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Abstract

The electrochemical behavior of SiO negative electrodes for lithium ion batteries is
thermodynamically and experimentally investigated. The analysis of the reaction pathway
and the calculation of the reaction potentials during the Li insertion/extraction reactions
are carried out by the construction of the ternary phase diagram for the Li-Si—O system.
In the initial reaction of Li insertion, metallic Si and lithium silicates are formed above
0.37 V vs. Li/Li* as a conversion reaction of the SiO negative electrode. Further Li
insertion produces Li-Si alloys as reversible reaction phases. The decomposition of the
Li4SiO4 phase begins before the formation of the Li-Si alloy is completed. The measured
electrode behavior of the SiO negative electrode basically agrees with the thermodynamic
calculations, especially at a low reaction rate; deviations can be ascribed to kinetic factors
and electrode resistance. The values of over 1898 mA h g * and 71.0% were obtained for
the discharge capacity and the coulombic efficiency, respectively. Furthermore, the
overvoltage for an amorphous SiO electrode was smaller than that for a disproportionated

SiO electrode into Si and SiO; phases.

Highlights

- Thermodynamic analysis of SiO electrodes
- Highest discharge capacity and relatively high coulombic efficiency for SiO anode

- Superior characters of amourphous SiO than disproportionated SiO
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1. Introduction

Lithium ion batteries (LIBs) are widely utilized as efficient storage devices for
mobile systems such as laptop computers and cell phones. The large operational voltage
derives from the redox reactions for lithium (Li) species both at the positive and negative
electrodes. One major concern surrounding LIBs is the insufficient capacity of the
graphite negative electrode in the context of long-distance driving for electric vehicles
(EVs) and hybrid electric vehicles (HEVs). The development of alloying-dealloying
processes with Li by using alloying materials such as silicon (Si) and tin (Sn) as well as
conversion-type materials of metal oxides, nitrides, and phosphides constitutes a crucial
task toward achieving large capacities [1-3]. Among the various candidates, silicon
monoxide (SiO) is expected to have a high capacity and impressive cyclability by
overcoming the drawbacks of a large volume expansion and a large irreversible capacity
for alloying materials and conversion-type materials, respectively.

In the Si—oxygen (O) binary system [4], silicon dioxide (SiO,) is the only stable
oxide at ambient pressure and temperature. Silicon oxides with lower oxygen content,
SiOy — where x is the atomic ratio of oxygen with respect to silicon, and falls between 0
(Si) and 2 (SiOy) — have no stable crystalline structure including SiO [5-11]. Among
silicon lower oxides, solid SiO is the only commercially available variety, and is usually
manufactured with a vapor deposition technique from the gaseous SiO produced by the
reaction of Si and SiO; at high temperatures [11-13]. The notable characteristic of solid
SiO is its disproportionation into solid nanocrystalline Si particles and solid SiO, matrix
above ~1123 K [14,15]. The crystallinity of the SiO materials changes with the thermal
history during the production processes. Accordingly, both the amorphous and

disproportionated varieties of SiO are sometimes referred to as “commercial SiO.”
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Nevertheless, it should be emphasized that the characteristics of amorphous SiO and
disproportionated SiO are different. For instance, the Si valence states for amorphous SiO
are evaluated using X-ray photoelectron spectroscopy (XPS) analysis as Si(0), Si(1+),
Si(2+), Si(3+), and Si(4+), depending on the number of bonds coordinated with oxygen;
on the other hand, the valence states are evaluated as Si(0) and Si(4+) for
disproportionated SiO [16-18].

The characteristics of SiO negative electrodes for LIBs have already been reported
by many researchers for the case of both amorphous SiO and disproportionated SiO [19—
32]. In addition to SiO negative electrodes, the electrochemical characteristics of (SiO +
carbon) composite electrodes [33—44] and SiO, electrodes [28, 45-50] have also been
reported. Table 1 summarizes the results for the SiO phase (amorphous or
disproportionated), the intermediate phase during Li insertion/extraction, the initial
charge and discharge capacities, the initial coulombic efficiency, and the analysis

methods, where the charge/discharge rates and cut-off voltages are irrelevant.

Table 1 Representative reports on battery and electrode characteristics of the 510 negative electrode.

Ininal Ininal Truiial
- Se0 Intermediate charge dizcharge coulombic -
Anthor, Ref Year phase phase capactty capacity efficiency HNote
(mAhg ) (mAhg ) )]
Yang et al. [19] 2002 Ameor. - ca. 2250 ca. 1300 ca. 578
Magao stal [20] 20 Amor 50, 1594 - - Meutron elaste scattermz
Muyachi et al. [21] 2005 Amor  L5-0,Li,0 0 2404 598 249 XPS
Miyachi et al. [22] 007 - Li=5i-0. LD 2520 1260 500 Metal-doped 510, XPS
. R . - NMR., HR-TEM, electrochemucal dilatometry.
y) pl 7 - N i) vi 8.
Eim etal [23] 200 Li-5i-0, 11,0 2680 1470 549 Platen 2t 0.8 V ve. Li7/Li in 15t dischores
Tammda et al. [24] 2007 - - - - Einetics evaluztion by AC mpedance spectroscopy
s Ameor | . 216/ 1104/ 498/ . . ; o
Park et al [25] 2010 dispro. 510, 185 94 0.8 TEM, Dizproportionated at 300, 1000, and 1200 °C.
Komaba et al [26] I ca. 1800 826 459 -
Kim etal, [27] w2 LS00 2410 1300 539 NME. FR-TEM, Differential capaeity peaks at 0.08
=pro. and 0.24 Vwvs L' Ta
~ - . . - Platezm at 0.2 and 05 V vs. Li"Li m 15t discharze.
Yamomnwa etal [28] 2011 Dispro.  Le-5i-0 1548 1791 703 First principles caleulation. $i0, was also reacted.
Miyuki et al [29] jgr  Amer LiFeP0,/5i0 fll cell.
dispro.
Teong et al. [20] 012 Dispro. - 1757 1265 720 Ti0, coated 510
. - - Carbon coated 510. Dhfferential capacity peaks at
Em etal [31] 013 Dispro. - 1958 1413 21 0.06,021,031 and 0.48 V vs. Li /L after Sth cyele
Takezawa et al [32] 2013 Amor. L5010 2418 1306 540 510, (0.17 = x = 1.34) was used XPS
-: Mot ziven
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In this paper, we use the phrases “charge” and “discharge” for Li insertion and
extraction reactions, respectively. The Li insertion reaction is reported to proceed with
the formation of Li-Si alloys, lithium silicates (Li-Si-O), and/or Li,O [21,33,34];
moreover, the alloying-dealloying of Si contributes to the reversible capacity. Whereas
the formed silicates and Li,O lead to the irreversible capacity, the silicates play the role
of a matrix of nano Si (2-10 nm diameter) for the fast diffusion of Li atoms and the
mitigation of structural collapse [24]. The formation of these oxide phases has been
evaluated by various techniques such as XPS, nuclear magnetic resonance (NMR), high-
resolution transmission electron microscopy (HR-TEM), and electrochemical dilatometry.

