is defined as the highest value
after four cycles. The capacity retention is the ratio of the discharge capacity at the 150th

cycle to the maximum discharge capacity. The discharge capacity of 1323 mAh g in
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Figure 3-11. Charge and discharge curves of NPS-F half cell.
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Figure 3-12. Rate performance of half cells with various Si
composite anodes.
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Figure 3-13. Cycle performance of half cells with various Si composite anodes.
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Table 3-5. Charge and discharge characteristics of half cells with various Si
composite anodes.

Charge / Discharge Capacities Coulombic Efficiency
Active Material Mixing Method (mAhg) (%)

Ist cycle 2nd cycle  3rdcycle 1stcycle 2ndcycle 3rd cycle

Nanoporous Si: NPS-F  Mechanical Milling 2700/ 1871 2135/1924 2063/ 1940 69 90 94
Nanoporous Si: NPS-M  Mechanical Milling 2357 /1394 1651/ 1426 1568/ 1416 59 86 90
Nanoporous Si: NPS-A  Mechanical Milling 2543 /1240 1510/1242 1375/1236 49 82 90

Non-porous Si Mechanical Milling 2829/1761 1885/ 1344 1337/1031 62 71 77
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Table 3-6. Cycle performance of half cells with various Si composite anodes.

Active Material Mixing Method Maxirmum Dischar%e Capacity”™ - Discharge Capacityrfiit 190 EYEle  Capacity Retertion'”
(mAhg) (mAhg") (%)
Nanoporous Si: NPS-F  Mechanical Milling 2224 1323 60
Nanoporous Si: NPS-M  Mechanical Milling 1674 1058 63
Nanoporous Si: NPS-A  Mechanical Milling 1532 1220 80
Non-porous Si Mechanical Milling 782 90 12

*1 Maximum discharge capacity is the highest discharge capacity after the fourth cycle.
*2 Capacity retention is the ratio of the discharge capacity at the 150th cycle to the maximum discharge capacity.
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NPS-F half cell at the 150th cycle was approximately 1.3, 1.1, 15 and 3.6 times higher
than the observed capacity of NPS-M (1058 mAh g'), NPS-A (1220 mAh g!), non-
porous Si (90 mAh g!) and theoretical capacity of graphite (372 mAh g™!), respectively.
In addition, the capacity retention of NPS-F half cell (60%) was extremely larger than
that of non-porous Si half cell (12%). The diameter of NPS-F was estimated as 479 nm
by DLS; this excellent cycling property is not attributed to the size effect that occurs at
diameter below 150 nm [15]. The experimental results of NPS-F, NPS-M, and NPS-A
half cells conclude that the nanoporous structure effectively relieves the large volume
change of Si during charge and discharge.

Based on the structural data estimated by DLS, BET, and XPS analyses (Table 3-7),
the electrochemical characteristics of NPS-F, NPS-M, and NPS-A half cells are explained
as follows. The intensity of O1s signals in XPS profiles reflects the amount of oxides near
the surface of Si particles. Therefore, NPS-A with Ols intensity of 55350 cps contains a
lot of Si oxides. Here, the theoretical capacities of Si oxides are smaller than that of Si
[13,14]. Therefore, it is reasonable that the initial charge capacity of NPS-A half cell is
smaller than that of NPS-F half cell. On the other hand, the initial charge capacity of NPS-
M half cell, which has the similar Ols intensity as NPS-F, is the smallest among three
kinds of half cells. This is probably due to the fact that the particle size of NPS-M (354
nm) is obviously smaller than those of NPS-F (479 nm) and NPS-A (506 nm). Such small
Si particles that are not in contact with the conductive additive cannot involve in charging
and discharging. Regarding CE, it should be noted that Si oxides form several Li oxides
(L120, Li4S104, and Li2S1,05) during charging. These do not show the reversible reactions.
Therefore, NPS-F half cell with the smallest O 1s intensity (14431 cps) has less loss of
Li" ions, resulting in the largest initial CE (69%). As shown in Tables 3-6 and 3-7, the
larger the pore size, the higher the capacity retention. In NPS-A half cell, where the pore
size 1s 9.4 nm, the volume change during charging and discharging is mostly mitigated
by the shrinkage and expansion of the pores. On the other hand, in NPS-F half cell with

a small pore size (5.9 nm), the volume change that cannot be absorbed causes plastic
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Table 3-7. Structural data of NPS-F, NPS-M, and NPS-A.

