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Abstract

Changes in the interfacial structures of the amorphous silicon (a-Si) anode/organic electrolyte interfaces in lithium-ion batter-
ies were investigated using highly dense a-Si films fabricated by cathodic arc plasma deposition as a model electrode. Raman
spectroscopy, transmission electron microscopy (TEM), and X-ray reflectivity revealed that the Si films were grown in an
amorphous state with an atomically flat surface. The a-Si films exhibited lithium alloying and de-alloying reactions, with a
large irreversible capacity during the first cycle. The irreversible capacity was derived from the formation of a solid electrolyte
interphase (SEI) along with an incompletely de-alloyed Li-Si phase, as confirmed by ex situ TEM and X-ray photoelectron
spectroscopy observations. The discharge and charge capacities of the Si films gradually decreased in the subsequent cycles,
despite the fact that no further SEI formation or cracking of the Si layer occurred. Scanning electron microscopy observations
combined with energy-dispersive X-ray spectroscopy revealed the miniaturization of the a-Si film in the surface region to
generate domains measuring less than a few hundred nanometers. These results suggest that delamination and miniaturization

of the a-Si nanodomains from the electrode surface are partly responsible for degradation of the a-Si anode.

Keywords Silicon anode - Model electrode - Cycle stability - Interfacial structure - Arc plasma deposition

Introduction

Lithium-ion batteries (LIBs) are commonly used as repre-
sentative rechargeable batteries for electric devices, includ-
ing laptop computers and smartphones. In recent years, LIBs
have also been employed in large applications, such as electric
vehicles and megawatt power sources for renewable energy.
However, to render such applications more viable, it is neces-
sary to improve the energy densities of LIBs. As a prospective
anode candidate for LIBs, silicon has been considered due to
its high energy density. Silicon anodes are known to form a
Li, ,Si alloy via an electrochemical reaction with lithium under
low voltage conditions (<0.3 V vs. Li/Li*), leading to a high
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energy density of 788 Wh kg~ when combined with a LiCoO,
cathode [1]. This energy density is significantly higher than
those of other conventional anode materials such as graphite
(ca. 584 Wh kg™!) and Li,TisO,, (ca. 178 Wh kg™1) [2-4].
Furthermore, silicon is a desirable material due to its abun-
dance in nature and its high Clarke number [4].

However, despite such advantages, Si anodes suffer
from a severe decrease in capacity during charge—discharge
cycling, which originates from an extreme volumetric expan-
sion of 300-400% during lithium alloying [5-7]. This volu-
metric change causes particle fractures and crack generation,
resulting in disconnections in the electronic and ionic con-
duction pathways [8]. In the case of crystalline silicon (c-Si),
an anisotropic expansion along the crystalline orientation
takes please easily under concentrated stress conditions to
cause particle fractures [6, 9]. However, such fractures can
be suppressed in amorphous silicon (a-Si) because of its iso-
tropic expansion, which ultimately leads to improved cycle
stabilities [9, 10]. As such, previous works have attempted
to control the morphology of a-Si through nanosizing, com-
positing, and porosifying to further suppress fracture forma-
tion [9, 11-13]. The cycle degradation of Si anodes is also
partly attributed to the side reactions that take place at the
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electrode/liquid electrolyte interface. More specifically, a
solid electrolyte interphase (SEI) is formed at the electrode
surface upon reaction with lithium ions and decomposed
electrolyte species [14]. Although the SEI can enhance the
cycle stability by the suppression of further side reactions
[15], a large SEI is known to interfere with the electronic and
ionic conduction properties [13]. In such cases, electrolyte
decomposition proceeds at the newly generated Si surfaces
to reduce the interfacial ionic conductivity during cycling
[16, 17]. However, it is difficult to analyze the electrochemi-
cal processes taking place at Si/electrolyte interfaces sepa-
rately from mechanical factors owing to their complicated
electrode structures.

