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ABSTRACT: Electrochemically induced mechanical degradation hin- a-Si nanotube with native oxides ,

C - . . cls . . (Pure outward expansion without inward expansion)
ders the application of Si anodes in advanced lithium-ion batteries.
Hollow structures and surface coatings have been often used to mitigate
the degradation of Si-based anodes. However, the structural change and
degradation mechanism during lithiation/delithiation of hollow Si
structures with coatings remain unclear. Here, we combine in situ TEM
experiment and chemomechanical modeling to study the electrochemi-
cally induced swelling of amorphous-Si (a-Si) nanotubes with different
thicknesses of surface SiO, layers. Surprisingly, we find that no inward
expansion occurs at the inner surface during lithiation of 4-Si nanotubes
with native oxides. In contrast, inward expansion can be induced by
increasing the thickness of SiO, on the outer surface, thus reducing the
overall outward swelling of the lithiated nanotube. Moreover, both the
sandwich lithiation mechanism and the two-stage lithiation process in a-
Si nanotubes remain unchanged with the increasing thickness of surface
coatings. Our chemomechanical modeling reveals the mechanical
confinement effects in lithiated a-Si nanotubes with and without SiO,
coatings. This work not only provides insights into the degradation of
nanotube anodes with surface coatings but also sheds light onto the

Lithiation a-LiysSiy

—

a-Si nanotube with thick surface oxides
(Both inward and outward expansions)
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optimal design of hollow anodes for high-performance lithium-ion &SiO a-Li,Si,0
batteries.
KEYWORDS: Nanotube, lithium-ion batteries, in situ TEM electrochemical testing, surface coating, volume expansion,
mechanical confinement
Recent development of portable electronics and electric During the past few years, considerable efforts have been
vehicles requires advanced lithium-ion batteries (LIBs) made to mitigate the mechanical degradation of Si anodes by
with high energy density and long cycle stability. Among the using nanostructures,” " nanocomposites,' ~'* and surface

various anode materials for LIBs, silicon (Si) is a promising
candidate, due to the highest theoretical capacity of 3579 mAh/
g (Li;sSi,) at room temperature.l’2 However, one serious
drawback of Si anodes is the large volume changes (up to
~270%) during charge and discharge cycling."” Such large

coatings.”'*~** In these engineered Si anodes, open space or
flexible matrix (e.g., carbon nanofiber) was introduced to
accommodate the lithiation-induced large volume changes.®™"*

Surface coatings (e.g, Si0,, 17! ALO,** Ti0,*** and

volume changes often cause the fracture of both Si*~* and solid carbon'”'>*") were also often applied to alleviate the
electrolyte interphases (SEIs),"”” resulting in electrically

disconnected components and capacity fade. In addition, new Received: June 22, 2016

SEIs grow on the fresh surface of fractured Si, consuming active Revised:  August 10, 2016

Li ions and contributing to capacity fade.” Published: August 18, 2016

ACS Publications  © 2016 American Chemical Society 5815 DOL: 10.1021/acs.nanolett.6b02581
L2 4 Nano Lett. 2016, 16, 58155822


pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.6b02581

Nano Letters

o

" WERSEND

Intensity (a.U.)

0 50 100

. < : a-Li,Si

150

Position

0
M D

4 C 440
Outersurface Sandwich %
420 lithiation ithiation_; ~ f

—lithiation s, THOTOR, )

~ . 400- ' ~—e|
=} i //' .
& £ 3801 H ' |
- ] 1 1
> = —a—d, [ H |
F 2 se0- I H '
g ] —e—d, e i2nd!
S E e o Stagel
- P e
Q 3200 1ststage (a, d-e) oot
P>

300+
28 - - -

" s L L
200 250 30 0 100 200 300 400 500 600

Lithiation Time (s)

~172%

i, Si

o~ _ , o

Figure 1. First lithiation of an a-Si nanotube with native oxide. (a) Pristine a-Si nanotube with native oxide; the inner (d,) and outer (d,) diameters
of this nanotube are 330 and 280 nm, respectively. (b) EDS line scanning profile showing the element distributions along the radial direction of a-Si
nanotube. The native oxide layers on both the inner and outer surfaces are less than 2 nm. (c) Change of d, and d, as a function of lithiation time.
(d—f) Time-lapse images of lithiation of the a-Si nanotube with native oxide, showing a two-stage process. In the first-stage, lithiation first initiated
from the outer surface (denoted as outer surface lithiation), and then started from the inner surface, yielding a sandwich structure of a-Li,Si/a-Si/a-
Li,Si (panel d, denoted as sandwich lithiation). The first-stage lithiation finished when the sandwich structure disappeared (e). In the second stage, d,
kept unchanged until a sudden increase; while d; did not change during the whole lithiation process.