Intensity of O 1s Particle Size Pore Size

Active Material Mixing Method (cps) (nm) (nm)
Nanoporous Si: NPS-F  Mechanical Milling 14431 479 5.9
Nanoporous Si: NPS-M  Mechanical Milling 14824 354 6
Nanoporous Si: NPS-A  Mechanical Milling 55350 506 9.4

Non-porous Si Mechanical Milling 37984 466 -

-90-



deformation of the surrounding SE. As a result, voids generated at Si-SE interface
decrease the capacity retention.

Figure 3-14 shows Cole-Cole plots for NPS-F and non-porous Si half cells. The
resistances at the arcs from 2 kHz to 0.40, 0.16, and 0.05 Hz correspond to the charge
transfer resistance (Ri) at the interface between Si and SE [4]. In NPS-F half cell, R; was
constant at 16 Q for the 1st and 20th cycles, whereas in non-porous Si half cell, the value
increased considerably from 30 Q to 190 Q. Thus, the contact area between Si and SE
decreased in non-porous Si half cell but not in NPS-F half cell. The increase in R; for the
non-porous half cell resulted in the capacity fading, which is consistent with the poor
cycle performance shown in Figure 3-13. Figure 3-15 shows the cross-sectional SEM and
EDX images of NPS-F and non-porous Si half cells at the 50th cycle. In EDX mapping
images, Si, S, and C are shown in blue, yellow, and red, respectively. Based on the
magnified SEM and EDX images of NPS-F half cell, I found that Si particles/aggregates
entangle the surrounding SE. As a result, microcracks are generated not at Si-SE interface
but inside SE, as shown by dashed ellipses. These microstructural features are consistent
with the invariant interfacial resistance, Ry, in EIS measurement. As SE is intrinsically
high in conductivity, microcracks have a negligible effect on its electrochemical
characteristics. Therefore, the high capacity retention was achieved in NPS-F half cell.
On the other hand, large cracks were observed in non-porous Si half cell; notable, these
formed at the boundary between Si and SE grains (see the dashed ellipses in Figure 3-
10(b) and (d)). This result is in perfect agreement with a considerable increase in Ry,

resulting in low capacity retention.
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Figure 3-14. Cole-Cole plots of NPS-F and non-porous Si half cells.
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Figure 3-15. (a, b) Cross-sectional SEM images and (¢, d) EDX mapping images of
NPS-F composite anode. Dashed ellipses represent microcracks. In EDX mapping
images, Si, S, and C are colored in blue, yellow, and red, respectively.
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3.5. Summary

The electrochemical and structural studies on NPS-A, NPS-M, NPS-F, and non-
porous Si half cells demonstrated that nanoporous structure acted as the buffer regions
for large volume change of Si particles/aggregates during charge and discharge. Namely,
the volume expansion of Si during lithiation is mainly buffered by the shrinkage of pores.
The stress from Si expanded slightly outward is relieved by elastic deformation of the
surrounding SE. During delithiation, the elastically deformed SE returns to its original
shape and retains contact with Si particles/aggregates. The good response to volume
change is possibly owing to the low Young’s modulus (22.9 GPa) of 75Li2S-25P>Ss solid
electrolyte used in this study.

The important achievements are as follows:

1) 3.6 times higher discharge capacities versus graphite at 150th cycles

2) 15 times higher discharge capacities versus non-porous Si at 150th cycles

3) Capacity retentions of 80% at 150th cycles
Here, anode composite materials were prepared by simply mixing nanoporous Si particles,
SE, and conductive additive. In addition, the half cells possessed a simple three-layered
structure; anode composite material, SE, and Li-In counter electrode were pressed in an
electric insulation tube. Therefore, there are the advantages in the manufacturing cost and
handling compared to other Si-based cells.

Excellent electrochemical properties were obtained by using nanoporous Si particles
under the following conditions:

a) O Is intensity in XPS profile: small (large capacity, large CE)

b) Particle size: large (large capacity)

c) Pore size: large (high capacity retention)

d) Dispersibility in composites: high (high capacity retention)

The small intensity of O1s signals in XPS profiles indicates that there are few oxides near

the surface of Si particles. Therefore, Mg>Si reduction of SiO; is more suitable for the
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preparation of nanoporous Si particles compared with the air oxidation of Mg>Si. On the
other hand, the air oxidation of Mg>Si is appropriate to increase the particle size and pore
size of nanoporous Si. As the result, it is necessary to explore a new preparation process
that satisfies all the requirements. In order to increase the dispersibility of Si particles,
mechanical milling should be used to mix the composite materials. The findings described
above provide valuable information to design Si-based composite anodes for ASSLIBs,

enabling them to meet the energy demands of next-generation applications.
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4. FURTHER EFFORTS FOR PRATICAL APPLICATION