To address such issues, thin-film electrodes with flat
and uniform surfaces have been considered due to the fact
that they provide a simple reaction field for investigating
the nanoscale interfacial phenomena [18, 19]. For exam-
ple, analysis of the reaction taking place at the c-Si film/
liquid model interface was conducted using extremely
flat c-Si films with a surface roughness of 1-2 nm. These
investigations revealed the growth process of the SEI, along
with different alloying degrees between the surface region
and the bulk [20]. In contrast, the majority of a-Si films
fabricated by conventional chemical vapor deposition and
sputtering approaches exhibit surface roughnesses in the
range of 15-50 nm [21, 22], likely due to the low synthetic
temperatures employed (approximately 100 °C), which are
insufficient to yield a flat surface [22]. As a result, few
mechanistic studies have been conducted on the interfacial
reactions between Si and liquid electrolytes using a-Si films
with flat surfaces [23].

In this study, a-Si film electrodes are fabricated via
cathode arc plasma deposition (CAPD), which is a tech-
nique that is commonly used to fabricate atomically flat
amorphous films [24, 25]. The crystallinity and morphol-
ogy of the fabricated silicon films are then evaluated
using Raman spectroscopy, transmission electron micros-
copy (TEM), and X-ray reflectivity (XRR) to verify the
dense and flat natures of the films. Subsequently, the
discharge—charge properties at the interface between the
a-Si and an organic liquid electrolyte are examined using
constant current charge—discharge tests with coin-type
cells using a lithium metal counter electrode. Moreover,
the chemical and morphological changes at the interfaces
are investigated after the initial charge—discharge cycles
using X-ray photoelectron spectroscopy (XPS), scan-
ning electron microscopy (SEM), and energy-dispersive
X-ray spectroscopy (EDX). Finally, the changes in the
interfacial structure between the a-Si and the liquid elec-
trolyte are investigated, and the effects of the interfacial
structure on the battery performance are discussed based
on SEI formation and the miniaturization of a-Si at the
electrode surface.
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Methods
Synthesis of the silicon films

The silicon films were fabricated using the CAPD
(ADVANCE RIKO, APD-18, see Fig. S1) method. A
B-doped silicon target (resistance 0.01 Q cm, TOSHIMA
Manufacturing, Saitama, Japan) coated with carbon on the
target surfaces was employed. Carbon coating and B-doping
were conducted to maintain a suitable electrical conductiv-
ity and to stabilize the plasma discharges. Single-crystal
Al,Oj5 substrates (10x 10 mm>, Crystal Base, Osaka, Japan),
Cu substrates (10x 10 mm?, Crystal Base, Osaka, Japan),
and foils (910 mm) were employed. The fabrication con-
ditions were as follows: discharge voltage =200 V, capaci-
tance =360 pF, frequency of discharge =3 Hz, distance from
the target to the substrate =80 mm, and pressure approxi-
mately 5.0 x 1075 Pa. The substrates were rotated at 15 rpm
during CAPD to ensure uniform fabrication.

Structural characterization

The crystallinity of each films was characterized by Raman
spectrometry (XploRA PLUS, Horiba, Kyoto, Japan) with
a 532-nm excitation laser (10 mW) using an airtight cell.
High-resolution (HR) TEM observations (JEM-2100, JEOL,
Tokyo, Japan) were performed to evaluate the crystallinity
and density of each Si films. Using direct current (DC) sput-
tering, the Si surfaces were covered with a 150-nm-thick
Au film as a conductive layer, and subsequently focused ion
beam (FIB) deposition was used to introduce a 500-nm-thick
carbon film and to prepare in the shape of flakes [26]. The
TEM samples were then transferred to a vacuum chamber
under air exposure. HR-TEM images were collected at an
accelerating voltage of 200 kV. The thickness, scattering
length density (SLD), and roughness of the Si films were
determined by XRR. The XRR measurements were per-
formed under an air environment using an X-ray diffractom-
eter with Cu Ko radiation (ATX-G, Rigaku, Tokyo, Japan).

