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Abstract: The realization of anti-pulverization electrode structures, especially using low-carbon-
content anode materials, is crucial for developing high-energy and long-life lithium-ion batteries
(LIBs); however, this technology remains challenging. Here, we show that SnO, triple-shelled hollow
Wes (TSHSs) with a low carbon content (4.83%) constructed by layer-by-layer assembly of
varfous nanostructure units can withstand a huge volume expansion of ~231.8% and deliver a high
apacity of 1099 mAh g’ even after 1450 cycles. These values represent the best
¢ performance in SnO,-based anodes to date. Mechanics simulations and in situ
transmission electron microscopy suggest that the TSHSs enable a self-synergistic structure-
5 SO behavior upon lithiation/delithiation, protecting the superstructures from collapse and
guaganteeing the electrode structural integrity during long-term cycling. Specifically, the outer shells
during Tithiation processes are fully lithiated, preventing the overlithiation and the collapse of the inner
i , in delithiation processes, the underlithiated inner shells work as robust cores to support
ume contraction of the outer shells; meanwhile, the middle shells with abundant pores

the
offer_sufficient space to accommodate the volume change from the outer shell during both lithiation
iion. This study opens a new avenue in the development of high-performance LIBs for

praGi gy applications.
As one of rrent major energy storage technologies, lithium-ion batteries (LIBs) are

widely expecte :o power emerging portable electronics and electric vehicles (EVs)'-4. To

meet demand, T'ls necessary to develop high-energy-density LIBs with both long cycling life

and highEutput. However, LIBs have long suffered from the severe pulverization of

anode materials induced by huge volume changes upon Li ion insertion/extraction, which

L

causes irr@e capacity loss as well as poor cycling stability and rate capability®>'7. To

solve tr, in most cases, graphitic carbons with good conductivity and excellent

mechaWrties were employed as flexible matrices for the anode materials to

improve the cycI'Sg performance of batteries'8-2°, However, the high carbon content (usually

<This article is protected by copyright. All rights reserved.
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greater than 30%) often results in a capacity decrease due to the low theoretical lithium

storageMof graphite carbons (~372 mAh g'), substantially limiting their practical

applicatio@One effective way to elevate energy density is to reduce the carbon

N
content ingomposite anode materials. Nevertheless, it remains a considerable challenge to

[

produce h cOmposite materials with sufficiently low carbon content to ensure high

C

capacity ltaneously, maintain a stable architecture for long cycling life.

Us

SnO; i ractive anode material for LIBs due to its high theoretical lithium storage

1

capacity ( A g') and safe working potential (~0.6 V vs. Li+/Li)'730.31.32:35  However,

d

SnO; also from a large volume change (~250%) and severe structural collapse that

result in an able solid electrolyte interphase (SEI)3® and an overall performance

VA

deterioration of batteries. To date, SnO.-based batteries capable of delivering a high

[

reversible ity (> 800 mAh g-') over 1000 cycles have been extremely limited. In this

regard, Sn esents a typical class of LIB anode material facing a serious structural

n

collapse problemgthat still requires resolution. Therefore, SnO, was selected as an example

{

for investigation.\n this work, SnO: triple-shelled hollow superstructures (TSHSs) with low

Ul

A
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carbon content (4.83%) assembled hierarchically using various SnOs-based primary

nanostMs show high lithium storage performance, including a high reversible

capacity (@g-*) at 0.5 A g-' with a high capacity retention of nearly 100% after 1450

N
cycles an high power output (416 mAh g' at 4A g') with long cycle life (1200 cycles).

E

Further m@ simulations coupled with /n sifu transmission electron microscopy (TEM)
suggest wh a triple-shelled configuration enables a self-synergistic structure-
preservatiESP) behavior upon lithiation/delithiation, protecting the TSHSs against
collapse uaranteeing electrode structural integrity during cycling. Therefore, the

superior perf ce of the SnO, TSHS is attributed to the following two factors: the optimal

an

structura sition design of the TSHSs that favors the generation of high-performance
LIBs and the P behavior that maintains the structural integrity of the TSHSs throughout

the lithiati iation process. The SSSP concept provides a new strategy to construct

anti-pulveOelectrodes for high-performance LIBs based on low-carbon-content or
carbon& materials.