4.1. Introduction

As shown in Chapter 3, the charge capacities of NPS-A, NPS-M, and NPS-F half
cells were smaller than the theoretical capacities of the highly lithiated states: Li»»Sis and
LiisSis. In addition, there was a large difference in the charge capacity between the
mechanical-milled and hand-milled NPS-A half cells. To understand these experimental
results, I proposed a mechanism, in which some of Si particles/aggregates are not in
contact with conductive additives (CAs). CAs are generally used to form the effective
electrical network among the embedded active materials throughout the electrode [1-3].
Their remarkable effect has been confirmed in cathodes [4-6] and graphite anodes [7,8].
On the other hand, there are few studies on Si anodes. The performance of Si anodes was
investigated by adopting graphite flakes or nano-sized carbon black (CB) of 15wt% and
30 wt% [9]. Cyclic voltammetry and charge-discharge tests established that the cycle life
and irreversible capacity increased and decreased, respectively, with increasing additive
content. Using reduced graphene oxide or graphite nanoplatelets as CA brought
pronounced improvement of the electrochemical performance for electrodes prepared
with high active mass loading of Si nanoparticles (2.5 mg of Si cm) [10,11]. CE (up to
99.9% versus 98.5% for CB), and cycle life (more than 500 cycles versus less than 400
for CB) were improved with a capacity limitation of 1200 mAh g'!'. Upon cycling without
capacity limitation, high discharge capacity was maintained at 1800 mAh g™ after 200
cycles (versus less than 1000 mAh g for CB). Karkar prepared Si-based anodes of
various areal capacities using different CAs (CB, carbon nanofibers, and carbon
nanoplatelets) [12]. The sensitivity of cycling performance to the active mass loading was
significant, with a major decrease of the capacity retention with increasing the loading in
all cases. Regarding a challenge associated with electrical conduction, Si particles have

been also coated with several conductive materials. Yoshio demonstrated that graphite
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coating of Si by thermal vapor deposition enabled tens cycles to be sustained at charging
depths up to 1000 mAh g [13]. This performance was far superior to non-coated Si that
gave a cycle life of typically less than a few cycles. Dimov synthesized C-coated Si by a
thermal vapor deposition method using Si powder and toluene/benzene vapors carried by
N> gas [14]. The materials showed a high reversible capacity over 600 mAh g™ for the
first 25 cycles. The benzene or toluene vapors as reactants decomposed on the surface of
the mechanically milled mixture of Si and graphite to form the C-coating layer [15].
Composite anodes containing C-coated Si (90%) and PVDF binder (10%) could be cycled
at high current density (1.5 mA cm™) for several dozens of cycles. All the previous studies
described above were done on Si anodes in LIBs using liquid electrolytes. In this chapter,
the effect of CA on the performance, particularly conductivity and capacity, was examined
using ASSLIBs with nanoporous Si composite anodes.

In Chapter 3, based on the cyclic characteristics of NPS-A, NPS-M, and NPS-F half
cells, I demonstrated that nanoporous structures were effective to accommodate the large
volumetric change of Si. From the viewpoint of practical application, it is important to
quantitatively evaluate the stress caused by Si anodes. Piper systematically investigated
the electrochemical performance of Si anodes as a function of externally applied
compressive stress using all-solid-state cells [16]. The volume confinement of Si particles
was manifested as an overpotential, resulting in a stable anode for LIBs. Applying finite
element model to ASSLIBs, Bucci predicted that stresses up to 2 GPa induced 64% of
capacity loss for Si composite anodes [17]. Increasing the volume ratio of Si beyond 25-
30% decreased the total capacity, because of the interaction between neighboring particles.
The electrochemical measurements of ASSLIBs were performed under varying external
pressures (140, 20, and 5 MPa) upon cycling [18]. At 20 MPa, Si composite anodes using
micro-sized Si and polyvinylidene fluoride showed marginal degradation of performance.
Here, the effect of the counter cathode is ignored in the previous studies described above.
In order to strictly discuss the stress, the electrochemical characteristics should be

evaluated by full cell configuration. In this chapter, the structural stress from nanoporous
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Si particles was quantitatively measured using full cells equipped with a load cell.
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4.2. Optimization of Conduction Path using Conductive Additive

4.2.1. Experimental

Anode composite materials, in which the weight ratio of nanoporous Si particles
(NPS-F), SE, and CA (acetylene black: AB) was 4:6:x (x=1, 2, 3, and 4), were prepared
by the method described in Paragraph 3.2.1. Mechanical milling was adopted as the
mixing method. The fabrication processes of SE and half cells are also explained in
Paragraph 3.2.1.