Electrochemical characterization

2032-Type coin cells were assembled in an argon-filled
glovebox using a-Si/Cu as the working electrode (cath-
ode), Li foil (99.8%, Honjo Metal, Osaka, Japan) as the
counter electrode (anode), and a 1 mol dm~ solution of
LiPF4 containing ethylene carbonate and diethyl carbon-
ate (3:7 by volume) as the liquid electrolyte. Galvanostatic
charge—discharge tests were conducted in the 0.02—-1.5 V
range at room temperature using a potentiostat/galva-
nostat (TOSCAT, Toyo system, Fukushima, Japan). The
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Fig.1 a Surface Raman
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current density was set to 4200 mA g~'. The weight of
the Si film anode was calculated using the deposition area
(0.78 cm?, diameter 10 mm), the theoretical density of
Si (2.33 g cm™), and the thickness determined obtained
via XRR (150 nm). The specific capacities were calcu-
lated using the weight of Si and the amount of electricity
obtained from the galvanostatic charge—discharge tests.

Ex situ HR-TEM, XPS, and SEM analyses

After the discharge—charge cycles, the coin cells were disas-
sembled in an Ar-filled glovebox. The Si/Cu samples were
washed with dimethyl carbonate and dried using a blower. The
morphological changes in the Si film were investigated using
high-resolution transmission electron microscopy (HR-TEM;
JEM-2100, JEOL). The sample transfer and measurement
conditions were the same as those used for the pristine Si film
described above. The chemical and morphological changes
taking place in the interfacial structures were evaluated by
XPS (ULVAC-PHI, ESCA 1700R, Kanagawa, Japan) using
focused monochromatized Al Ka radiation (hv=1486.6 eV)
in combination with field-emission (FE), and SEM (Hitachi
High-Tech; Regulus 8230, Tokyo, Japan) and EDX (Bruker,

QUANTAX FlatQUAD, MA, USA). The Si/Cu samples were
transferred to XPS and SEM/EDX chambers using airtight
transfer vessels to minimize chemical and the morphological
changes at the sample surface during the analytical process.
During the XPS measurements, the Si 2p, Cls,O 1s,F 1s,
and Cu 2p spectra were collected for each sample after dis-
charge—charge cycling. All spectra were recorded at a pass
energy of 23.5 eV. Charge neutralization was not employed.
CasaXPS software [27] was used to fit the XP spectra, and the
binding energy scale was calibrated based on the hydrocarbon
C 1 s peak at 284.8 eV [28]. The FE-SEM and EDX images
were collected at an acceleration voltage of 15 keV and an
emission current of 14.8 pA.

Results and discussion

Structures of the CAPD-fabricated Si films

Figure la shows the Raman spectrum of the Si film fab-
ricated using CAPD at room temperature. This spectrum

exhibited a broad peak at approximately 470.7 cm™!,
which corresponds to the transverse optical (TO) phonons
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Table 1 Refined thickness, SLD, and roughness value for each Si film
deposited by CAPD (*=6.20x 107%). 4* represents the accuracy of
the fitting. The XRR spectrum and fitting model are shown in Fig. Ic

Component Thickness,d SLD (10‘4 nm_z) Roughness, o
(nm) (nm)

Surface layer 1.9 21.8 0.2

Si 144.0 19.7 0.2

AlLO, - 33.5 (fixed) 1.2

present in a-Si [29]. The weak shoulders observed at 400
and 300 cm™! were derived from longitudinal optical (LO)
phonons and transverse acoustic (TA) phonons, respec-
tively. However, no sharp peak derived from the TO pho-
nons of ¢-Si was observed at 520 cm™! [29]. In addition, as
shown the HR-TEM image (Fig. 1b), no lattice fringes were
observed in the Si film. Thus, in combination, these results
indicate the formation of an a-Si film. Figure 1c presents
the XRR fitting results for a Si film grown on Al,0,(0001),
wherein the observed spectrum fits closely with a two-layer
model comprising the surface and Si layers. The refined
thickness, scattering length density (SLD), and roughness
of each layer are summarized in Table 1. From these val-
ues, it can be seen that the Si film layer exhibited an SLD
value of 19.7x10™* nm~2, which is slightly lower than the
theoretical SLD of ¢-Si (i.e., 20.1 x 10~ nm~?) [30-32],
thereby confirming the formation of dense a-Si layer on the
substrate. Furthermore, the thickness and SLD of the surface
layer were determined to be 1.9 nm and 21.8 X 10~* nm~2,
respectively. Since the XRR measurements were conducted