<This article is protected by copyright. All rights reserved.
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The synthesis of the TSHSs was realized through the layer-by-layer growth/assembly of
various“anounits on the surface of SiO2 nanospheres, coupled with

carboniza

P

of carbon precursors. As shown in Figure 1a, the rapid hydrolysis of

N
Na>SnO3-8520 in an ethanol-water solution leads to the dense deposition of SnO» nanodots

3

on SiO- ospheres, forming the first shell of SnO, nanodots (Figure 1a, step ).

Subsequ the synchronous hydrolysis of the Sn-precursor and

SC

polymeriz bonization of glucose induce the formation of organic carbon (OC)-coated

3

SnO; nan@dots and their loosely assembled second layer on the surface of the first dense

E)

layer (ste e double-shelled intermediates, when calcined under N. atmosphere for

d

complete ization after removing the SiO2 cores using NaOH solution, transform into

I\

the SnO, double-shelled hollow superstructures (DSHSs) (Figure 1a, step @). The double-

I

layer inte s with exposed OH-rich groups then serve as hydrophilic interfaces for

further se

9

owth of SnO, nanorods, forming the third layer made of radially arrayed

nanor 1a, step @). Finally, after deposition of graphenized carbon by chemical

th

vapor depesitiegsin C,H, flow, the SnO, TSHSs are produced (Figure 1a, step ®). In the

U

A
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following sections, SnO> DSHSs were selected and examined together with the SnO:

TSHSs ison, to better understand the role of the triple-shelled configuration of the

L

SnO2 TS

P

tructural stability and battery performance.

N
The strhnd elemental analyses of the SnO, DSHSs and TSHSs were conducted in
detail. A Qg electron microscopy (SEM) image in Figure 1b shows that the SnO-

S

DSHSs are ' mohodisperse with rougher surfaces and larger sizes (~480 nm) relative to the

U

pristine SiO3 ospheres (d = 300 nm, Figure S1). From the TEM image (Figure 1c), it can

1

be seen t SnO, DSHSs are hollow with double shells, namely, a dense inner shell

0.

(the first s a loose outer shell (the second shell). As shown in Figure 1d, there is a

clear bound tween the two shells. The first shell is ~25 nm thick, made of densely

\

aggregated SnO, nanodots, whereas the second shell possesses a larger shell thickness of

[

~60 nm, comsisiing of loosely packed SnO»@C nanodots. A high-resolution TEM image

(Figure 1d indicates that the SnO. nanodots are coated with a few layers of

graphenized carbon. In addition, clear crystal lattices with a d-spacing of 0.335 nm were

th

observed, corre§ponding to the (110) plane of the tetragonal crystal structure of SnO;

Ul

A
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(JCPDS no. 70-4177). The carbon coating on the SnO, nanodots leads to the loose packing

of the Wanodots and the formation of the thicker second shells. Compared to the

P

SnO2 DS O, TSHSs exhibit much rougher surfaces and larger sizes of ~700 nm

H I
after the wth of the third shell of nanorod arrays, as shown in Figure 1e. The hollow

F

characteriStics _afid triple-shelled configuration are further revealed by the TEM image in

Figure 1f.

cond shells give a relatively lower contrast compared with the other two

shells, ca the lower stacking density of the SnO,@C nanodots. The triple-shelled

USC

configurati@n can be clearly observed in a selected-area TEM image in Figure 1g; the image

E)

shows that t ird shell is made of densely assembled SnO, nanorods, with a shell

d

thickness 0 nm (Figure 1g, inset at the bottom). The nanorods are estimated to be ~3-

\

5 nm in diameter and are coated with a few layers (2-3) of graphenized carbon, as judged

from the

I

ding high-magnification TEM image (Figure 1g and inset on the top).