To measure I-V curves from -0.05 to 0.05 V at 0.01 V intervals, the anode composite
materials (80 mg) were inserted between two stainless steel disks in an insulation tube

under 333 MPa. Electrical conductivity was calculated using the following equation:

where o: electrical conductivity (S cm™), G: slope of I-V curve (Q2), L: thickness (cm),
and A: area (cm?). The measurement methods of structural and electrochemical

characteristics are described in Paragraph 3.2.1.

4.2.2. Results and Discussion

Figure 4-1 shows the cross-sectional SEM and EDX images of nanoporous Si half
cells with the different amounts of CA at the 50th cycle. Based on EDX mapping images,
in which Si, S, and C are colored in blue, yellow, and red, respectively, Si
particles/aggregates were highly dispersed in 75Li2S-25P>Ss matrix. As we prepared, the
red dots representing C element increased with the amount of CA. In addition, cracks
were observed between Si aggregates and SE as indicated by dashed ellipses in Figure 4-
1(c), (d), (g), and (h). The number and size of cracks appear to increase as CA content

increases.

-101-



Figure 4-1. (a, b, ¢, d) Cross-sectional SEM images and (e, f, g, h) EDX
mapping images of nanoporous Si half cells with various amounts of CA
(nanoporous Si particles:SE:CA=4:6:x weight ratio). In EDX mapping
images, Si, S, and C are colored in blue,
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I-V characteristics of two half cells with the different CA contents are shown in
Figure 4-2. The electrical conductivities calculated from the linear changes were
4.1x10* S cm™ and 6.8x10* S cm™ at x=1 and 4, respectively. Namely, the electrical
conductivity increased about 1.7 times when the weight ratio of CA was 4 times. Table 4-
1 shows the initial charge/discharge capacities and CE of the half cells with CA weight
ratio of x=1, 2, 3, and 4. The charge capacity proportionately increased from 2700 mAh
g!t0 3015 mAh g! with CA content (Figure 4-3). The experimental results of electrical
conductivity and charge capacity show that the conduction paths can be newly
constructed in nanoporous Si composite anodes by adding CA. Regarding charge capacity,
it is important to understand the change in Li-Si phase with the insertion of Li" ions.
Although the crystalline phases normally have lower Gibbs free energy than their
amorphous counterparts, the initial products in the electrochemical lithiation process are
always amorphous LiySi (0<y<3.75). Then, at y=3.75, the amorphous phase suddenly
crystallizes to form LiisSis with a theoretical capacity of 3579 mAh g! [19]. This is the
highest lithiated phase achievable at ambient temperature. In fact, initial charge capacities
of around 3500 mAh g! have been confirmed in many LIBs with liquid electrolytes [20].
Although the capacity (3015 mAh g™!) of nanoporous Si half cell with x=4 is close to that
of LijsSia, there is a difference over 500 mAh g!. This is probably because the isolated
Si particles/aggregates outside the conduction channels are not involved in charging.
Namely, the amount of CA should be further increased to reach an intrinsic high capacity
of Si. As summarized in Table 4-1, all the half cells exhibited CE below 70%. We note
the oxide layers as the origin of these low CE, because they irreversibly consume Li. This
is reasonable because the signals from SiOx were clearly observed in XPS profiles of Si
particles, as shown in Figure 2-10 (see Paragraph 2.4.2). In particular, numerous oxide
layers are possibly formed owing to the large specific surface area attributable to the
nanoporous structure.

Figure 4-4 compares the cycle performance of nanoporous Si half cells with various

CA contents, including non-porous Si half cell as a reference. The discharge capacities
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Table 4-1. Initial charge/discharge performance of nanoporous Si half cells with
various amounts of CA (nanoporous Si particles:SE:CA=4:6:x weight ratio). The
data of non-porous Si half cell with CA weight ratio of x=1 are shown as reference.

i i Initial Charge Capaci Initial Discharge Capaci i ici
Si Particles Weight Ratio ge Capacity ge Capacity Coulombic Efficiency