mechanical degradation and/or improve the conductivity and
surface stability of Si anodes. Recently, Si-based anodes with
hollow structures, including nanotubes,”"’ porous nanowires,
and nanoparticles,””>*® have attracted great interests in the
development of high-performance LIBs. The free space inside
these hollow structures is expected to accommodate the volume
change and thus reduce the outward expansion, thereby
mitigating the degradation of both Si nanostructures and
SEIs. However, the actual morphological changes and
degradation of these hollow Si nanostructures during electro-
chemical cycling remain largely unexplored. On the other hand,
surface coatings have been widely applied to hollow Si
nanostructures for constraining the volume expansion and/or
serving as artificial SEIs.”?? Among the various coatings, silicon
oxide (SiO,) has gained considerable attention for Si-based
anodes due to easy processing via thermal treatment.”'°™*' In
principle, the SiO, coating can mechanically confine the
outward expansion of Si-based hollow structures and reduce
the fracture of SEIs, leading to improved battery perform-
ance.”'” However, it is still unclear to what degree the swelling
of Si-based hollow nanostructures can be confined by the
surface SiO, layers and whether or not the lithiation mechanism
of Si nanostructures remain unchanged with the application of
surface coatings. To address these questions, the amorphous Si
(a-Si) nanotubes with surface SiO, layers represent a clean
system to study the effect of SiO, coatings.

In this work, we perform an in situ TEM study on the
electrochemically induced swelling behavior of individual a-Si
nanotubes with different thicknesses of surface SiO, layers. Our
in situ TEM experiment allows for not only direct observation
of the real-time lithiation process, but also precise measurement
(with the nanometer resolution) of the geometrical changes
during lithiation of a-Si nanotubes. Surprisingly, we find that no
inward expansion occurred at the inner surface after the full
lithiation of a-Si nanotubes with native oxides. Moreover, we
show that increasing the thickness of SiO, at the outer surface
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can facilitate the mechanical confinement on the lithiated a-Si
nanotubes, causing an inward expansion. In contrast, SiO,
coating on the inner surface can serve as a mechanical barrier
to hinder the inward expansion. Furthermore, we observe that
the sandwich lithiation mechanism and two-stage lithiation
process of a-Si nanotubes remained unchanged with the
increasing thickness of surface coatings. In addition, our
chemomechanical modeling provides insights into the mechan-
ical confinement of SiO, coatings in lithiated a-Si nanotubes,
underscoring the critical role of anisotropy of lithiation-induced
chemical strains.

Figure 1 shows the electrochemical lithiation of an a-Si
nanotube with native oxides. Prior to lithiation, the inner
diameter (d;) and outer diameter (d,) of the a-Si nanotube
were 280 and 330 nm, respectively (Figure la). The energy
dispersive spectroscopy (EDS) line scanning profile showed
that both the inner and outer surfaces were covered with a thin
layer of native oxide, with the thickness less than 2 nm (Figure
1b). By applying a —3 V potential, lithiation first initiated from
the outer surface and proceeded radially by inward movement
of a sharp interface, which separated the dark a-Si reactant with
the light-gray amorphous Li,Si (a-Li,Si) product. This indicates
the operation of a two-phase mechanism of lithiation.”” After a
while, lithiation also started from the inner surface and
proceeded radially by outward movement of a two-phase
boundary (Figure 1d). As a result, a-Li,Si alloys formed on both
the outer and inner surfaces, yielding a sandwich structure of a-
Li,Si/a-Si/a-Li,Si (Figure 1d). This is consistent with the
sandwich lithiation in an a-Si layer coated on a carbon
nanofiber."" It is also noted that the lithiation of a-Si nanotubes
is a two-stage process.”” That is, after the first-stage sandwich
lithiation completely consumed the a-Si layer, the resulting
volume expansion of the tube wall was only ~172% (Figure
le). This suggests the formation of an intermediate a-Li,Si
phase with x = 2.3, which was estimated from a linear
relationship between the volume expansion and the Li content
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Figure 2. Structural evolution in lithiation—delithiation cycling of an a-Si nanotube with native oxides (different from the nanotube in Figure 1). (a)
Pristine nanotube. (b—f) Reversible volumetric changes occurred during three lithiation—delithiation cycles, without any inward expansion at the