O

The pres of C, O and Sn elements in the SnO, TSHSs is evidenced by the

corresponding element maps and EDS analysis (Figure S2a and 2b). Line scanning of the

th

TSHS illustratesYa shell-dependent distribution of the three elements (Figure S2c and 2d),

U

A
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confirming the triple-shelled configuration of the TSHS. The XRD patterns indicate that

DSHSWS are both in tetragonal crystal structure (JCPDS no. 70-4177) (Figures

S3a and @ET measurements reveal the presence of hierarchical pores, namely,
N

micropore§ with diameters of ~3.5 nm and macropores of ~250 nm (hollow interiors) in the

DSHSs a

SnO- DS@ TSHSs (Figures S3b and S4b). The BET surface areas for the SnO;

s are 149.3 and 65.8 m?2 g', respectively. The Raman spectra in Figures
S3c and aw typical D and G peaks for graphene materials37-38, implying that the
carbon ¢ ined in the samples is graphenized. It is noted that the carbon content in the
SnO; TS)@SIatively low (4.83%, mass ratio) compared to that of the SnO, DSHSs
(35.1%) er previously reported SnO,-C composites (Table S1)26.27.33.39-46_ Therefore,
with a set of structural/compositional advantages, such as a high content of SnO, active
materials h), a relative high specific surface area (65.8 m? g~') and hierarchical pores,
the TSHSOxpected to be a promising anode material for creating high-performance
LIBs. ;
<=

-
<L

This article is protected by copyright. All rights reserved.



10

11

12

13

14

15

WILEY-VCH

Figure 2 shows the electrochemical performance of the two electrodes based on the SnO.

DSHS s. The long-term cycling tests measured at a current density of 0.5 A g-*

{

over the e of 0.05~2.5 V are shown in Figure 2a. It can be seen that the SnO,

1

[ |
TSHS elégtrode displays much higher specific capacities than the DSHS electrode

C

througho e ling. For example, in the first cycle, the SnO, TSHS electrode delivers a

higher dis gggCapacity of 2050 mAh g as well as a higher initial Coulombic efficiency of

51.2% (Fi relative to the SnO, DSHS electrode (1627 mAh g, 44.1%). It is noted

LS

that the harge capacities are two times the theoretical value (~782 mAh g') of SnO2

1

material, \att d to the decomposition of the electrolyte forming a solid electrolyte

d

interface iim3647, The SnO, TSHS electrode shows an upward trend in capacity upon

\

cycling accompanied by a slight fluctuation. The high capacities above 750 mAh g are

delivered the entire cycling process. Notably, a capacity of ~1099 mAh g is

O

maintaine 450 cycles, corresponding to a high capacity retention of ~104.7%. For the

SnOy trode, however, a constant capacity decrease occurred throughout the

th

cycling pr sulting in a low capacity of 155 mAh g-' and a low capacity retention of

U

A

This article is protected by copyright. All rights reserved.
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21.6% after cycling, only ~14.3% and ~20% of the SnO. TSHS electrode values,

respectwrend in capacity change is reflected in the galvanostatic charge/discharge

profiles o&TSHS electrode (Figure 2b). Moreover, at higher current densities of 1
[

and 2 A the TSHS electrode can also deliver high capacities almost twice those of the

DSHS ele@igure S6).

In addm SnO; TSHS electrode manifests a remarkable rate capability compared to
the DSH rode. As shown in Figure 2c and Table S2, the SnO, TSHS electrode
demonstrg reversible capacities, from ~931 mAh g' at 0.2 A g-' to 120 mAh g-' at 16

A g, whimproximately 34%~344% higher than those of the SnO, DSHS electrode.

Moreover, wi he current density returns from 16 A g-' to the initial 0.2 A g after 120

cycles, the SnO, TSHS electrode still delivers a high capacity of 872 mAh g-', with a capacity

retention g 7%. The outstanding rate capability of the SnO, TSHS electrode is also

confirmed b voltage profiles tested at the corresponding current densities (Figure 2d).

Moreover o furt

r evaluate the long-cycle high-power performance, long-term cycling tests

(up to 1200 cyclgs) at a high current density of 4 A g-' were applied to the two electrodes. It

This article is protected by copyright. All rights reserved.
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can be seen in Figure S7 that the SnO> TSHS electrode is generally stable during the

cycling Mys an upward trend in capacity in the latter 1000 cycles from the 200th to

the 1200t@e capacity finally stabilizes at 416 mAh g-! with a capacity retention of

N
57.5% aft@k 1200 cycles, which far surpasses the remaining capacity (123 mAh g-') for the