(Si:SE:CA=4:6:x) (mAh g% (mAh g% (%)
Nanoporous x=1 2700 1871 69
Nanoporous x=2 2766 1771 64
Nanoporous x=3 2912 1896 65
Nanoporous x=4 3015 1715 57
Non-porous x=1 2829 1761 62
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and capacity retentions are summarized in Table 4-2. The maximum discharge capacity
is defined as the highest value after four cycles measured using constant current/constant
voltage mode. The capacity retention is the ratio of the discharge capacity at the 50th
cycle to the maximum discharge capacity. The discharge capacity of nanoporous Si half
cells gradually decreased with increasing the number of cycles. In contrast, non-porous
Si half cell exhibited a dramatic decrease. Among all the half cells prepared, nanoporous
Si half cell with x=2 exhibited the maximum values in both of the discharge capacity and
capacity retention at the 50th cycle. The discharge capacity of 2071 mAh g' was
approximately 15.5 times higher than the observed capacity of non-porous Si half cell
(134 mAh g!). In addition, the capacity retention (91%) was extremely large compared
to non-porous Si half cell (17%). Regarding cyclability, Liu showed that Si particles
neither crack nor fracture upon lithiation below a particle diameter of 150 nm [21]. The
diameter of nanoporous and non-porous Si particles in this study were estimated as 479
nm and 466 nm by DLS, respectively (see Table 2-1 in Section 2.5). Therefore, the
excellent cycling property of nanoporous Si half cells is not attributed to the size effect.
These results indicate that the nanoporous structure successfully mitigates the large
volume change of Si particles/aggregates during charge and discharge.

As described above, the effect of CA on the electrical conductivity and initial charge
capacity can be clearly explained by the conduction paths in nanoporous Si composite
anodes. On the other hand, the electrochemical characteristics after cycling are rather
complexly related to CA content. Both of the discharge capacity and capacity retention at
the 50th cycle fluctuate after reaching a peak at x=2, as shown in Table 4-2. Here note
that the cracks were clearly observed between Si aggregates and SE in the half cells with
x=3 and 4 (see the dashed ellipses in Figure 4-1). As demonstrated in our previous study
[22,23], the structural stress arising from Si is relieved by the elastic deformation of the
surrounding SE. The good response to volume change is possibly due to the low Young’s
modulus of 75Li12S-25P,Ss [24]. However, such a relaxation effect is weakened when CA

exceeds a certain amount, resulting in the occurrence of cracks. Namely, there is an
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optimum amount of CA for cycle performance: x=2 in this study.
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Table 4-2. Cycle performance of nanoporous Si half cells with various amounts of
CA (nanoporous Si particles:SE:CA=4:6:x weight ratio). The data of non-porous Si
half cell with CA weight ratio of x=1 are shown as reference.

Weight Ratio  Maximum Discharge Capacity”*  Discharge Capacity at 50th Cycle  Capacity Retention™

Si Particles (Si:SE:CA=4:6:x) (mAhg?) (mAhgh) (%)
Nanoporous x=1 2224 1727 78
Nanoporous x=2 2277 2071 91
Nanoporous x=3 2363 1834 78
Nanoporous x=4 2147 1906 89
Non-porous x=1 782 134 17

*1 Maximum discharge capacity is the highest discharge capacity after the fourth cycle.
*2 Capacity retention is the ratio of the discharge capacity at the 150th cycle to the maximum discharge capacity.
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4.3. Quantitative Evaluation of Structural Stress using Full Cell Configuration

4.3.1. Experimental

Cathode and anode composite materials were composed of LiNiisMni;3C0130:
(NMC):SE:AB=70:30:5 weight ratio and nanoporous Si particles (NPS-
F):SE:AB=40:60:10 weight ratio, respectively. Full cells equipped with a load cell were
fabricated by the procedure shown in Figure 4-5. First, SE (80 mg) was pressed in an
electric insulation tube under 37 MPa. Second, the anode composite material (2 mg) were
overlapped at a pressure of 259 MPa to obtain a two-layered pellet. Third, after turning
the cell upside down, the current collector was removed. Finally, the cathode composite
material (11 mg) was pressed under 259 MPa to complete full cell configuration. In
addition, a load cell (UNIPULCE, USH-10KN) was inserted at the bottom of full cells.
The fabrication processes of SE and half cells are explained in Paragraph 3.2.1.

Electrochemical tests were conducted in the constant current mode of 0.127 mA
cm 2 (0.03 C) at 30°C using a charge/discharge measurement device (BTS-2004,
Nagano). The cut-off voltages were 2.5 and 4.2 V. The load change was recorded on the
monitor (UNIPULCE, FS-10). The measurement method of structural characteristics was

described in Paragraph 3.2.1.

4.3.2. Results and Discussion

Figure 4-6(a) shows the initial charge and discharge curves of nanoporous and non-
porous Si full cells, including NMC half cell as reference. For comparison, the
characteristics of nanoporous and non-porous Si half cells are shown in Figure 4-6(b) [22].
Their initial charge/discharge capacities and CE are summarized in Table 4-3. The initial
charge capacities of three cells with NMC composite cathode were similar to each other
(mean value: 164 mAh g'!). These are close to a theoretical capacity of NMC (163 mAh
g’!) [25]. Here, nanoporous and non-porous Si half cells as the references exhibited high

initial charge capacities of 2700 mAh g!' and 2829 mAh g'!, respectively. Therefore, the
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Figure 4-5. Fabrication process of full cells.
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Table 4-3. Charge and discharge characteristics of various full and half cells.