inner surface of the nanotube.
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Figure 3. Chemomechanical modeling of the lithiation dynamics in an a-Si nanotube with native oxide. (a) Schematic of the model representing the
cross section of an a-Si nanotube before lithiation. (b) Schematic of formation of a sandwich structure of a-Li,Si/a-Si/a-Li,Si during the first-stage
lithiation. (c) Comparison between the experimental and simulation results of d; and d, as a function of reduced time t* during the two-stage
lithiation. The reduced time t* is defined as the lithiation time normalized by the duration of the first-stage lithiation.

(x) in Li,Si alloys.”®* During the second-stage lithiation, a-
Li,Si was further lithiated without a visible interface. This
indicates the operation of a possible single-phase mechanism of
lithiation with a smooth and gradual change of Li
concentration. At the end of the second-stage lithiation, d,
and d, became 282 and 433 nm, respectively (Figure 1f). The
corresponding volume expansion in the tube wall (relative to a-
Si) was ~254%, close to the theoretical value (~270%) for the
Li,sSi, phase. The apparent outward expansion of this nanotube
(i, increase of d, after full lithiation) is ~31%. Figure lc
shows d, and d, as a function of lithiation time, which further
corroborates the two-stage lithiation in a-Si. It is seen that,
during the first-stage lithiation, the outer diameter d, increased
significantly, while the inner diameter d, remained nearly
constant. During the second-stage lithiation, d, kept unchanged
for a short time and then increased quickly from 403 to 433
nm; meanwhile, d; still remained nearly constant. The two-
stage lithiation of a-Si has been previously shown to have a
significant impact on the morphological changes in lithiated a-
Si electrodes.”” In this work, we further study the effects of
oxide thickness on the lithiation behavior of a-Si nanotubes.
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The lack of inward expansion at the inner surface is
unexpected during the sandwich lithiation of 4-Si nanotubes.
This is because once lithiation started from the inner surface,
both the lithiation product of a-Li,;Si near the outer surface
and the unlithiated 4-Si in the midlayer would mechanically
confine the lithiation-induced volume expansion near the inner
surface, and accordingly inward expansion was expected to
occur to some degree. However, in eight a-Si nanotube samples
studied in this work, no inward expansion was observed during
the whole lithiation process. Moreover, the lack of inward
expansion was also observed upon electrochemical cycling of a-
Si nanotubes that produced reversible volumetric changes. As
shown in Figure 2, no inward expansion occurred during the
first three cycles of lithiation—delithiation of an 4-Si nanotube
with native oxides. Besides, significant volume expansions were
also observed after the lithiation of Si anodes with other types
of hollow structures, such as porous Si nanowire and
nanoparticle (Figure S1).

To understand the origin of lack of inward expansion at the
inner surface of lithiated a-Si nanotubes, we developed a
chemomechanical model to simulate the two-stage lithiation

DOI: 10.1021/acs.nanolett.6b02581
Nano Lett. 2016, 16, 5815-5822


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b02581/suppl_file/nl6b02581_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.6b02581

Nano Letters

a-Siox a-Siox
a b 4 nm 3nm
| — L o
Y (]
- 4
f
y |
Tube d1 (0, |d|d, ; : : : :
o[ [ —O
=t LI —Si
2 1 1
‘o 1 1
St A |
Sio Y Er h
a-Si A |
sio, / - -
r (B 1
14 ! L