C

SnO, DSHS elegirode, as well as its corresponding capacity retention (25.7%). To the best

of our knw, the superior performance of the SnO, TSHS electrode, such as the
ultrahigh 5(1099 mAh g at 0.5 A g') remaining after long-term cycling (1450 cycles),
with a capagcity retention of nearly 100%, and its high power output (416 mAh g-' at 4A g)
with long m (1200 cycles), is among the best comprehensive performances for SnO,-
based an terials reported so far. Performance comparisons between the LIBs based
on the SnO, TSHSs and other SnO; anode materials are provided in Figure 2e and Table S1.
In additio und that the high capacity uptake of the SnO, TSHSs are derived from

their tripIQ configuration that enables higher reaction reversibility with a higher
theore& , which is analyzed and discussed in detail based on cyclic voltammetry

(CV) studijZ, Figures S8-S13)48-51,
<This article is protected by copyright. All rights reserved.
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It is found that the TSHSs can withstand huge volume change upon lithiation/delithiation

after e ycles, whereas the DSHSs fail. Unlike the stable SEI film formed on the

;

TSHSs, t@ process of the DSHSs induces repeated formation of new SEI films

N
around th&isurface of DSHS fragments, leading to unstable lithiation/delithiation interfaces,

1

as illustra indFigure 3a. Figure 3b shows the TEM images of the TSHSs undergoing

C

lithiation/delitiiation for 1450 cycles. It can be seen that the morphology of the TSHSs is

LS

preserved ure 3b, inset, and Figure S14), with a thin SEI film (~ 20 nm) covering the

surface o e outer shell. The existence of SEI| films for the TSHSs and DSHSs are

E)

confirmedfby analyses shown in Figure S15 and Figure S16, where some typical XPS

cl

peaks co d to LiF, PFs and C=0 bonds that are generally considered as the main

M

compositions of SEI film formed from the decomposition of the electrolyte of LiPFs. At a high

I

magnifica ! seen that the outer shells consist of uniform nanodots, indicating that the

nanorods

O

uter shell have turned into ultrasmall nanodots after the long-term cycling.

1

Some dots with crystalline domains of ~2-4 nm are observed in the outer shell,

{

without a existing on the nanodot surfaces (Figure 3c). By contrast, the DSHS is

AU

This article is protected by copyright. All rights reserved.
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collapsed into pieces with cracks during cycling (Figure 3d and Figure S14); the new

surfaceMgments generated during the collapse process are coated with abundant

SElI film. &e of the DSHSs leads to the pulverization of the DSHS electrode, which

N
inevitably Wpduces the direct loss of active materials and an unstable SEI film repeatedly

being formed newly generated interfaces, thus resulting in a capacity decrease and
cycling inwz.

In situ as employed to monitor the real-time structural evolution of the TSHS and

C

DSHS elegduring a lithiation/delithiation cycle. The setup for the /n sifu TEM device is

iIIustratedme 3f, where a selected TSHS or DSHS connected to the Au tip serves as a

working eIecéE and a piece of Li coated with Li-O on W nanowire tip works as a counter

electrode. As shown in Figure 3g and movie S1, the TSHS expands immediately after

L

application tage bias. The radius of the TSHS increases gradually from the initial 360

nm to the mum of 468 nm after 350 s of Li deposition and then shrinks to the minimum

367 nm a er 110 s of Li extraction. It is noted that the hollow interior also undergoes

an “expansionESntraction” process in response to lithiation/delithiation, implying a

This article is protected by copyright. All rights reserved.
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synchronous expansion/contraction behavior of the three shells. It can also be found that

some W the outer shell transform into smaller nanodots after the cycle, and the

triple-shel@ation of the TSHS is still well preserved. For the DSHS, it collapsed in

N
5s duringhe volume shrinking process after 150 s of volume expansion with the radius

increasinggfro 4 nm to 310 nm (Figure 3h and Movie S2). Some key values, such as

C

volume ¢ s well as volume expansion ratios during lithiation for each shell of the

S

DSHS an , were calculated (S3) and are listed in Table S3, in terms of the data

obtained n sifu TEM observation. As can be seen, the first, second and third shells for

£

the TSHS ekxpdhded to 145.1%, 187.9% and 242% (volume expansion ratio, riy),

d

a general expansion ratio (Rvww) of 231.8%. Relatively, the DSHS has a
higher ryy of 157.4% and 208.6% in the first shell and second shell, respectively, but a lower