The theoretical reaction of a SiO negative electrode was reported as follows [28,

29,51]:

20 SiO + 86 Li — 3 LizSis + 5 LisSiOa. 1)

According to Eqg. (1), the initial charge and discharge capacities and initial coulombic
efficiency are theoretically calculated as 2615 mA h g*, 2007 mA h g%, and 76.7%,
respectively. However, as understood from Table 1, the reported values for SiO negative
electrodes differ among researchers. In addition, the reaction potentials observed as
potential plateaus in the potential-charge curves and capacity peaks in voltammograms
also differ between reports [34,52]. Consequently, the nature of the electrochemical
characteristics of SiO has not yet been sufficiently clarified. Although Yang et al. have
provided a thermodynamic analysis of the reaction potentials of a SiO electrode [53],
their calculations are not entirely reliable because they do not take into account the Gibbs

phase rule that is indispensable for the evaluation of the equilibrium.
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In this paper, the reactions for a SiO negative electrode are thermodynamically
evaluated. Firstly, the Li—Si—O system is investigated on the basis of the construction of
the ternary phase diagram according to the Gibbs phase rule, in which the number of

degrees of freedom at a fixed temperature can be expressed as:

f=C-P+1, (2

where f stands for the number of degrees of freedom, C is the number of components, and
P is the number of equilibrated phases. Secondly, the formation potentials of Li—Si alloys,
lithium silicates, and Li,O are calculated, and equilibrium potential curves for
charge/discharge reactions are drawn. Thirdly, the key factors for high capacity and
impressive cycle performance are discussed. Finally, the differences for the
charge/discharge behaviors between amorphous SiO and disproportionated SiO are

experimentally evaluated.

2. Thermodynamic calculations

Because a SiO electrode is composed of three elements (i.e., Li, Si, and O) during
the electrochemical insertion/extraction of Li, the solid electrode can be treated as a
material in the Li-Si—O system. From the standpoint of thermochemistry, the stability
and behavior of the electrode can be investigated from the ternary phase diagram.
However, the diagram for the Li-Si-O system has only been reported at high
temperatures above 600 K with the aim of the production of ceramics [54,55], and there

has been no report at room temperature. Accordingly, in this section the ternary phase



O©CO~NOOOTA~AWNPE

diagram is constructed at 298 K from the reported thermodynamic data of the compounds.
Furthermore, the phase change and equilibrium potentials in the Li insertion/extraction
reactions for a SiO negative electrode are analyzed. Against this background, the

dependence of battery performance on charge/discharge conditions is discussed.

2-1. Construction of the ternary phase diagram for the Li—Si—O system

In the Li-Si-O system at 298 K, the compounds including solid Li, solid Si, and O,
gas (listed in Table 2) exist. Only solid Li,O and SiO; are the stable phases in the binary
systems for the Li—O [4,56] and Si—O [4,57,58] systems, respectively. According to the
quasi-binary phase diagrams for the Li,O-SiO, system [59-61], solid Li,Si,Os, Li,SiOs3,
and Li,SiO, are stable phases among the lithium silicates. In the Li-Si system, four
compounds (Liy2Si7, Li;Sis, LiizSis, and Li,Sis) are reported [62]. These diagrams
indicate a negligible composition range for these compounds deriving from the vacancy
and solubility.

The thermodynamic data for these compounds in the Li-Si—O system (acquired
from the thermodynamic software HSC Chemistry® ver. 5.1 [63]) are also listed in Table
2 [64-72]. Because SiO has no stable crystalline phase at ambient temperature and
pressure, its data are not reported. Concerning the thermodynamic data for the Li-—Si
compounds, there were several reports that used electromotive force (emf) measurements
[73-77]. Their data were recalculated by Demidov et al. [78] and Braga et al. [79] using
two assessment methods, which were adopted and updated for the construction of the
current phase diagram for the Li—Si system [62], respectively. In this study, the standard
Gibbs energies of formation at 298 K in the first assessment method in the report by

Braga et al. [79] were applied. The phase diagram was constructed by Chesta ver. 2.22,
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which is a free software supplied by Kyoto University for creating chemical potential

diagrams for multi-component systems [80].

Table 2 Thermodynamic data for Li—S+0 system at 298 K vsed for the calenlation.

Compound

Standard Gibbs Standard Gibbs energy of
Component enargy, formation, Ref
Formmula —M———— G /K] mol” AG; [ kT mol™
L: 51 (o]
Li 1 0 0 87 0 [64-66]
Si 0 1 0 56 0 67
[0 ] 0 2 -61.1 0 [66.68]
Li;;Si; 12 7 0 —570.3 —426.8
LirSis 7 3 0 3127 23510 Caleulated
LissSis 13 4 0 -5256 -390.1 from [75].
Li;,Sis 2 5 0 -75838 -539.4
Li,0 2 0 1 —609.1 5612 [64.69.70]
510, 0 1 2 9232 8563 [
Li.54,0. 2 2 5 25983 24169 64
La, 500 2 1 3 -16734 -1558.8 [67]
14,510, 4 1 4 —23662 22036 [

Figure 1(a) shows the ternary phase diagram for the Li-Si-O system at 298 K
calculated from the reported thermodynamic data in Table 2. As can be seen, the large
triangle consists of Li, Si, and 1/2 O, vertices; the diagram is divided into small triangles,
except for the upper part. According to the Gibbs phase rule at a fixed temperature
indicated by Eq. (2) and the value of C = 3 (L1, Si, and O) in the system, three condensed
phases indicated as the vertices are equilibrated (f = 0, P = 4 by three phases and gas). On
the other hand, at the upper part of the diagram, the triangle of Li,O-SiO,-O; is not
divided into small triangles. In the Li,O-SiO,—0, system, the value of P is 3 because two

condensed phases and the gas phase exist. Thus, the value of f = 1 indicates that the

system has one variable, such as the partial pressure of oxygen ( p, ).
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(@)

1/2 O,(g)

1/3 SiO(s)

1/9 Li,Si,04(S)
116 Li,SiOs(s)

1/3 Li,0(s),

LS — = Sis)
1127 LipSi(s)f! 1 1oL

/17 Liy3Si(s) 1/10 Li;Sig(s)

(b)

1/2 O,(g)

1/3 SiO(s)
1/9 Li,Si,04(S)

Lig &L - i)
1127 LipSi(s)f! T 1/19 Li,,Sis(s)

/17 Liy3Siy(s) 1/10 Li;Sig(s)

Fig. 1 (a) Calculated ternary phase diagram for the Li-Si—O system at 298 K.
(b) Transition of formed phases during the Li insertion for a SiO negative
electrode at 298 K shown in the ternary phase diagram for Li-Si—O system.

2-2. Phase change and equilibrium potential for a SiO electrode

Because the position in the ternary phase diagram indicates the nominal composition
of the system, the phase change during the electrochemical Li insertion/extraction
reaction of a SiO electrode can be discussed based on the equilibrium phases. Assuming
that there are no ionic species containing Si and O related to the electrode reactions, the
electrode potential, E, with respect to the standard potential of Li is a function of the Li

activity in the electrode:

Li* +e — Li, (3)
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RT . a,. 2.303RT
=—7»In—= log a, -, 4
F F g Li ()

a;

E

where R is the gas constant, T is the absolute temperature, F is the Faraday constant, and

a,;and a . are the activities of Li and Li" ions, respectively. Here, the standard states of

Li and Li* ions are pure solid Li and ion concentration dispersed in the electrolyte,
respectively. It should be mentioned that the calculation is based on the following
assumptions, which are inherent to the discussion of chemical equilibria: the composition
of the electrode is homogeneous; the compounds are electrochemically active with Li;
and the electrode potential is determined by the activity of Li in the electrode, as
expressed by Eq. (4). Another assumption is that the chemical potentials of Si and O; in
the SiO phase are the same at the equilibrium of Si and SiO,. The three phases at the
vertices are equilibrated when a nominal composition is located within the triangle. The
electrode potential takes on a fixed value when the system has zero degrees of freedom
according to Eq. (2). Another equilibrium is a two-phase equilibrium whose composition
is positioned along a line. The two phases at the side ends are equilibrated with one
degree of freedom (f = 1) — i.e., the electrode potential changes.