Initial Charge Capaci Initial Discharge Capaci i ici
Configuration Cell Type g pacity g pacily - Coulombic Efficiency

(mAhg™) (mAhg™) (%)

Nanoporous Si/SE/NMC Full 166 92 55
Non-porous Si/SE/NMC Full 161 101 62
Li-In/SE/NMC Half 166 108 65
Nanoporous Si/SE/Li-In Half 2700 1871 69
Non-porous Si/SE/Li-In Half 2829 1761 62

-114-



charge characteristics of full cells are limited by NMC composite cathode. On the other
hand, the initial discharge capacities of nanoporous and non-porous Si full cells were 92
mAh g'! and 101 mAh g!, corresponding to 55% and 62% of CE, respectively. These
values were smaller than 108 mAh g' of NMC half cell. This is probably because Si
oxides form several Li oxides (Li2O, Li4SiO4, and Li»Si2Os5) which show no reversible
reactions. This consideration can be supported by the results of XPS measurements.
Namely, as shown in Figure 2-10 (see Paragraph 2.4.2), the feature of Si 2p profiles
indicates the oxidized layers on the surface of both Si particles.

Figure 4-7 shows the time dependence of cell voltage and load pressure in
nanoporous and non-porous Si full cells. Although the cell voltage was raised to 4.2 V
over 12 hours in charging, the load on nanoporous Si full cell was remained nearly
constant at 56.4 MPa. In addition, no change was observed during discharge for 8 hours,
resulting in negligibly small load change in the lithiation/delithiation process. On the
other hand, the load on non-porous Si full cell gradually increased with charging, reaching
57.3 MPa at full charge. A similar behavior was observed during discharge and the load
returned to 56.5 MPa. As the result, the load change of nanoporous Si full cell was 0.8
MPa. Here, NMC-based cathodes are well known to have no load change in the
charge/discharge process [26]. Therefore, the obvious change of load in non-porous Si
full cell is caused by the expansion and contraction of Si particles/aggregates in the
lithiation/delithiation process. In contrast, nearly constant load in nanoporous Si full cell
indicates that the nano-sized pores successfully mitigate the large volume change of Si.

Figure 4-8 shows the cycle performance of nanoporous Si full cell, including non-
porous Si full cell and NMC half cell as references. As summarized in Table 4-4, the
discharge capacity (53 mAh g!) and capacity retention (57%) of nanoporous Si full cell
at the 50th cycle were similar to 57 mAh g! and 53% of NMC half cell, respectively. On
the other hand, non-porous Si full cell exhibited the poorer cycle performance. In order
to understand the electrochemical characteristics described above, the cross-sectional

SEM and EDX images of nanoporous and non-porous Si full cells were measured after
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50 cycles (Figure 4-9). Nanoporous Si composite anode exhibited no cracks, whereas a
lot of cracks were observed in non-porous Si composite anode. NMC particles in the
cathodes of both cells possessed the characteristic hollow core surrounded by dense shell,
which has been also reported in the previous studies [27]. Here, note that almost all NMC
particles were cracked in non-porous Si full cell. The expansion of Si particles/aggregates,
which is responsible for large load changes (0.8 MPa) during charging, cause plastic
deformation in the surrounding SE. As the result, the propagated compressive stress
cracks NMC, decreasing discharge capacity (25 mAh g'!) and capacity retention (25%)
in non-porous Si full cell. In contrast, no cracks were observed in the cathode of
nanoporous Si full cell. The results of cycle performance and SEM measurements show
that the structural stress of Si was relieved by the nanoporous structure.

To consistently explain all the experimental results, we propose the electrochemical
mechanism as follows. In nanoporous Si full cell, the volumetric expansion of Si at
lithiation is mainly buffered by the shrinkage of nano-sized pores. In addition, the
structural stress arising from the slightly expanded Si is relieved by the elastic
deformation of the surrounding SE (75Li2S:25P>Ss). During delithiation, the elastically
deformed SE returns to its original shape and maintains the contact with Si
particles/aggregates. Such a good response to volume change can be attributed to the low
Young’s modulus (22.9 GPa) of 75Li2S-25P>Ss [28]. On the other hand, non-porous Si
particles/aggregates give large stress on the surrounding SE during lithiation and cause
the cracks in NMC composite cathode. In the delithiation process, voids are formed

between Si aggregates and plastically deformed SE, resulting in the low capacity retention.
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Table 4-4. Cycle performance of various full and half cells.