under an air atmosphere, reaction between the Si surface
and oxygen present in the air could generate a surface layer
consisting of Si oxides, such as SiO, (22.7 X 107* nm~2)
[30-32] and SiO, (x=1.0: 18.3x 107* nm™2, x=1.6:
19.3%x107* nm'z) [31, 33]. Furthermore, it was deduced
that the surface and interfacial roughness were < 1.2 nm.
These structural parameters therefore confirm the success-
ful CAPD-based room-temperature synthesis of highly dense
a-Si films with an atomically flat surface, which provides
a homogeneous Si anode-liquid electrolyte interface with
a defined area. These systems can therefore be considered
suitable for use in investigating the interfacial phenomena.

Electrochemical activities of the CAPD-fabricated
a-Si films

Figure 2 shows the discharge—charge curves, dQ/dV plots,
capacity retention capability, and Coulombic efficiency of
a 150-nm-thick a-Si film deposited on Cu, wherein these
plots were obtained during the initial five cycles. The first
discharge curve shows two sloped regions at approximately
0.20 and 0.09 V, which correspond to formation of Li-Si
alloys according to the following two steps: Si— Li,Si and
Li,Si—Li Si (x<y), respectively [34, 35]. In addition,
the sloped fegions observed at 0.30 and 0.45 V during the
first charge indicate de-lithiation of the Li—Si alloy. The
first discharge and charge capacities were determined to
be 3825 and 3298 mAh g~!, respectively, with an irre-
versible capacity of 528 mAh g~! (3.40 uAh cm™2). In
the dQ/dV plots, weak reduction peaks were observed at
approximately 1.2 and 0.8 V during the first discharge, and

Fig.2 a Discharge—charge (@) Capacity C / pAh i (b)
curves, b dQ/dV plots, ¢ 0 50 100
capacity retention plot, and d 14 — —_— .
Coulombic efficiency plot for ’ — 1st M
a 150-nm-thick a-Si anode. 512 - g?g
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which were attributed to decomposition of the electrolyte
species [14]. Notably, no reduction peaks were observed
in these voltage regions in the subsequent cycles. Further-
more, the reduction peak observed at 0.09 V during the
first discharge was more intense than the corresponding
peak during the subsequent cycles, indicating that the elec-
trolyte decomposition proceeded further at low voltages.
These results therefore reveal that electrolyte decomposi-
tion during the initial discharge process contributed to the
irreversible capacity observed for this system.

Beyond the second cycle, the shapes of the discharge
and charge curves remained relatively constant, demon-
strating that reversible lithiation and delithiation took
place in the a-Si film anode. In addition, it was found
that the irreversible capacity significantly decreased to
82.4 mAh g~! in the second cycle. Based on this result,
it was hypothesized that the decomposition product gen-
erated during the initial discharge may act as an SEI,
which suppresses further decomposition of the elec-
trolyte species. The rapid decrease in the irreversible
capacity also indicates that a dense and rigid SEI layer
was formed on the flat Si surface during the initial dis-
charge. As a result, the Coulombic efficiency increased
from 86.2% in the first cycle to 97.5% in the second
cycle, and this value further increased with subsequent
cycles to reach 99.0% in the fifth cycle. Although
the side reactions between the Si film and the liquid
electrolyte were suppressed by the SEI layer, the dis-
charge—charge capacities decreased gradually during the
initial five cycles. Whereas the discharge—charge capaci-
ties continued to decrease gradually in the subsequent
cycles (see Fig. S2), the capacity retention plot showed
an inflection point at approximately the twentieth cycle.
This result implies that the a-Si anode deteriorates via
different mechanisms depending on the cycle number. In
this study, we focused on the early stage of the deterio-
ration process at the Si/electrolyte interface, which has
been less well-recognized previously.