When the Li insertion reaction occurs for a SiO electrode, the change of nominal
composition is expressed as the red arrow drawn from SiO to Li in Fig. 1(b). The
calculation suggests the formation of Li,Si,Os/Si/SiO, in the initial reaction of SiO. In the
actual reaction, SiO; is not formed and Li,Si,Os/SiO/Si are equilibrated as the red broken
line becomes a side of the triangle.

The formation of Li-Si-O compounds (Li,SiyO,, where a, b, and c are
stoichiometric ratios) from metallic Li and Si as well as O, gas at atmospheric pressure

can be expressed as follows:
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a Li + b Si + ¢/2 0= LisSiyO. (5)

The chemical potentials of Li, Si, and O, can be expressed as a function of the standard

Gibbs energy of formation of Li,Si,O¢ (AG{ (Li,Si,0O,)):

a (G’ (Li) +RT Inag) +b (G'(Si) +RT Inas) + ¢/2 (G*(0,)+ RT In p,, )

=G-(Li,Si,0,), (6)

2.303RT (a log ay + b log asi+ ¢/2 log p,, )
= G°(Li,Si,0,) —(@G°(Li) +b G°(Si)+¢c/2G"(0,))

= AG{ (LiSi,0,). (7)

Here, G°(Li), G°(Si), and G°(O,) are the standard Gibbs energy of Li, Si, and Oy,
respectively, and ag; is the activity of Si with respect to pure solid Si.

As shown in Eq. (7), au, asi, and p,, are variables under the existence of a single
phase only. On the other hand, they take on fixed values at the equilibrium state of three
phases where the standard Gibbs energies of these compounds simultaneously satisfy Eq.
(7). By combining the two compounds, the chemical potentials at the Li,Si,Os/Si/SiO;

equilibrium (region @ in Fig. 1(b)) can be calculated in Eq. (8):
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2 2 > °(Li.Si
5 log a, AG; (Li,S1,0;,)
2.303RT|0 1 O} logay |= AG{ (Si) . (8)
0 1 1{log po, AG{(SiO,)

Namely, log ayj, log asj, and log p,, are calculated by Eg. (9) as —24.2, 0, and —150.1,

respectively, from the values of AG; for Li,Si,Os, Si, and SiO; listed in Table 2. The

electrode potential at this equilibrium is obtained to be 1.428 V vs. Li/Li* by Eq. (4).
With the progress of Li insertion, the nominal composition reaches the Li,Si,Os/Si

two-phase equilibrium (point Q). The potential shifts to a negative value during the two-

phase equilibrium. Further Li insertion introduces the reaction state of the

Li,Si,Os/Li,SiOz/Si equilibrium (region @). The chemical potentials and electrode

potential can be calculated in the same manner as in the previous paragraph using Egs.
(4) and (8). At the end, the system reaches the Li/Li,O/Li2;Sis equilibrium (region {8).

The equilibrium phases and electrode potentials during the Li insertion of a SiO electrode

are summarized in Table 3.



O©CO~NOOOTA~AWNPE

Table 3 Equilibrinm phases and electrode potentials doning the Li insertion for a 510

negative electrode at 208 K.

Activity or pressure Equilibrium
Equilibrium phases N : pofental
gpor logaw  loga. a fvs. LiLa)
1 51 50

51 510, LS50, -1501 0 -242 6.9= 10+ 1428
51 L1:51,0: -

£y 51 Li.51,0; L1500, -1504 0 —238 1.6= 107 1.408
51 Li,5%0, l

) 51 Ly,50; 11,50, -1602 0 -165 34= 107" 0973
T S1 Ly 500 l

B 51 LiyS  LnSi0. 1806 0 —-£24  58=10" 0.368
& LiySi,  LiSu0, 1

i LinSh LiSi  LeSi0s  -1821 =227 —4.91 1.2 107 0.290
i L5 LuSi0y 1

LSy LipSn, LSO -1832 517 —3.67 21= 10 0217
LS, LiSu0, 1

@ LSy LaSi0, Li,C -1833 —£21 -3.33 4.5= 100 0.198
Lij,S0, Li.0 !

LisSi  LinSis Li.C -190.4 120 -1.58 27 10 0.093
Li,Si, Li.0 1
Li,Si Li.0 Li -196.7 -189 0 1 0

Figure 1(b) provides information on the reaction pathway for a SiO electrode. The
reaction can be divided into three stages. (1) At the initial stage of the reaction, lithium
silicates (Li,Si»Os, Li»SiOsz, and LisSiO,) are formed together with metallic Si (from
point @ to point @). (2) Secondly, the formed metallic Si reacts with Li to form Li-Si
alloys (Li2Si7, LizSis, and Liy3Siyg) that are in equilibrium with LisSiO4 (from point @ to
point €3). (3) Thirdly, Li,SiO, is decomposed to form Li,O and Li;3Sis. (4) Further Li
insertion produces Liy,Sis from Liy3Sis (from point @ to point €7). (5) Finally, metallic
Li is deposited (after point {8). Steps (1) and (2) proceed in accordance with the various

reports on the formation of Li—Si alloys in a lithium silicate matrix [21,33,34].
The calculated phase diagram also explains two other reactions. One is the

electrochemical reaction of a SiO, electrode with Li. In spite of the strong insulating
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characteristics of SiO,, the Li insertion reaction forms lithium silicates in the initial stage
in the same manner as the SiO electrode; from this point the alloying reaction of Si
demonstrates a reversible capacity, as shown in Fig. 2(a). The formation of lithium
silicates agrees with the previous reports [28,46-48,50]. The other reaction is the
electrochemical inactiveness of LisSiO, as reported in Ref. [28], in which no Li
dissolution reaction occurs for Li,SiO4, even at the positive potential of 4.0 V vs. Li/Li".
As shown in Fig. 2(b), the Li extraction reaction of Li,SiO4 leads to the formation of O,

gas and other silicates with low Li concentration.

LisSiOs — Li,SiOs + 1/2 0, + 2 Li* + 2 ¢, (9)

Therefore, Li,SiOy4 is expected to be stable even at very positive potentials and until the

reaction of O, gas evolution (reaction (9)). The high stability of lithium silicates suggests

that their formation takes on an irreversible capacity, which enables the stable

charge/discharge reactions as a matrix of nano crystals of Li-Si alloys. Namely, the

electrode acts as a mixture of irreversible Li,SiO,4 and reversible Li-Si alloys.

LisSis 24 Si+ 13 Li* + 13 ¢ . (10)

According to the previous reports [28,29,51], the alloy formation instead of the

composition of Li»,Sis proceeds as a reversible reaction.

LinSis 2 5Si+22 Lit +22¢ . (11)
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On the other hand, the thermodynamic calculations suggest that the reversible reaction
occurs between Si and Li;3Si4 with the LisSiO4 matrix. When alloying reaction is utilized
for Lip,Sis composition, the decomposition of Li,SiO4 and formation of Li,O are

inevitable.