Initial Discharge Capacity  Discharge Capacity at 50th Cycle

Capasity Retention”

1

Configuration Cell Type (mAh g'l) (mAh g'l) %)
Nanoporous Si/SE/NMC Full 92 53 57
Non-porous Si/SE/NMC Full 101 25 25

Li-In/SE/NMC Half 108 57 53
Nanoporous Si/SE/Li-In Half 1871 1727 92
Non-porous Si/SE/Li-In Half 1761 134 8

*1 Capacity retention is the ratio of the discharge capacity at the 50th cycle to the initial discharge capacity.
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4.4, Summary

The electrochemical characteristics of half cells with nanoporous Si composite
anodes were improved by optimizing the amounts of CA. First, the electrical conductivity
and charge capacity simply increased with the concentration of CA. This is because Si
particles/aggregates involved in the conduction and charge processes increase upon
contact with CAs. Second, there was an optimum amount of CA for cycle performance.
The cross-sectional SEM and EDX images after 50 cycles showed that cracks occurred
between Si aggregates and SE over weight ratio of NPS-F:SE:AB=4:6:3. The important
achievements are as follows:

1) Electrical conductivity of 6.8%10* S cm™ in NPS-F:SE:AB=4:6:4 weight ratio

2) Initial charge capacity of 3015 mAh g™ in NPS-F:SE:AB=4:6:4 weight ratio

3) Discharge capacity of 2071 mAh g at 50th cycle in NPS-F:SE:AB=4:6:2 weight

ratio

4) Capacity retention of 91% at 50th cycle in NPS-F:SE:AB=4:6:2 weight ratio
CAs necessarily continue to be the major elements of composite electrodes, even if new
coating materials are developed in future. Therefore, optimizing their concentration is
crucial to improve the performance of ASSLIBs.

In the full cell with NMC composite cathode and NPS-F composite anode, it was
demonstrated that nanoporous structure acted as the buffer regions for large volume
change of Si particles/aggregates during charge and discharge. Namely, the load of NPS-
F cell was almost constant during charge and discharge, while there was a large load
change in non-porous Si full cell. Moreover, although no cracks were observed in NPS-F
full cell, almost all of NMC aggregates in non-porous Si full cell were cracked due to
plastic deformation at the surrounding SE. The important achievements are as follows:

1) Negligibly small load change in NPS-F full cell compared to 0.8 MPa in non-

porous Si full cell

2) 2.1 times higher discharge capacity at 50th cycle in NPS-F full cell versus non-
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porous Si full cell
3) 2.3 times higher capacity retention at 50th cycle in NPS-F full cell versus non-

porous Si full cell
In NPS-F full cell, the volume expansion of Si at lithiation is buffered mainly by the
contraction of pores. In addition, the stress from the slightly expanded Si is relieved by
the elastic deformation of the surrounding SE. During delithiation, the elastically
deformed SE returns to its original shape and maintains contact with Si
particles/aggregates. The good response to volume change can be attributed to the low
Young’s modulus of 75LixS:25P>Ss solid electrolyte. This is the first study to
quantitatively evaluate the stress relaxation of Si due to the pore structure in full cell

configuration.
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5.  GENERAL CONCLUSIONS

This thesis focused on the development of ASSLIBs with high energy density and
long cycle life. The first approach was the accommodation to the large volumetric
expansion of Si utilizing the shrinkage of nano-sized pores. The second was the increase
of interface adhesion with Si by using sulfide-based solid electrolyte (SE) with low
Young’s modulus. To the best of my knowledge, this is the first study to employ
nanoporous Si particles as the anode active material in ASSLIBs. This study mainly
discussed the electrochemical characteristics of nanoporous Si-75Li2S-25P>Ss

composites as the promising anode materials for ASSLIBs.

The following results and considerations were obtained.

1. Nanoporous Si particles could be successfully prepared by (i) air oxidation of Mg>Si
(NPS-A) and (i1)) Mg Si reduction of mesoporous SiO2 (NPS-M) or SiO; fumes
(NPS-F):

(i) Mg:Si + O, (air) — Si + 2MgO
(i) Mg:Si + SiO2 — 2Si +2MgO

These processes are very simple. In addition, the raw materials are inexpensive and
easy to handle in comparison with other processes using gas, liquid, or solid phase
reaction. Therefore, there are the advantages in the mass production and
manufacturing cost. The structural data of the prepared nanoporous Si particles are
as follows:

1) NPS-A

Particle size: 506 nm, Pore size: 9.4 nm, and Surface area: 144 m? g’!
2) NPS-M
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Particle size: 354 nm, Pore size: 6.0 nm, and Surface area: 201 m? g’!
3) NPS-F

Particle size: 479 nm, Pore size: 5.9 nm, and Surface area: 213 m? g'!