Fig.3 HR-TEM (x 100,000
resolution) images of the Si
anode a before (pristine) and b
after the first cycle

Changes in the interfacial structure at the a-Si-
electrolyte interface

To gain an improved understanding of the cycle degrada-
tion process taking place at the a-Si—electrolyte interface, ex
situ TEM and XPS analyses were conducted after the dis-
charge—charge reactions. Figure 3 shows the TEM images
obtained for the pristine a-Si film and the film after the first
cycle. In both cases, dense films with flat surfaces were
observed, indicating that no cracks or cavities were formed in
the film structure during the initial lithiation and delithiation
processes. The a-Si-film anode therefore provides a model
interface to eliminate changes in the reaction area induced
by microstructural changes within the electrode. Notably, the
cycled film showed a slight increase in thickness from 58.7 to
61.3 nm, indicating a volumetric expansion of 4%. As previ-
ously reported, the volume of an Si anode expands by approxi-
mately 300% during lithium alloying (discharging) and shrinks
reversibly during de-alloying (charging) [10]. Considering that
no cracks and voids were observed inside the electrode dur-
ing the initial cycle, the increase in volume indicates that the
Li-Si alloy was not fully delithiated during the initial charg-
ing process [36]. It is therefore possible that the Li,Si alloy
(x=0) present in the interfacial regions may be thermodynami-
cally and/or kinetically stabilized. Assuming that the volume
of a-Si has a linear relationship with the lithium content, the
composition of Li—Si with a volumetric expansion of 4% was
estimated to be Li ;¢Si, which corresponds to an irreversible
capacity of 56 mAh g~!. This value is significantly smaller than
the irreversible capacity of 528 mAh g™! observed in the first
discharge—charge curves (Fig. 2). These results reveal that the
first irreversible capacity was predominantly derived from side
reactions at the a-Si—electrolyte interface, such as electrolyte
decomposition and SEI formation. However, the SEI layer was
not observed in the HR-TEM image obtained for the a-Si sur-
face after the initial cycle, thereby suggesting that the SEI layer
may be removed during the washing process and/or damaged
during FIB-based sample fabrication.

w_

Si
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Ex situ XPS analyses were subsequently performed to
clarify the side reactions taking place at the a-Si—electrolyte
interface. Figure 4 shows the Si 2p XP spectra of the Si films
in the pristine state and after the first, second, third, fourth,
and fifth charging (de-alloying) steps, wherein a significant
decrease in the Si signal intensity can be seen for the cycled
films compared with that observed for the pristine film.
Considering the short escape depth of the photoelectrons
generated by Al Ko X-ray irradiation, it appeared that the Si
film surfaces were covered by the SEI layer formed during
the initial discharge—charge process, as also indicated by the
discharge—charge and HR-TEM analyses. In addition, the
decrease in the Si signal intensity became less pronounced
after the second and subsequent charges, indicating that no
further growth of the SEI layer took place after the first
discharge. This agrees with the significant decrease detected
for the irreversible capacity after the second cycle (Fig. 2).
Furthermore, in the pristine conditions, the Si 2p peaks were
observed at 99.8 and 99.2 eV, correlating to Si—Si bonding
in the Si film [37]. These peak positions shifted slightly to
99.5 and 98.9 eV after the first de-alloying step. Indeed, it
has been previously reported that the Si—Si peaks shift to

8000

6000

B
o
o
o

Intensity // cps

2000 |

106 104 102 100 98 96

Binding Energy Eg / eV

Fig.4 Si 2p XPS results for (a) the pristine a-Si film anode and
the corresponding anode after the (b) first, (c) second, (d) third, (e)
fourth, and (f) fifth charge (de-alloying) processes. Spectra of pristine
a-Si thin film are shown in quarter intensity
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lower binding energies (98.0-96.0 eV) upon lithium alloying
[37]. Therefore, it is suggested that the a-Si film electrode
occurred the incomplete delithiation of the Li-Si alloy, as
also suggested by ex situ TEM imaging (Fig. 3). In the sub-
sequent cycles, the Si 2p peaks were observed at lower bind-
ing energies than those in the pristine a-Si film, suggesting
that the alloying and de-alloying reactions proceeded revers-
ibly in a limited composition region after the first cycle.