(a) 120,(q)

{L/3 SiO,(s

1/9 Li,Si,04(s)”
1/6 Li,SiO4(s)

Li(s) A
127 LiSig@)f § 119 Liy;sis) Si(s)
1/17 LiggSiy(s) 1/10 Li;Sig(s)

(b) 120,(q)

Li(s)&
1

27 LigSige)f 4119 LipSin(s) si(9)
1717 LiSL,)1/10 LisSig(s)

Fig. 2 Reaction pathway during (a) the Li insertion for a SiO, negative
electrode and (b) the Li desertion for a Li,SiO, electrode at 298 K
shown in the ternary phase diagram for Li-Si—O system.

According to the calculated potentials in Table 3, the theoretical potential shift
during the Li insertion reaction for a SiO electrode (with equilibrium maintained) is
shown in Fig. 3(a). In practice, because the reaction does not proceed at equilibrium

states, a similar shift can be obtained at an extremely slow charge rate. As explained
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above, the electrode potential remains fixed at the three-phase equilibrium, which is
represented by the inside of the triangles according to the Gibbs phase rule. By way of
contrast, the potential changes at the two-phase equilibrium, which is represented by the

sides of the triangles. In the Li insertion reaction, the potential plateaus corresponding to

the formation of lithium silicates are initially observed around 1.4 V (point @—@) and

10V (@) vs. Li/Li* with a capacity of 608 mA h g*. At this stage, the formation of Li—

Si alloys starts at 0.37 V (®) and continues until 0.22 V (£2) with a capacity of 1482 mA
hg™. At state {4, the Li,SiO, phase is decomposed into Li,O and Li;3Sis. Then, the Li-Si

alloy formation is finalized with the composition of Li»,Sis (point 17).

The relationship among the amount of inserted Li, the charge capacity, and the
reaction equation is theoretically summarized in Table 4. In the practical electrode, SEI
(solid-electrolyte interface) formation can also occur, especially at negative potentials. In
Ref. [23], the potential plateau at 0.8 V in the initial charge was ascribed to SEI
formation. The calculated potential shift in Fig. 3 strongly suggests that the plateau
corresponds to the formation of lithium silicates, as well as the deviation due to the
overvoltage for the reaction and the ohmic drop. Electrode behaviors reported by other
researchers, such as the differential capacity peaks [27,31], can be also explained by the

theoretical potential of as lithium silicate formation at 1.4 VV and 1.0 V.
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@

Capacity / mA h g*
0 608 1216 1824 2432 3040 3648 4256
I I 1 I I

151 =0

Start of decomposition .
of Li,SiO, into Li,O

Potential vs. Li/Li* / V

@ @
Start of formation ) @ ®
H H _————a
0 of Li-Si alloy | | | |
0 1 2 3 4 5 6 7
Atomic ratio of Li with respect to SiO
(b)
Capacity /mA h gt
L 50 608 1216 1824 2432 3040 3648 4256
. T T @I'_@_: T T T
i\
1 ®
12 I5) -
|
> |
5 o9f ® 4
=
¢
=
E 06| @ -
8
o
[a
@®
03}k (D) i
L© O 1 -
\ Finish of deformation
® of Li-Si alloy
0 1 I I I 1
0 1 2 3 4 5 6 7

Atomic ratio of Li with respect to SiO

Fig. 3 Transition of equilibrium electrode potential during the Li (a) insertion and (b)
desertion after the formation of Li,;Si, for a SiO negative electrode at 298 K shown in the
ternary phase diagram for Li-Si—O system.

Figure 3(b) shows the equilibrium potential during the Li extraction reaction for a
SiO electrode, which occurs after Li insertion and continues until the completion of the
Li13Sis formation (point 3). A reversible capacity of 1482 mA h g* with 70.9%

coulombic efficiency from the Li-Si alloys appears until the reaction reaches the



formation of Si and Li;SiO, (point @). Further Li insertion indicated by the broken line

does not occur because LisSiO4 is inactive, as reported in Ref. [28]. When Li insertion

further proceeds to form Li,O, the discharge capacity and coulombic efficiency increase

O©CO~NOOOTA~AWNPE

in spite of the decomposition of Li,;SiO4 (until points €5 and (7). The amount of extracted

Li, the discharge capacity, and the coulombic efficiency corresponding to each reaction

are listed in Table 5.

2-3. Relationship between the charge/discharge conditions and performances for SiO

Table 4 The calculated reactions for the Li insertion of a 510 negative electrode at

08K

. Charge
Rescson et S0 R C.
T 5510+ 2L+ 2€ — 35i+ LiSi0s 040 13
5 3560+ 2L + e — 25i + Li;Si0, 067 105
T 4510 +4L + 4 — 351+ L1510 1.00 608
5 28510 = 6415 + 64e — 314,51, ~ TLLSIO, 229 1390
) 125i0 +33Li" +33€ — 3LirSis + 3LiiSi0, 275 1672
[ 16510 <5510 + 35 — 314,51 ~ 4LLS0, 344 2090
[ 4510+ 210 =21e — LipSi = L0 525 3192
5510 +32L +32¢ — LiSi,+ SL,0 540 3891

Table 5 The calculated reactions for the Li extraction of a 510 negative electrode at

08 K.

Char Dis- Aﬂ;,nilic 1'.::;'0 Discharge Coulombie
_m;g:d charged Reaction f&'ne::lm capacity,Cs efficiency
- state ‘-SiO ‘mAhg' (e

311550 + 411510,
i1 — 414,55 + 411,50, + 11017 + 0.69 418 200
1le
B 211455 + 281,510,
- ) — 12013, 51, + 2811, 510, + 129127 115 700 335
+ 129
35,5, = 3550, ; -
— 1251+ 4Li,5i0, = 39Li* + 39¢ 244 1432 70.8
- LisSe +4Lu0 - o
! 5 38+ 15,810, + 171+ 17e 423 2384 §1.0
4L, 5, + 200y, 0
17 — 1581+ 503,5:0, + 108117 + 540 3283 M4

108e”

electrodes
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On the basis of the ternary phase diagram for the Li—-Si—O system at 298 K (Fig. 1)
and the theoretical potential shift during the Li insertion/extraction reaction for a SiO
electrode (Fig. 3), the optimum conditions and the key factors for high capacity and
impressive cycle performance herein discussed.

The analysis of the previous reports listed in Table 1 indicates that the initial
discharge capacity is not necessarily dependent on the initial charge capacity. For
example, a discharge capacity of around 1300 mA h g is obtained even at charge
capacities of 1750 mA h g * [30] and 2200-2500 mA h g * [19,22,27,32]. Furthermore, a
discharge capacity of 1450 mA h g is obtained at charge capacities of 1950 mA h g*
[31] and 2700 mA h g ! [23]. Naturally, the initial coulombic efficiency is different
between the reports. Table 1 also clarifies that Li,O is formed as the intermediate phase
in the reports of the higher charge capacity in addition to the lithium silicates
[22,23,27,32].