Rvy of 18hheoretically, the volume expansion ratio is proportional to the extent of

O

lithiation, gher volume expansion ratio corresponds to a higher lithiation degree with

N

a high ifif. As a consequence, the TSHS can deliver higher reversible capacities

{

(Figure 2 its higher general volume expansion ratio (231.8%) than that (188.1%) of

AU
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the DSHS, which even approaches the theoretical value of 250%4%%%0. In addition, the

existen ird shell in TSHSs can reduce the lithiation extent of both the first shell

1

(145.1% %) and the second shell (187.9% vs 208.6%), thereby preventing the

[ |
collapse af the two shells as well as the TSHSs. Specifically, the third shell contributes

~92.57% acity to the total, whereas the other two shells give less than 8%, according to

C

the calcul the capacity contribution ratio (Riaviav) of individual shells for the TSHS.

S

The calcu upport quantitatively the electrochemical results that demonstrate that the

U

TSHSs c take a higher capacity and are more stable against lithiation/delithiation.

afkl

It is stil ing that the triple-shelled configuration of the SnO, TSHSs, with a low

carbon cont f 4.83%, can withstand huge volume expansion of up to 242% after

\l

thousands of cycles. The test of /n sifu mechanical TEM on an individual TSHS was

[

conducted (higiire S17). The load-displacement curve of a typical compression test on an

individual T hows that even with the formation of the crack, the loading force kept

increasing, an e TSHS does not fracture or break into pieces as commonly observed in

other cases, deémonstrating an anti-pulverization structure of TSHS. To more deeply

e

A
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understand why the TSHS is stable during the lithiation process, an elastic-plastic model

couplewion was adopted to evaluate the lithiation-induced deformation and stress

2

states (S imulations, we are more attentive to tensile stress as it is the key factor

H I
for the ¢ se of the electrode structures. Figure 4a shows the morphology evolution of

1

TSHSs di lithiation process, where colors from blue to red correspond to different

¥

lithiation tsgfor Li-ion concentrations) from low lithiation to high lithiation, respectively.

S

Initially, t concentration in the TSHS structure is ~0 (0 s). Afterwards, partial

3

lithiation e TSHS occurs, leading to some structural deformation on the side contacting

)

the electr@de s). This deformation continues until the TSHS is fully lithiated at 350 s.

d

The stres ation after the lithiation in Figure 4b shows that the third shell experiences

\

very low tensile stress, despite a huge compressive stress (up to ~230 MPa) in the region

I

adjacent cond shell. The second shell is almost in a stress-free state due to the

existence

O

ient inter-nanodot space to effectively relieve both tensile and compressive

stress. iist shell, a tensile stress (~150 MPa) generates dramatically near the region

th

between t nd the second shells. Figure 4c presents the stress state for the TSHS at

AU
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different lithiation extents and times during the lithiation process. It can be found that a

tensile ts in the first shell throughout the lithiation, with the corresponding peak

{

values in@onotonically with lithiation proceeding (Figure 4d). For the DSHS, a

N
similar stréictural deformation occurred during lithiation, as shown in Figure S18a. However,

E

the tensil@;ehavior in the first shell during lithiation is different from that of the TSHS

(Figure S As shown in Figure S18d, the peak values of the tensile stress decrease

US

continuou gh the lithiation process from ~185 MPa to ~110 MPa, which indicates that

the DSH ay collapse at the very beginning of the lithiation process. It is noted that the

1

DSHS un -.% a higher maximum tensile stress (~185 MPa) in the first shell than that

(~165 e TSHS, demonstrating that the THSH possesses better structural stability

M]

due to the triple-shelled configuration.