To investigate the chemical species present in the SEI
layer, the C 15,0 1s,and F 1 s XP spectra were analyzed
by multi-peak fitting, and Fig. 5 shows the fitting results of
the C1s,0 1s,andF 1 s spectra for the pristine and cycled
a-Si film anodes. In addition, Fig. 6 summarizes the atomic
ratios of the chemical components determined from the Si
2p,C 15,0 1s,andF 1 s spectra. For the pristine a-Si film,
C 1sand O 1 s peaks were observed at 282.7 and 532.0 eV
(Figs. 5a and 6(b)), corresponding to the Si—C [38] and Si-O
[39] bonds, respectively. These components are impurities
introduced into the film during the CAPD process, and they
originate from the carbon-coated Si target and the pres-
ence of residual oxygen in the CAPD chamber. After the
first charge, peaks corresponding to C-O, O-C=0, CO;,
Li-Si-O, P-O-F, P-F, and Li—F bonds were observed in
the C 15,0 1s,andF 1 s spectra, indicating the presence
of electrolyte decomposition products, such as Li,COj, Li-
Si—O, LiF, Li-P-O-F, and lithium alkyl carbonate [40—42].
These compounds were formed on the Si surface during gen-
eration of the SEI layer. After the second charge process, no
significant changes were observed in the XP spectra, and
the atomic ratios of the SEI components remained relatively
constant. However, the total atomic ratios of the SEI to Si
components increased slightly, as can be seen in Fig. 6(b)
and (c). The electronically insulating SEI layer therefore
appeared to sufficiently suppress further decomposition of
the electrolyte by disturbing its direct contact with the Si
surface, leading to an increase in the Coulombic efficiency
in the second cycle (Fig. 2). From the third to the fifth cycle,
the atomic ratios of the SEI to the Si components showed
little to no changes (Fig. 6(d—f)). During this period, growth
of the SEI layer ceased, thereby corresponding with the sus-
tained high Coulombic efficiencies of >98% during these
cycles (Fig. 2d). However, it should be noted that a new
Li—O component appeared in the O 1 s spectra at 528.8 eV,
while the intensities of the P-F and P-O-F components
gradually decreased in the F 1 s spectra (Fig. 5b and c). In
terms of the atomic ratios, the ratio of the inorganic SEI spe-
cies increased, while that of organic SEI species decreased
(Fig. 6(d), (e), and (f)). As reported previously, the Li—-O
phase could not be formed by decomposition of the P-F
and P-O-F components because these components decom-
pose to generate LiF [23, 43]. In contrast, the organic SEI
components can decompose to form Li,CO;, followed by
further decomposition to generate Li,O [41, 44—46]. These
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Fig.5 aC 1s,bO 1s,and cF 1 s XP spectra of the (Pr) pristine a-Si film electrode and the corresponding electrodes after the (1C) first, (2C)
second, (3C) third, (4C) fourth, and (5C) fifth charge (de-alloying) processes
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Fig.6 Atomic ratios estimated from XP spectra and classified into C,
organic O, inorganic O, O in Li-O, F, electrode Si, and impurity Si,
for the a-Si film electrodes under different conditions: (a) the pristine

electrode and the corresponding electrodes after the (b) first, (c) sec-
ond, (d) third, (e) fourth, and (f) fifth charge processes