The fact that the initial discharge capacity is not necessarily dependent on the initial
charge capacity also explains the effects of Li,O formation on discharge capacity.
Whereas different initial discharge capacities are obtained as 1300 [22,27,32] and 1800
mA h g ! [28] even at the initial capacity around 2500 mA h g, the discharge capacity
remains low in case of Li,O formation. However, according to Table 4, the atomic ratio
of Li/SiO corresponding to Lij3Sis alloy formation is higher for Li,O (i.e., 5.25) than for
Li,SiOy (i.e., 3.44). These values suggest that the discharge capacity after the charge and
until Li,O formation has a theoretically higher value, and indicates the degraded kinetics
for Li,O formation and/or lithium silicate decomposition while some research on Li
conduction for Li,O has been investigated [81]. The matrix roles of lithium silicates for
Li conduction, expansion, relaxation, and electric contact are the key factors for high

performance.
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Consequently, the combination of the performance reported in the literature and the
calculated ternary phase diagram indicates that the crucial charge/discharge condition
consists of avoiding or minimizing the formation of Li,O, which induces two negative

effects concerning the low utilization of the inserted Li and the poor reaction kinetics.

3. Experimental

Amorphous SiO powder (Osaka Titanium technologies) with a mean diameter of
Dso = 4.8 um was used. The preparation of disproportionated SiO powder was carried out
by the thermal treatment of amorphous SiO powder. Amorphous SiO powder contained
in an alumina crucible was placed in an Ar atmosphere in an electric furnace maintained
at 1273 K or 1473 K for 5 h. As shown in the transmission electron microscope (TEM)
images (JEOL, JEM-ARMZ200F) and X-ray diffraction (XRD) patterns (PANalytical,
X'Pert Powder) in Fig. 4, Si nano clusters with a diameter smaller than 10 nm were
formed in the SiO, matrix by the disproportionation of amorphous SiO.

For the preparation of SiO working electrodes, SiO powder (80 wt%) and Ketjen
black (KB) as a conductive additive (5 wt%) were thoroughly mixed with polyimide (PI)
as a binder (15 wt%). A slurry was prepared by adding N-methylpyrrolidinone as a
solvent to the mixture. For comparison, a slurry consisted of 25wt%-KB and 75wt%-PI
was also prepared. The obtained slurry was cast onto a sheet of copper foil, and predried
at 393 K in air to remove the solvent. The electrodes were obtained after a final dry at
623 K under a vacuum for 1 h in an electric furnace. The loading mass density fell in the
range of 3.5-4.5 mg cm 2. The SiO electrode was prepared by stamping the copper foil
into a circle with an area of 1 cm?. Two-electrode 2032-type coin cells — with the SiO and

lithium metal as working and counter electrodes, respectively — were assembled in an Ar
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Fig. 4 (a, b) TEM images and (c) XRD patterns for the silicon monoxide
particles before and after the heat treatment in an Ar atmosphere at 1273 K
and 1473 K.

glovebox. Ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 by volume) with the
addition of 1 mol L™ LiPFs was used as an electrolyte. The separator was made of
polypropylene (PP). The SiO/EC:DEC(1:1) + 1 mol L™* LiPFe/Li cells were operated for
charge/discharge reactions.

The formation potentials of the related species were evaluated at a slow rate reaction
under the constant current (CC) mode at 15 mA g until a voltage of 0 V (charge), and at
15 mA g ! until a voltage of 1.5 V (discharge). The cell performance was evaluated under
the constant-current/constant-voltage (CC-CV) mode in the voltage range of 0.005-1.5 V
at 298 K. The constant-current/constant-voltage mode was used in order to investigate the
lifetime of SiO material under the minimization of the overpotential and ormic drop.
During the 1st cycle, the charge conditions were a CC of 150 mA g * until a voltage of

0.005 V, and a CV of 0.005 V until a current of 15 mA g *; discharge conditions were a
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CC of 150 mA g * until a voltage of 1.5 V. During the 2nd cycle, the charge conditions
were a CC of 450 mA g until a voltage of 0.005 V, and a CV of 0.005 V until a current
of 15 mA g %; discharge conditions were a CC of 450 mA g* until a voltage of 1.5 V.
After the 3rd cycle, the charge conditions were a CC of 750 mA g * until a voltage of
0.005 V, and a CV of 0.005 V until a current of 15 mA g*; discharge conditions were a

CC of 750 mA g * until a voltage of 1.5 V.

4. Results and discussion

4-1. Confirmation of formation potentials

The analysis of the electrochemical reaction can be carried out by separating it into
equilibrium and kinetic factors. As the first component of the experimental, the electrode
behavior was examined at a low charge rate in order to minimize the kinetic factor.

Figure 5(a) shows the equilibrium potential shift until the end of the Li-Si alloy
formation with the charge/discharge curves of (SiO + KB + PI) anode recorded at a rate
of 15 mA g%, which is slower than a 0.01 C rate. For comparison, the curves of (25wt%
KB + 75wt% P1) are shown in Fig. 5(b). The rate was 10 mA g, which was also as large
as a 0.01 C rate. Clearly, a potential plateau is observed until 600 mA h g * at 0.35-0.5 V
for the curve of amorphous SiO (Fig. 5(a)). Almost the same capacity of 600 mA h g*
with the theoretical value indicates that the plateau corresponds to the formation of
lithium silicate. It should be noted that the potentials are identical between the
amorphousSiO and the equilibrium at the end of the plateau. This behavior indicates that
the potential difference observed by the overpotential for the Li insertion is negligibly
small, thus suggesting the high Li conduction of lithium silicate phases. Later, the

potential gradually shifts to the negative range of 0.05-0.35 V. These potentials
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Fig. 5 (a) Charge and discharge curves for the 1st cycle of
SiO/EC:DEC(1:1) + 1 mol Lt LiPF4/Li cells in the voltage range of
0-1.5 V at 298 K. Charge conditions: a constant current of 15 mA g1
until a voltage of 0 V. Discharge conditions: a constant current of 15
mA g! until a voltage of 1.5 V. (b) Charge and discharge curves for
the 1st cycle of KB+PI/EC:DEC(1:1) + 1 mol L-! LiPFg/Li cells in
the voltage range of 0-1.5 V at 298 K. Charge conditions: a constant
current of 10 mA gt until a voltage of 0 V. Discharge conditions: a
constant current of 10 mA g-! until a voltage of 1.5 V.

correspond to the formation of Li-Si alloys including the capacity of KB and PI. Also,
the capacity should partially contain an irreversible one owing to the SEI formation at

negative potentials. Even considering the charge capacity of KB conductive additive and
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PI binder of 1292 mA h g* (Fig. 5(b)), which corresponds to 323 mA h (g-SiO)?, the
capacity of 2610 mA h g is larger than the theoretical value at the start of the
decomposition of LisSiOs (2090 mA h g?), suggesting the partial decomposition of
lithium silicates to Li;O. The relatively rapid potential shift after 2090 mA h g might
result from the large overpotential owing to the formed Li,O. In contrast, the plateau that
corresponds to the formation of lithium silicate is not observed for the disproportionated
SiO. Especially, the charge curve for the disproportionated SiO at 1473 K shows an
immediate shift to 0.02 V before 350 mA h g™*. Then, the potential remains around 0.05
V, and the charge reaction finishes at 2463 mA h g *. This capacity suggests the partial
decomposition of lithium silicates in addition to the formation of Li-Si alloys.

To summarize these charge behaviors, the following two points for the equilibrium
and Kinetics are found out. First, the equilibrium potential curve calculated from the
thermodynamic data in this study is valid to discuss the reaction. Second, the
overpotential for the Li insertion for lithium silicate formation, which is observed as the
deviation from the equilibrium potential, is larger for the disproportionated SiO negative

electrode.