20
Position (nm)

Full

lithiation

Figure 4. Lithiation of two a-Si nanotubes with different thicknesses of oxide coatings. (a) Schematic of the four diameters of d,, d,, d3, and d, in an
Si0,/Si/SiO, nanotube before lithiation, corresponding to the inner surface, the interface between the inner SiO, and a-Si layers, the interface
between the outer SiO, and a-Si layers, and the outer surface, respectively. (b—f) Lithiation of an a-Si nanotube with 3 and 4 nm SiO, on the inner
and outer surfaces, respectively (denoted as 3||4 nm SiO,/Si/SiO, nanotube). (b) EDS line scanning profile showing the thicknesses of the inner and
outer SiO, layers. (c—f) Time-lapse TEM images of lithiation. It is seen from (d) that lithiation initiated first from the outer surface and then from
the inner surface, leading to a sandwich lithiation structure. (g—i) Lithiation of an a-Si nanotube with 4 and 6.5 nm SiO, on the inner and outer
surfaces, respectively (denoted as 4/|6.5 nm SiO,/Si/SiO, nanotube). (g) High-resolution TEM (HRTEM) image showing the thicknesses of the
inner and outer SiO, layers. (h—i) TEM images before and after lithiation.

process in an a-Si nanotube (see the Supporting Information).
Our model accounts for the sandwich two-phase lithiation
during the first stage and the single-phase lithiation during the
second stage. Figure 3a shows the setup of our 2D model
representing the cross section of an a-Si nanotube before
lithiation. To reveal the dominant physical effects of lithiation-
induced volume expansion, we neglected the thin layers of
native oxides on the inner and outer surfaces of the nanotube.
Figure 3b presents a schematic illustration of our model during
the first-stage lithiation via a sandwich two-phase process. In
addition, the plane-strain condition was imposed in our
simulations, on the basis of TEM observation of negligible
axial elongation during the entire lithiation process, which has
been previously reported for lithiation of both crystalline and
amorphous Si nanowires/nanotubes.”

Figure 3c shows the simulation results of geometrical
changes (solid lines) in a lithiated a-Si nanotube as a function
of reduced time (t*), which are in close agreement with the
experimental measurements (symbols). Figure S2 shows the
associated simulation results of spatial distributions of Li and
stresses after lithiation starts at the inner surface. These
chemomechanical simulation results provide insights into the
origin of lack of inward expansion at the inner surface of the
lithiated a-Si nanotube. That is, the anisotropy of lithiation-
induced chemical strains critically controls the geometrical
changes in lithiated 4-Si nanotubes; the values of anisotropic
chemical strains used in our simulations are given in the
Supporting Information. While one tends to intuitively assign
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the isotropic volume expansion (with the associated isotropic
chemical strain coeflicients ﬁij) to a lithiation process for a-Si,
the geometrical constraints within the tube cross section on
lithiation cause symmetry breaking in the radial and hoop
directions of the nanotube, thereby resulting in a strong
anisotropy in the chemical strains of lithiation.”” As shown by
Hsueh and Evans,”' Huang et al,”* and Liang et al,*® the
degree of anisotropy of chemical strains dictates the resulting
elastic—plastic deformation, particularly regarding the outward
versus inward radial displacement in a structure with the curved
geometry such as a cylindrical wire or spherical particle.
Importantly, the chemical strains with a large hoop component
tend to produce a large outward radial displacement at the
inner surface of the nanotube, owing to the larger perimeter in
the hoop direction at the larger radial distance. This tendency
of outward expansion competes with that of inward expansion
caused by the hindrance effects from both the lithiation product
of a-Li, ;Si near the outer surface and the unlithiated a-Si in the
midlayer. In our numerical study, we found that the chemical
strains should be chosen appropriately in an anisotropic
manner (as discussed in the Supporting Information), so that
the model is sufficiently robust to produce a negligibly small
displacement at the inner surface for both the first stage of two-
phase lithiation and the second stage of single-phase lithiation.
That is, we chose a finite hoop chemical strain to avoid the
inward expansion of the inner surface arising from the
mechanical confinement due to both the lithiation product of
a-Li, ;Si near the outer surface and the unlithiated a-Si in the
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Figure S. Lithiation of a 6.5]|9 nm SiO,/Si/SiO, nanotube and mechanical confinement effects of the outer SiO, layers on lithiated a-Si nanotubes.
(a) Pristine 6.5]|9 nm SiO,/Si/SiO, nanotube. (b—c) HRTEM image showing the thickness of the inner and outer SiO, layers before (b) and after
(¢) lithiation. (d) The outer SiO, layer was first lithiated, accompanied by a thickness increase from 9 to 12 nm. (e—f) TEM images showing the
first-stage lithiation, resulting in a sandwich lithiation structure, and the second-stage lithiation, resulting in a total volume expansion of ~220%
(relative to a-Si). (g) Comparison between the experimental and simulation results of d; and d, as a function of reduced time ¢* during the two-stage
lithiation of the 6.5[|9 nm SiO,/Si/SiO, nanotube. (h) Experimental results showing the percentage contributions of inward and outward volume
expansions to the total volume expansion of the fully lithiated a-Li,Si alloy in a-Si nanotubes with different thicknesses of the outer SiO, layers.