considerations suggest that decomposition of organic SEI
species may result in a high ratio of inorganic SEI species
during the initial cycles. Previously, density functional
theory calculation results have indicated that Li,O imparts
rigidity to the SEI, which in turn promotes cracking of the
Si layer [47]. Thus, compositional changes in the SEI layer
during the first cycle may affect not only the electronic and
ionic conductivities at the interface, but also the mechanical
strength, thereby influencing the electrochemical stability at
the a-Si—electrolyte interface in subsequent cycles.
Considering the results obtained by ex situ TEM and XPS
analyses, it was clear that lithium alloying and de-alloying pro-
ceeded in the a-Si films with no severe microstructural changes
and that any side reactions were sufficiently suppressed at the
a-Si film surface after growth of the SEI layer (Figs. 3 and 6).
Although these observations predict that the discharge—charge
capacity should exhibit an excellent cycle stability, the dis-
charge—charge measurements revealed a gradual decrease
in the capacity, even in the initial five cycles (Fig. 2). These
results therefore suggest that cross-sectional HR-TEM may not
be suitable for observing the surface structural changes of the
cycled a-Si films since it is difficult to distinguish them from
the protective layer. Thus, surface SEM/EDX observations
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were performed to investigate the structural changes taking
place at the cycled Si surfaces to elucidate the physical fac-
tors responsible for the capacity decrease. Figure 7 shows
the surface SEM/EDX images of the pristine Si film elec-
trode along with those recorded for the same electrode after
the first, third, and fifth cycles. More specifically, after the
first cycle, a-Si domains of several hundred nanometers were
formed. In addition, depressed regions were generated along
the polishing lines of the Cu current collector, with very weak
Si signals being observed between the a-Si domains. After
the third cycle, elongated domains were clearly formed along
the polishing lines of the Cu current collector, and depressed
regions were clearly observed. It should be noted here that ex
situ XPS did not detect any Cu 2p signals derived from the
Cu current collector (see Fig. S3), thereby revealing that the
Cu surface was not exposed to the electrolyte. It was therefore
considered that the depressed regions may correlate with the
difficulty of the characteristic X-rays escaping from inside
the depression towards the detector in an oblique direction.
These results indicate that the pristine a-Si film consisting of
a smooth single domain was miniaturized by the mechanical
stress resulting from volumetric changes during lithium alloy-
ing and de-alloying. After the fifth cycle, almost no structural
changes were observed compared with the third cycle, while
the capacities gradually decreased. It is therefore suggested
that the a-Si nanodomains present at the surface are continu-
ously delaminated by mechanical stress during the various
cycles. Although it has been reported that the segregation
of components originating from the decomposed electrolyte
at the grain boundary can facilitate the pulverization of c-Si
fragments [48], this has not been reported for a-Si electrodes.
Indeed, the obtained XPS results revealed the formation and

Fig.7 SEM/EDX images of a the pristine Si anode and the same
anode after the b first, ¢ third, and d fifth charge
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growth of Li,O after the third cycle. The presence of this rigid
Li,O in the SEI [47] constrains the expansion and contraction
of the a-Si electrode, suggesting that the miniaturization and
delamination of the a-Si nanodomains occurred due to stress
accumulation. With this in mind, the results obtained using
the model electrode suggest that the a-Si nanodomain surface
was miniaturized and delaminated during the initial cycles.
Thus, even in the case of a-Si, whose mechanical properties
are superior to those of c-Si, the mechanical factors originat-
ing from the mechanical stress caused by volume changes and
SEI property changes are expected to affect the battery perfor-
mance, including its surface miniaturization and delamination.