4-2. Cell performance

The electrochemical behaviors of the SiO electrodes were compared at a high charge
rate. The charge and discharge capacities and coulombic efficiency are summarized in
Table 6. Based on the capacities shown in Tables 4 and 5, the charge reaction is expected

to proceed between states {3 and (5.

Figure 6(a) shows the equilibrium potential shift until the end of the Li-Si alloy
formation, with the charge curves in the initial cycle being recorded in the CC-CV mode.

Here, the graphs are standardized by the capacity in each charge run. Furthermore, only



the disproportionated SiO at 1473 K shows the curve in the 2nd cycle. At a high reaction
rate, the potential plateau for the formation of lithium silicate above 0.6 V is not observed.

However, the charge curve shows more positive potentials for the amorphous SiO than
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(a) Charge
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Fig. 6 (a) Charge and (b) discharge curves for the 1st cycle of
SIO/EC:DEC(1:1) + 1 mol L LiPF/Li cells in the voltage range of
0.005-1.5 V at 298 K. Charge conditions: a constant current of 150
mA g1 until a voltage of 0.005 V and a constant voltage of 0.005 V
until a current of 15 mA g-*. Discharge conditions: a constant current

of 150 mA g* until a voltage of 1.5 V.
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for the disproportionated SiO electrodes. The disproportionated SiO shows such a large
overpotential in the Li insertion that the 1st cycle charge reaction ends at a small capacity
of 337 mA h g}, as shown in Table 6. The cause of the different overpotential is the
formed phases in the 1st cycle. Only the Li,Si,Os/Si phases are formed in the initial
reaction for the amorphous SiO electrode (Fig. 7(a)). On the other hand, the reaction state
starts from the mixture of Si and SiO, for the disproportionated SiO, and the
Li,Si,0s/Si/Si10, phases are formed, as shown in Fig. 7(b). The high resistivity of SiO,
would result in the large overpotential.

In the discharge reaction for all SiO electrodes, a high discharge capacity above
1898 mA h g * and a coulombic efficiency of 71.0% were obtained. The values higher
than 1482 mA h g * and 70.9% suggest that the deterioration of a SiO electrode does not
occur upon decomposition of a small amount of Li,SiO,4 in the initial cycle. The curves
for the electrodes exhibit almost the same behavior with the equilibrium potentials as
shown in Fig. 6(b). In spite of the slightly larger discharge capacity, the curve for the
disproportionated SiO at 1473 K shows a more positive potential than the other
electrodes and the equilibrium curve. This behavior is also explained by the high

resistivity and large overpotential of the electrodes.

Table 6 Charge and discharge capacities and coulombic efficiency for the 1st cycle of

SiO/ECDEC(1:1) + 1 mol L™ LiPF,/Li cells in the voltage range of 0.005-1.5 V at

298 E.

Charze Discharge Coulombic
Capacity, C, Capacity, C affictency

mih = mih g (%)

Amorphous 510 2753 1955 710

1273 K heat treatment 2623 1898 724

- 337 132 39.1

1473 K heat treatment (554) (2001) (78.4)
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Fig. 7 Comparison of transition of formed phases during the Li
insertion for (a) amorphous and (b) disproportionated SiO negative
electrodes at 298 K.

The charge/discharge curves for the 2nd and 10th cycles are compared in Figs. 8(a)
and (b), respectively. Also in these graphs, the curves for the 3rd and 11th cycle are
shown for the disproportionated SiO at 1473 K. Compared to the behaviors in the 1st
cycle in Fig. 6, all the SiO electrodes indicate almost the same potential curves in the
charge reaction, which are similar with the 1st cycle behavior for the amorphous SiO. As

a result of lithium silicate formation during the 1st cycle, the overpotential for Li
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Fig. 8 Charge and discharge curves for the (a) 2nd and (b) 10th cycles
of SIO/EC:DEC(1:1) + 1 mol L1 LiPF¢/Li cells in the voltage range of
0.005-1.5 V at 298 K. Charge conditions (2nd cycle): a constant
current of 450 mA g! until a voltage of 0.005 V and a constant voltage
of 0.005 V until a current of 15 mA g-1. Charge conditions (after 3rd
cycle): a constant current of 750 mA g until a voltage of 0.005 V and
a constant voltage of 0.005 V until a current of 15 mA g*. Discharge
conditions (2nd cycle): a constant current of 450 mA g-! until a voltage
of 1.5 V. Discharge conditions (after 3rd cycle): a constant current of
750 mA g until a voltage of 1.5 V.

insertion became small even for the disproportionated SiO. However, the overpotential
for the discharge reaction remains larger for the disproportionated SiO electrodes. With

the repetition of cycles, the disproportionated SiO experiences a potential shift to the
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positive direction — i.e., a smaller power density. One possible explanation for this
behavior concerns the slow Kkinetics for the discharge reaction; that is because the
inhomogeneous formation of Li,Si,Os/Si/SiO, phases disturbs a Li extraction owing to
the SiO, phase. The homogeneous formation of Li-Si alloys and lithium silicates in a
nano scale for the amorphous SiO electrode would enable a faster Li diffusion in the
discharge reaction compared to the disproportionated SiO producing large-sized SiO, and

Li,O.

Conclusion

The electrochemical behavior of a SiO negative electrode was investigated based on
the calculated equilibrium curves. The ternary phase diagram for the Li-Si—O system at
298 K was calculated, and the equilibrium potentials for Li insertion/extraction reactions
were diagrammatically indicated. The formation of lithium silicates is the initial reaction
of the SiO electrodes, and occurs above 0.36 V vs. Li/Li*; furthermore, the
decomposition of lithium silicates starts after the formation of the Li;3Sis alloy. The
kinetics was discussed from the experimental curves of the SiO electrodes with reference
to the equilibria. It was suggested that the Li,SiO, phase formed as an irreversible
component had high Li conduction . The disproportionated SiO electrode demonstrated a
larger overvoltage than the amorphous SiO owing to the formation of SiO,. While the
overvoltage became identical in the charge reaction between the amorphous and
disproportionated SiO electrodes, a large overpotential (thus resulting in a smaller power

density) was observed for the disproportionated SiO in the discharge reaction.
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Table(s)

Table 1 Representative reports on battery and electrode characteristics of the SiO negative electrode.

Initial Initial Initial
Author, Ref. Year Sio Intermediate charge discharge coulombic Note
phase phase capacity capacity efficiency
(mMAhg")  (mAhg? (%)

Yang et al. [19] 2002  Amor. - ca. 2250 ca. 1300 ca. 57.8 -
Nagao et al. [20] 2004  Amor.  SiO, 1594 - - Neutron elastic scattering
Miyachi et al. [21] 2005 Amor. Li-Si-O, Li,0O 2404 598 24.9 XPS
Miyachi et al. [22] 2007 - Li-Si-O, Li,0 2520 1260 50.0 Metal-doped SiO, XPS

. o . NMR, HR-TEM, electrochemical dilatometry.
Kim et al. [23] 2007 - Li-Si-O, Li,O 2680 1470 54.9 Plateau at 0.8 \V vs. Li*/Li in st discharge
Yamada et al. [24] 2007 - - - - - Kinetics evaluation by AC impedance spectroscopy

Amor./ . 2216/ 1104/ 49.8/ . . 0

Park et al [25] 2010 dispro. SiOy 185 94 50.8 TEM, Disproportionated at 800, 1000, and 1200 °C.
Komaba et al [26] 2011 - - ca. 1800 826 45.9 -

. Amor./ s o . NMR, HR-TEM, Differential capacity peaks at 0.08
Kim et al., [27] 2011 dispro. Li-Si-O, Li,0O 2410 1300 53.9 and 0.24 \/ vs. Li*/Li
Yamamuraetal. [28] 2011 Dispro. Li-Si-O 2548 1791 70.3 Plateau at 0.2 and 0.5 V vs, Li"/Li in 1st discharge.