midlayer. However, this hoop chemical strain cannot be large
enough to cause a pronounced outward expansion of the inner
surface. Hence, our chemomechanical simulations suggest that
the lack of inward expansion at the inner surface of lithiated a-
Si nanotubes with native oxides can be attributed to a balance
between two competing effects: one is the driving force arising
from the anisotropic chemical strains of lithiation in a curved
nanotube and the other is the hindrance of other lithiated and
unlithiated parts in the system. We note that the chemo-
mechanical model employed in this work does not resolve a
more fundamental question regarding how the degree of
anisotropy of chemical strains is physically determined when
the lithiation reaction predominantly occurs at the sharp phase
boundary. A more physically based chemomechanical model is
needed for a deeper understanding of this issue in the future.

We next studied the effect of mechanical confinement from
thick oxides, in order to examine to what extent the geometrical
changes and particularly the lithiation-induced swelling at the
outer surface of the nanotube can be confined by coatings. In
our experiments, the thickness of SiO, layers was controlled via
thermal treatment of a-Si nanotubes in atmosphere for different
durations. In order to clearly characterize the geometry of
nanotubes with inner and outer oxide coatings, we define the
diameters of d,, d,, d;, and d, (Figure 4a), which respectively
correspond to the inner surface, the interface between the inner
SiO, and a-Si layers, the interface between the outer SiO, and
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a-Si layers, and the outer surface. Figure 4b—f shows the
lithiation behavior of an a-Si nanotube with 3 and 4 nm SiO,
on its inner and outer surfaces, respectively (Figure 4b, denoted
as 3||4 nm SiO,/Si/SiO, nanotube). Note that the inner surface
layer of SiO, is slightly thinner than the outer surface layer.
This could be attributed to the larger hoop compression in the
inner layer induced by oxidation than in the outer layer, causing
the slower oxidation kinetics in the former. Figure 4c—f shows
the lithiation process of the 3|[4 nm SiO,/Si/SiO, nanotube.
Before lithiation, the four diameters were 220, 226, 261, and
269 nm, respectively. Lithiation first initiated from the outer
surface and then started from the inner surface, leading to a
sandwich structure (Figure 4d), in consistent with the nanotube
with native oxides (Figure 1). Moreover, lithiation of this 3|4
nm nanotube also proceeded by a two-stage process, as shown
by Figure 4c—f as well as by changes of d, and d, as a function
of lithiation time in Figure S3. After the first-stage lithiation, d,
d, dj and d, changed to 207, 213, 307, and 316 nm,
respectively, corresponding to a volume expansion of ~187% in
the a-Si layer (Figure 4e). After the second-stage lithiation, the
four diameters further changed to 204, 212, 323, and 332 nm,
respectively, giving a total volume expansion of ~259% in the
a-Si layer (Figure 4f). It is interesting to note that a marked
inward expansion occurred at the inner surface during the
lithiation of this 3||4 nm nanotube, as manifested by the change
of d, from 226 nm before lithiation to 212 nm after full
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lithiation. In addition, the overall outward expansion of this
nanotube is ~23%, which is smaller than ~31% for the
nanotube with native oxides (Figure 1). Such a difference
demonstrates the mechanical confinement effect of thick
surface oxides on the outward expansion, which should be
beneficial to mitigate mechanical degradation of SEIs on the
outer surface of Si nanotubes.