Initial phenomena at the Si anode-organic
electrolyte interface

Based on the obtained discharge—charge, TEM, XPS, and
SEM/EDX results, a schematic representation of the inter-
facial structures of the Si film during the initial alloying and
de-alloying processes was constructed (Fig. 8). In the pristine
condition, the Si film possessed an atomically flat surface with
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Fig. 8 Schematic images representing the interfacial structures in the
(a) pristine state and after the (b) first, (¢) third, and (d) fifth charges
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a roughness of < 1.2 nm. In addition, it was observed that the
Si consisted of a smooth single domain (Fig. 8(a)), containing
high purity a-Si with some trace impurities (i.e., SiC, SiO,, and
Si0,, x <2). These results suggest that the fabricated a-Si film
is suitable for use as a model electrode to investigate interfa-
cial structures. In the initial cycle, discharge and charge capaci-
ties were 3825 and 3298 mAh g™, respectively, which gave
an initial Coulombic efficiency of 86.2%. The TEM and XPS
measurements revealed that lithium remained in the electrode
after delithiation, and an SEI comprising Li,CO;, Li-Si-O,
LiF, Li-P—O-F, and lithium alkyl carbonate was formed on the
surface (Fig. 8(b)), leading to an irreversible capacity. Further-
more, a-Si nanodomains were observed on the electrode surface
in addition to a depressed region that ran along the polishing
lines of the Cu current collector. After the third cycle, the XPS
peak intensity ratio between Si and the SEI species remained
relatively constant, indicating that the formation of a dense
SEI suppressed any further decomposition of the electrolyte
species. Furthermore, TEM analysis revealed no significant
changes in the film microstructures, which is consistent with
the high Coulombic efficiency of >98% achieved after the sec-
ond cycle. However, the discharge and charge capacities gradu-
ally decreased during cycling, and the surface SEM images
showed the presence of miniaturized a-Si nanodomains and
some depressed regions on the electrode surface. These obser-
vations indicate that the gradual decrease in capacity may be
caused by the delamination of a-Si nanodomains from the a-Si
surface into the liquid electrolyte (Fig. 8(c)). After delamina-
tion, the a-Si surface became covered with newly formed SEI
species due to electrolyte decomposition, thereby accounting
for the absence of changes in the thickness of the SEI layer,
as detected by XPS analyses (Fig. 8(c) and (d)). As indicated
above, the delamination of miniaturized a-Si is mainly asso-
ciated with the mechanical stress resulting from volumetric
changes during (de)lithiation (Fig. 8(c) and (d)). In addition,
the rigid Li,O present in the SEI may lead to stress accumula-
tion in the nanodomains (Fig. 8(c) and (d)). Indeed, it has been
previously reported that the miniaturization and delamination
of a-Si nanodomains are partly responsible for the degrada-
tion of c-Si electrodes [48]. Thus, in the current study, it was
successfully demonstrated that the mechanical factors at the
a-Si-liquid electrolyte interface have a significant effect on the
cycle stability due to miniaturization and delamination of the
a-Si nanodomains from the electrode surface.

Conclusion

A highly dense amorphous silicon (a-Si) film with an atomi-
cally flat surface was fabricated using cathode arc plasma dep-
osition (CAPD), and its structure was confirmed by Raman
spectroscopy, transmission electron microscopy, and X-ray
reflectivity. The initial discharge capacity and coulombic

efficiency were determined to be 3825 mAh g~! and 86.2%,
respectively (i.e., for the pristine electrode). Following the
initial discharge—charge cycle, peaks originating from the
solid electrolyte interphase (SEI) components (e.g., Li,CO3,
Li-Si—O, LiF, Li-P-O-F, and lithium alkyl carbonate) were
observed by ex situ X-ray photoelectron spectroscopy, indicat-
ing that SEI formation took place during the first cycle. This
result therefore suggests that these chemical structural changes
contributed to the irreversible capacity observed during the first
cycle. In subsequent cycles, the capacity decreased gradually,
whereas the Coulombic efficiency increased beyond 98%. This
was attributed to the relatively consistent composition of the
SEI components during cycling, in addition to the formation
of Li,O owing to the chemical decomposition reaction of the
organic SEI species. Furthermore, ex situ scanning electron
microscopy combined with energy dispersive X-ray spectros-
copy indicated that the elongated surface a-Si domains became
elliptical in nature, with widths of several hundred nanometers.
Since no microstructural changes were observed in the films,
the delamination and miniaturization of the a-Si nanodomains
from the electrode surface caused by mechanical stress origi-
nated from volume changes and the changes in the mechanical
properties of the SEI attributed to the presence of rigid Li,O
appeared to account for the gradual capacity decrease over sub-
sequent cycles. Consequently, using the a-Si model electrode
fabricated by CAPD, it was revealed that the mechanical factors
at the nanoscale interface originated from mechanical stress,
and the SEI component influenced the capacity degradation.
Surface morphological changes during the initial processes
may be a starting point for the physical degradation of anode
materials that exhibit large volumetric changes.
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