First principles calculation. SiO, was also reacted.

Miyuki et al. [29] 2011 Q’S‘;‘;g/ . . . . LiFePO,/SiO full cell.
Jeong et al. [30] 2012  Dispro. - 1757 1265 72.0 TiO, coated SiO

. . i Carbon coated SiO. Differential capacity peaks at
Kim etal. [31] 2013 Dispro. 1958 1413 122 0.06, 0.21, 0.31 and 0.48 V/ vs. Li*/Li after 5th cycle
Takezawa et al. [32] 2013 Amor. Li-Si-O, Li,0O 2418 1306 54.0 SiO, (0.17 < x < 1.34) was used. XPS
-2 Not given



Table(s)

Table 2 Thermodynamic data for Li—Si—O system at 298 K used for the calculation.

Compound Standard Gibbs Standard Gibbs energy of
Component energy, formation, Ref
Formula : : G /kImol* AGy / kJ mol™
Li Si O
Li 1 0 0 -8.7 0 [64-66]
Si 0 1 0 -5.6 0 [67]
0, 0 0 2 -61.1 0 [66,68]
Liy,Si; 12 7 0 -570.5 —426.9
Li;Sis 7 3 0 -312.7 ~235.0 Calculated
LiysSis 13 4 0 ~525.6 -390.1 from [79]
Li,,Sis 22 5 0 —758.8 -539.4
Li,O 2 0 1 -609.1 -561.2 [64,69 ,70]
SiO; 0 1 2 -923.2 -856.5 [71]
Li,Si,O5 2 2 5 —2598.3 -2416.9 [64]
Li,SiO; 2 1 3 -1673.4 —1558.8 [67]
LisSiO, 4 1 4 —2366.2 —2203.6 [72]




Table(s)

Table 3 Equilibrium phases and electrode potentials during the Li insertion for a SiO

negative electrode at 298 K.

Activity or pressure Equilibr_il:m
Equilibrium phases | | | pOEte;lt\I/&l ’
0 0g as; 0og a; agj !
g Po2 g asi ga Li (vs. Li*/Li)

® Si Sio,
® Si Si0,  Li,Si,0s -150.1 0 -24.2 6.9x 10% 1.428
® Si Li,Si,Ox !
@ Si Li,Si,0s Li,Si0;  —150.4 0 -23.8 1.6x 102 1.406
® Si Li,SiOs l
® Si Li,SiO;  Li,SiO, -160.2 0 -16.5 3.4x 10 0.973
@ Si Li,SiO, l
Si Li,Si;  Li,Si0O, -180.6 0 -6.24  5.8x10Y 0.368
©  LipSi;  Li,Sio, )
Liy,Si; Li;Si;  LiSi0, -182.1 -2.27 491  1.2x10° 0.290
@  Li;Si3  Li,SiO,4 l
@  Li;Sis LisSi,  Li,Si0O, -183.2 -5.17 367 21x10* 0.217
@  LiwgSi;  Li,SiO, i)
Li;sSi;  LilSio, Li,O -183.3 -6.21 -335  45x10* 0.198
@ Li13Si4 LI2O l,
LisSis  LiySis Li,O -190.4 -12.0 -158  2.7x10% 0.093
@  LiySis Li,O l
Li,Sis Li,O Li ~196.7 -18.9 0 1 0




Table(s)

Table 4 The calculated reactions for the Li insertion of a SiO negative electrode at

298 K.
Reaction Vﬁiﬁ”:;g;:éﬁggll‘é casahca;g,ecc
/mAhg!
® 5Si0+ 2Li" + 2" — 3Si + Li,Si,05 0.40 243
® 3SiO+2Li" + 2" — 2Si + Li,SiOq 0.67 405
@  4Si0 + 4Li* + 4e” — 3Si + Li,SiO, 1.00 608
© 28SiO + 64Li" + 64e” — 3Li;,Si; + 7Li,SiO, 2.29 1390
@ 12SiO + 33Li" + 33e” — 3Li;Si; + 3Li,SiO, 2.75 1672
@ 16SiO + 55Li" + 556" — 3Li;5Si, + 4Li,Si0, 3.44 2090
@®  4Si0 + 21Li* + 21e” — Li;5Sis + 4Li,0 5.25 3192
@ 5Si0 + 32Li* + 32e” — LiySis + 5Li,0 6.40 3891




Table(s)

Table 5 The calculated reactions for the Li extraction of a SiO negative electrode at

298 K.
Atomic ratio . .
i Discharge Coulombic
CZ?;?:d Reaction (r)gslf)lez\t”tts capacity,Cld efficiency
- 0,
sio ImAhg (%)
3Li13Si4 + 4L|4S|O4
— 4Li;Siz + 4Li,Si0, + 11Li" + 0.69 418 20.0
11e
) 21Li15Si4 + 28Li,4SiO,
— 12Li3,Si; + 28Li,Si0, + 129Li" 1.15 700 335
+ 129
3Li13Si4 + 4L|4S|O4
— 12Si + 4Li,Si0, + 39Li" + 39¢” 2.44 1482 709
Li13Si4 + 4L|20
B — 3Si+ Li,SiO, + 17Li" + 17¢ 4.25 2584 810
4Li,,Sis + 20Li,0
() — 15Si + 5Li,SiO,4 + 108Li" + 5.40 3283 84.4

108e”




Table(s)

Table 6 Charge and discharge capacities and coulombic efficiency for the 1st cycle of

SiO/EC:DEC(1:1) + 1 mol L™* LiPFe/Li cells in the voltage range of 0.005-1.5 V at

298 K.
Charge Discharge Coulombic
Capacity, C. Capacity, Cq4 efficiency
mAh g* mAh g* (%)
Amorphous SiO 2753 1955 71.0
1273 K heat treatment 2623 1898 72.4
337 132 39.1
1473 K heat treatment (2554) (2001) (78.4)




Figure(s) - provide separately in addition to within the manuscr
Click here to download Figure(s) - provide separately in addition to within the manuscript file: SiO_anode_analysis_fig_1606

(a)
1/2 04(g)
1/3 SiO4(s)
1/9 Li,Si,04(s)
16 LizSi0y(s)
1/9 Li,SiO,(s
1/3 Li,0(s)
Li(s) .
127 LinSis(s)f T 1/19 Li,,Sio(s) Si(s)
1/17 Li}5Siy(s) 1/10 LiSiy(s)
(b)
1/2 O4(g)
1/3 SiO4(s)
1/9 Li,Si,04(s)
1/3 Li,0(s)
L) Si(s)