To confirm the occurrence of inward expansion in nanotubes
with thick oxides, we further studied the lithiation behavior of
an a-Si nanotube with 4 and 6.5 nm SiO, on the inner and
outer surfaces, respectively (denoted as 4]|6.5 nm SiO,/Si/SiO,
nanotube), as shown in Figure 4g—i. Similar to the nanotube
with native oxides (Figures 1 and 2) and the 3||4 nm nanotube
(Figure 4b—f), lithiation of the 4/|6.5 nm nanotube proceeded
along the same reaction pathway, i.e,, the sandwich lithiation
mechanism and two-stage lithiation process (Figure S4). It is
noted that the values of d, for 3||4 nm and 4||6.5 nm nanotubes
were similar before lithiation; however, after full lithiation, d,
decreased from 226 to 212 nm for the 3||4 nm nanotube
(Figure 4c—f), but from 225 to 199 nm for the 4//6.5 nm
nanotube (Figure 4g—i). The overall outward expansion of the
4]|6.5 nm nanotube is ~19%, smaller than ~23% for the 3||4
nm nanotube (Figure 4b—f) and ~31% for the nanotube with
native oxides (Figure 1). These results suggest that a more
inward expansion occurred in nanotube with thicker SiO, on
the outer surface. Evidently, the volume expansion mode of a-Si
nanotubes can be effectively changed by varying the thickness
of surface coatings.

Previously, lithiation of Si nanotubes with an only outer SiO,
coating has been studied by ex situ experiments and
simulations,”"” in which lithiation-induced outward expansion
at the outer surface of Si nanotubes was claimed to be
completely confined as the thickness of surface SiO, increased.
However, continual confinement was not observed during the
lithiation of SiO,/Si/SiO, nanotubes studied here, as shown in
Figure S. In this case, the a-Si nanotube has 6.5 and 9 nm SiO,
layers on the inner and outer surfaces, respectively (denoted as
6.5]|9 nm SiO,/Si/SiO, nanotube, Figure Sb). During in situ
experiment, a high voltage (~20 V) had to be applied to initiate
the lithiation, indicating that the thicker SiO, coating becomes
less conductive to electrons and/or Li ions. During lithiation,
the outer SiO, layer was first lithiated, accompanied by a
thickness increase from 9 to 12 nm (Figure 5d). This process
led to an outward expansion at the outer surface of this
nanotube. Finally, concurrent lithiation occurred in both the
outer and inner SiO, layers, and their thicknesses reached 14
and 10 nm respectively after full lithiation (Figure Sc);
meanwhile, a sandwich structure formed during the first-stage
lithiation of the a-Si layer, which was followed by the second-
stage lithiation of the 4-Li,Si phase, resulting in a total volume
expansion of ~220% for a-Si (Figure Se—f and Figure SS).
After full lithiation, the diameters d}, d,, d;, and d, changed to
175, 195, 278, and 30S nm, respectively, as opposed to 187,
202, 231, and 249 nm before lithiation. Hence a limited inward
expansion occurred at the inner surface after lithiation of the
6.5]|9 nm nanotube (Figure Saf). Figure Sg shows the
modeling results of both the outer and inner diameters of the
Si0,/Si/SiO, nanotube as a function of reduced time ¥, which
are in close agreement with the experimental measurements
(symbols). Moreover, the overall outward expansion of this
nanotube is ~22%, which is similar to ~23% for the 3||4 nm
nanotube but higher than ~19% for 4|[6.5 nm nanotubes.
These results imply that the inner SiO, layer of SiO,/Si/SiO,
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nanotube can serve as a mechanical barrier to hinder inward
expansion of the a-Si layer. The hindrance effect increases
significantly with the thickness of the inner SiO, layer. Thus,
inner SiO, layer should be minimized during fabrication, so as
to enable an effective mechanical confinement from the SiO,
coating at the outer surface of nanotube. In our experiments of
thermal oxidation, it was hard to prevent oxidation at the inner
surface of a-Si nanotubes, since surface oxides grown
concurrently at both their inner and outer surfaces.

To better understand the confinement effect of the outer
SiO,, layer on lithiation of a-Si nanotubes, percentage
contributions of inward and outward expansions of a-Si layer
to the total volume of the fully lithiated a-LiSi alloy were
further calculated based on the measured diameter changes
after lithiation (Figure Sh). The oxide layers were excluded
from this calculation. After lithiation, the contribution of
outward expansion to the total volume can be calculated by
[(d5/2)* = (d5/2)*]/[(d5/2)* = (d5/2)*] x 100%, and the
contribution of inward expansion by [(d5/2)* — (d5/2)*]1/[(d5/
2)* — (d5/2)*] X 100%, where d5 and dj respectively denote the
values of d, and d; before lithiation, di and d} after full
lithiation; while the volumetric contribution from the initial a-Si
layer is nearly a constant, with a theoretical value of 27%
([Visi/ Vi, s,] X 100%, where V, g and Vy; g; are the volumes