The electrochemical characteristics of all-solid-state half/full cells were significantly
improved by anodes compositing nanoporous Si particles with 75Li,S-25P>Ss SE.
The important achievements were as follows:
1) Discharge capacity:
1317 mAh g! at 150th cycle: 3.5 times higher than graphite
15 times higher than non-porous Si
2) Capacity retention:
95% at 150th cycle: 5.6 times higher than non-porous Si
3) Load change:
Negligibly small: 0.8 MPa in non-porous Si
Regarding the improvement of the electrochemical characteristics described above,
the mechanism was proposed as follows. The nanoporous structure acts as the buffer
regions for large volume change of Si particles/aggregates during charge and
discharge. Namely, the volume expansion of Si during lithiation is mainly buffered
by the shrinkage of pores. The stress from Si expanded slightly outward is relieved
by elastic deformation of the surrounding SE. During delithiation, the elastically
deformed SE returns to its original shape and retains contact with Si
particles/aggregates. The good response to volume change is possibly owing to the

low Young’s modulus (22.9 GPa) of 75Li,S-25P>Ss.

The excellent electrochemical characteristics of half cells with nanoporous Si
composite anodes were obtained by optimizing the amounts of conductive additive
(acetylene black: AB). This is because the conduction path in the cell increases as the

conductive additive increases. As the result, more Si particles/aggregates can be
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involved in the charge/discharge process. The important achievements are as follows:
1) Electrical conductivity
6.8x10* S cm™ in NPS-F:SE:AB=4:6:4 weight ratio
2) Initial charge capacity
3015 mAh g! in NPS-F:SE:AB=4:6:4 weight ratio
3) Discharge capacity
2071 mAh g at 50th cycle in NPS-F:SE:AB=4:6:2 weight ratio

By comparing the electrochemical and structural characteristics of NPS-A, NPS-M,
and NPS-F half cells, several directions on nanoporous Si particles were obtained to
further improve the battery performance as follows:
1) Large capacity
Suppress surface oxidation
Increase particle size
2) Large coulombic efficiency
Suppress surface oxidation
3) High capacity retention
Increase pore size
Increase dispersibility in composites
Mg>Si reduction of SiOz is more suitable for the preparation of higher-purity
nanoporous Si particles. On the other hand, the air oxidation of Mg»Si is appropriate
to increase the particle size and pore size of nanoporous Si. In order to increase the
dispersibility of Si particles, mechanical milling should be used to prepare the

composites.

This thesis is the first microscopic study to demonstrate that the nanoporous structure
relieves the volume change of Si. In this regard, the cross-sectional SEM/EDX and

electrochemical impedance spectroscopy (EIS) measurements are powerful tools for
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analyzing Si-SE interface. Namely, the cross-sectional SEM and EDX images at the
50th cycle showed that Si particles/aggregates entangled the surrounding SE in
nanoporous Si half cell. As the result, no microcracks are generated at Si-SE interface.
Similar SEM and EDX observations were obtained for nanoporous Si full cells. On
the other hand, many large cracks were observed at the boundary between Si and SE
grains in non-porous Si half cells. In addition, in non-porous Si full cells, the plastic
deformation in the surrounding SE cracked almost all the composite cathode
particles/aggregates. These microstructural features were fully consistent with the
change of interfacial resistance in EIS measurement. The experimental results
described above demonstrated that nanoporous structure acted as the buffer regions

for large volume change of Si particles/aggregates during charge and discharge.

I systematically investigated the electrochemical characteristics of composite anodes
consisting of nanoporous Si particles and 75Li2S-25P>Ss SE. Main findings can be
summarized as follows: 1) the large volumetric expansion of Si is buffered by the
shrinkage of the pores; 2) the elasticity of 75Li,S-25P,Ss relieves the strains arising
from the expanded Si particles; and 3) these two effects are enhanced when Si
particles are highly dispersed in 75Li2S-25P>Ss matrix. The composite anodes in the
present study have a high areal mass loading of 0.90 mg cm™, which is applicable to
practical batteries. Meanwhile, although the initial CE is not high enough, further
processing, such as removing the surface SiOx with HF, overcoating conductive
carbon, and/or adjusting the compressive pressure, would lead to additional
improvements. In conclusion, the proposed approach is a novel and unique way to
improve the charge/discharge capacity and cycle stability of ASSLIBs with Si
composite anodes. My findings provide valuable information to design composite
anodes for ASSLIBs, enabling them to meet the energy demands of next-generation

applications.
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