127 LipSis(s)f! 4119 Lisis)
1/17 LiysSigs) 1/10 LisSig(s)

Fig. 1 (a) Calculated ternary phase diagram for the Li—Si—O system at 298 K.
(b) Transition of formed phases during the Li insertion for a SiO negative
electrode at 298 K shown in the ternary phase diagram for Li-Si—O system.
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Fig. 2 Reaction pathway during (a) the Li insertion for a SiO, negative
electrode and (b) the Li desertion for a Li,SiO, electrode at 298 K
shown in the ternary phase diagram for Li-Si—O system.
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Fig. 3 Transition of equilibrium electrode potential during the Li (a) insertion and (b)
desertion after the formation of Li,;Si, for a Si0 negative electrode at 298 K shown in the
ternary phase diagram for Li—Si—O system.
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Fig. 4 (a, b) TEM images and (c) XRD patterns for the silicon monoxide
particles before and after the heat treatment in an Ar atmosphere at 1273 K
and 1473 K.
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Fig. 5 (a) Charge and discharge curves for the 1st cycle of
SIO/EC:DEC(1:1) + 1 mol L LiPFg/Li cells in the voltage range of
0-1.5 V at 298 K. Charge conditions: a constant current of 15 mA g1
until a voltage of 0 V. Discharge conditions: a constant current of 15
mA gt until a voltage of 1.5 V. (b) Charge and discharge curves for
the 1st cycle of KB+PI/EC:DEC(1:1) + 1 mol L LiPF¢/Li cells in
the voltage range of 0—1.5 V at 298 K. Charge conditions: a constant
current of 10 mA g* until a voltage of 0 V. Discharge conditions: a
constant current of 10 mA g* until a voltage of 1.5 V.


http://ees.elsevier.com/power/download.aspx?id=2068563&guid=2fd07aea-240b-4617-bd50-e3b8b8ba8758&scheme=1

Figure(s) - provide separately in addition to within the manuscr
Click here to download Figure(s) - provide separately in addition to within the manuscript file: SiO_anode_analysis_fig_1606

(a) Charge —— Amorphous SiO
= Disproportionated SiO (1273 K)

Disproportionated SiO (1473 K, 2nd cycle)

Equilibrium
1.5 T T T T
Charge
1.2} &/ l .
Z 09} .
o
en
S
S o6} .
0.3 |_I—-
0 ; —
0 20 40 60 80 100
Capacity (%)
(b) Discharge
1.5 T T T T
1.2 | J
|
I
Z 09} .
o
en
S
S 06 .
03L J
Discharge
0 1 | 1 1
0 20 40 60 80 100
Capacity (%)

Fig. 6 (a) Charge and (b) discharge curves for the 1st cycle of
SiO/EC:DEC(1:1) + 1 mol L™ LiPF/Li cells in the voltage range of
0.005-1.5 V at 298 K. Charge conditions: a constant current of 150
mA g~! until a voltage of 0.005 V and a constant voltage of 0.005 V
until a current of 15 mA g~!. Discharge conditions: a constant current
of 150 mA g! until a voltage of 1.5 V.
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Fig. 7 Comparison of transition of formed phases during the Li
insertion for (a) amorphous and (b) disproportionated SiO negative
electrodes at 298 K.
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Fig. 8 Charge and discharge curves for the (a) 2nd and (b) 10th cycles
of SIO/EC:DEC(1:1) + 1 mol L-! LiPF/Li cells in the voltage range of
0.005-1.5 V at 298 K. Charge conditions (2nd cycle): a constant
current of 450 mA g~! until a voltage of 0.005 V and a constant voltage
of 0.005 V until a current of 15 mA g-!'. Charge conditions (after 3rd
cycle): a constant current of 750 mA g=! until a voltage of 0.005 V and
a constant voltage of 0.005 V until a current of 15 mA g-'. Discharge
conditions (2nd cycle): a constant current of 450 mA g-! until a voltage
of 1.5 V. Discharge conditions (after 3rd cycle): a constant current of
750 mA g' until a voltage of 1.5 V.
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Table and figure captions

Table 1 Representative reports on battery and electrode characteristics of the SiO

negative electrode.

Table 2 Thermodynamic data for the Li—Si—O system at 298 K used for the calculation.

Table 3 Equilibrium phases and electrode potentials during the Li insertion reaction for a

SiO negative electrode at 298 K.

Table 4 The calculated reactions for the Li insertion of a SiO negative electrode at 298 K.

Table 5 The calculated reactions for the Li extraction of a SiO negative electrode at 298

K.

Table 6 Charge and discharge capacities and coulombic efficiency for the 1st cycle of
SiO/EC:DEC(1:1) + 1 mol L™ LiPF/Li cells in the voltage range of 0.005-1.5 V at 298

K.

Fig. 1 (a) Calculated ternary phase diagram for the Li—Si—O system at 298 K. (b)
Transition of formed phases during the Li insertion for a SiO negative electrode at 298 K

shown in the ternary phase diagram for Li—Si—O system.

Fig. 2 Reaction pathway during (a) the Li insertion for a SiO, negative electrode and (b)
the Li extraction for a Li;SiO, electrode at 298 K shown in the ternary phase diagram for

Li-Si—O system.
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Fig. 3 Transition of equilibrium electrode potential during the Li (a) insertion and (b)
extraction after the formation of Li;3Si, for a SiO negative electrode at 298 K shown in

the ternary phase diagram for Li—Si—O system.

Fig. 4 (a, b) TEM images and (c) XRD patterns for the silicon monoxide particles before

and after the heat treatment in an Ar atmosphere at 1273 K and 1473 K.

Fig. 5 (a) Charge and discharge curves for the 1st cycle of SIO/EC:DEC(1:1) + 1 mol L™*
LiPFe/Li cells in the voltage range of 0-1.5 V at 298 K. Charge conditions: a constant
current of 15 mA g until a voltage of 0 V. Discharge conditions: a constant current of

15 mA g * until a voltage of 1.5 V. (b) Charge and discharge curves for the 1st cycle of
KB+PI/EC:DEC(1:1) + 1 mol L™* LiPFe/Li cells in the voltage range of 0-1.5 V at 298 K.
Charge conditions: a constant current of 10 mA g until a voltage of 0 V. Discharge

conditions: a constant current of 10 mA g * until a voltage of 1.5 V.

Fig. 6 (a) Charge and (b) discharge curves for the 1st cycle of SIO/EC:DEC(1:1) + 1 mol
Lt LiPFg/Li cells in the voltage range of 0.005-1.5 V at 298 K. Charge conditions: a
constant current of 150 mA g* until a voltage of 0.005 V, and a constant voltage of 0.005
V until a current of 15 mA g*. Discharge conditions: a constant current of 150 mA g *

until a voltage of 1.5 V.

Fig. 7 Comparison of transition of formed phases during the Li insertion for (a)

amorphous and (b) disproportionated SiO negative electrodes at 298 K.



Fig. 8 Charge and discharge curves for the (a) 2nd and (b) 10th cycles of
SiO/EC:DEC(1:1) + 1 mol L™ LiPFg/Li cells in the voltage range of 0.005-1.5V at 298
K. Charge conditions (2nd cycle): a constant current of 450 mA g until a voltage of
0.005 V, and a constant voltage of 0.005 V until a current of 15 mA g*. Charge
conditions (after 3rd cycle): a constant current of 750 mA g until a voltage of 0.005 V,
and a constant voltage of 0.005 V until a current of 15 mA g . Discharge conditions (2nd
cycle): a constant current of 450 mA g * until a voltage of 1.5 V. Discharge conditions

(after 3rd cycle): a constant current of 750 mA g * until a voltage of 1.5 V.