of a-Si and Li,Si, phase, respectively). Figure Sh shows that the
confinement effect on outward expansion (represented by the
decreasing red curve and increasing black curve) can increase
markedly with the increasing thickness of the outer SiO, layer,
and the maximum confinement is achieved in a-Si nanotubes
with 6.5 nm outer SiO, layer. However, a transition occurs as
the thickness of outer SiO, layer further increases, due to the
increasing hindrance effect of the thicker inner SiO, layer.
Moreover, these results indicate that a more inward expansion
at the inner surface could be achieved in each case if there was
no SiO, on the inner surface. Our quantitative calculation
(Figure Sg) demonstrates that the lithiated thick SiO, coatings
can effectively impose mechanical constraints so as to reduce
the outward expansion at the outer surface and correspondingly
promote the inward expansion at the inner surface in lithiated
Si0,/Si/Si0, nanotubes.

To summarize, our in situ TEM experiments have revealed
the detailed lithiation behavior of individual a-Si nanotubes
with different thicknesses of surface oxide layers. The real-time
high-resolution imaging enables a precise measurement of the
geometrical changes (with the nanometer resolution) during
lithiation of a-Si nanotubes. Our results unambiguously show
that outward expansion at the outer surface of lithiated a-Si
nanotubes can be effectively confined by increasing the
thickness of the outer SiO, coating, while minimizing the
thickness of the inner SiO, coating can facilitate a more
effective confinement by the outer SiO, coating. Moreover, a
high mechanical stability of lithiated SiO, (i.e., no cracking after
full lithiation) could avoid the repeated growth of SEI layers,
thereby enhancing the cycle performance of Si nanotube
electrodes. However, a more systematic study needs to be
conducted by considering the effects of nanotube diameter and
thicknesses of SiO, coating and 4-Si layer. Revealing such a
mechanical confinement effect has practical implications for
stabilizing SEIs and other types of coatings on the nanotube
surface, in order to mitigate the mechanical degradation and
associated capacity fade in LIBs.
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Moreover, our in situ experimental and modeling results
provide insights for the design of Si-based hollow anodes as
follows. First, the lithiation-induced volume expansion (i.e.,
outward expansion at the outer surface) and resultant
mechanical degradation of Si-based anodes can hardly be
alleviated fully in hollow structures. This has been demon-
strated by the lithiation behavior of a-Si nanotubes in Figures
1—2 as well as porous Si nanowire and nanoparticle in Figure
S1. Second, for hollow structures with the active surface
coatings, such as SiOZ,g’l(’_21 AIZO3,22 and carbon,"">** the
lithiation-induced outward expansion cannot be fully con-
strained due to the fact that lithiation of the active surface
coatings usually occurs before that of active Si, thereby resulting
in outward expansion (Figures 4—5). This is in contrast to the
earlier results from ex situ experiments and simulations, which
claimed that the outward expansion of Si nanotubes were fully
confined by the active surface coatings.”'” On the other hand,
for hollow structures with the inactive surface coatings (e.g,,
metals®*), outward expansion at the outer surface could be
effectively suppressed due to the mechanical confinement of the
surface coating that is thick enough. However, the use of thick
inactive coatings would reduce the specific Li storage capacity
of the electrode. Third, the surface coatings such as thermal
oxides do not alter the lithiation mode of a-Si anodes as well as
the resultant total volume expansion after full lithiation. For all
of a-Si nanotubes studied here, their lithiation mechanisms
were not affected by surface coatings. Finally, since SiO, has
poor conductivity and low capacity compared to Si” a
systematic study on the thickness effects of SiO, is necessary for
Si nanotube-based anodes in full battery cells, in order to
determine the optimal combination of high capacity and
mechanical stability. In addition, our chemomechancial
modeling, in conjunction with in situ TEM experiments, also
reveals the critical role of anisotropy of lithiation-induced
chemical strains in the geometrical changes of lithiated Si.
Overall, this work not only provides new insights into the
degradation of nanotube anodes with or without surface
coatings but also sheds light on the optimal design of novel
hollow structures for high performance lithium-ion batteries.
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