[

It is no hy that the DSHS collapsed during volume shrinking, instead of volume

expanding, delithiation process (Figure 3h, /n sifu TEM observation). This result

tensile stress should be produced during the delithiation process and lead

to the collapse olkithe DSHS. The stress states for the sample, however, are challenging to

=)

A
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simulate due to the difficulty of modeling delithiation processes. For the TSHS, a huge

tensile Mg the delithiation process is also considered to be generated, especially in

the third @ is the most lithiated and expanded. As seen in Figure 3g, compared

N
with the Witial state before cycling, the space of the second shell of the TSHS after

[

delithiatioMjis cle@rly compressed, whereas the position of the first shell is almost unchanged

C

(R1, from \gi 0 nm to final 181 nm). This finding demonstrates that the third shell has

experienc ndous volume shrinkage and huge tensile stress that may transfer to the

Us

first shell a the second shell. The first shell is underlithiated in the lithiation process,

F)

observed {fro /tu high-resolution TEM images of the TSHS in Figure S19. The first shell

d

with a lo jon extent and a low volume change may serve as a robust and stable inner

i

core to support the shrunken third shell and alleviate the stress in the third shell, protecting

I

the third ell as the TSHS from collapse. Certainly, the second shell with abundant

O

pores ma be crucial for buffering the volume shrinkage from the third shell.

Conse TSHS can effectively resist the huge volume contraction.

Auth
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Taking both lithiation and delithiation into consideration, it can be deduced that a self-

synergiMre-preservation behavior occurs in the TSHSs during cycling: as illustrated
in Figure @ng the lithiation process, the third shells that contribute to the major
H

capacity vent the overlithiation and the breaking of the first shells; in turn, in the

delithiatioNyprocgss, the underlithiated first shells work as a robust core to support the huge

volume ¢ n of the third shells; and the second shells with abundant pores offer

sufficient accommodate the volume change from the third shell during both lithiation

SO

and delithfation®. By contrast, for the DSHS, without the third shells that consume most of

F

the lithiunflio leased from the cathode, the first inner shells are fully lithiated with more

d

volume e n in the lithiation process, and subsequently undergo tremendous volume

A

shrinkage and huge tensile stress during delithiation, which leads to the collapse of the first

r

shells as e DSHSs (Figure S20b).

O

In summ O, TSHSs were fabricated via the layer-by-layer assembly of various SnO

structure units. SnO2 TSHSs exhibit outstanding lithium-storage performance as an LIB

anode, such asWhigh capacity, long cycling life and high rate capability. The superior

Ll

A
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comprehensive performance is ascribed to the unique structural design of the TSHSs and

the SSMnism that maintains the structural integrity of the TSHSs during the

Iithiation/u@process. The SSSP behavior is derived from the triple-shelled

H I
configura of the THSHs, which is demonstrated by /n situ TEM and mechanics

4

C

simulation§, _Thigystudy establishes a prototypical model to recognize the specific working

mechanis

S

ed in the hollow or multi-shelled structure anodes that have been widely

employed . This novel SSSP concept provides a new strategy to construct anti-

3

pulverizatiQn electrodes, using carbon-free anode materials or those containing less carbon,

E)

for the davel nt of high-performance LIBs with high energy, long cycle life and high

d

power.
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Figure 1. Synthetic route, and morphology and structure characterization for the TSHSs and

DSHSs. a) Synthetic route for SnO. double-shelled hollow superstructure (DSHS) and

|

Triple-s ow superstructures (TSHS). b-d) SEM (b) and TEM (c-d) images of SnO-
DSHSs. | @ d) is the high-resolution TEM image for an arbitrarily selected SnO.@C

nanodot. e-g VI () and TEM (f-g) images of SnO, TSHSs. TEM image in (Q)
[ |

correspo to the rectangle area in (f). Insets in (g) are magnified (right bottom) and high-

resolution @p right) TEM images showing the third shell assembled by SnO; nanorod

G

arrays andisi anorod coated with few-layer graphene, respectively.
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Figure 2. Battggy performance of the TSHSs and the DSHSs. a) Cycling performance of the
Sn0O,; DS % SHS electrodes at 0.5 A g~' between 2.5 and 0.05 V in coin-type half cells
at room te re. b) Galvanostatic charge—discharge profiles of SnO, TSHS electrode at
the 10
DSHS

Oth, 1000th, and 1450th cycle at 0.5 A g'. c) Rate capability of the SnO

9

L

electrodes at current densities between 0.2 and 16 A g™, respectively. d)

Galvanos rge—discharge profiles of the SnO2 TSHS electrode at current densities

U

A
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1 between 0.2 and 16 A g~'. ) Comprehensive performance comparison (specific capacity vs

2  cycle vscurrent density) of SnO, TSHS-based LIB with other SnO, anode-based LIBs.

3

4 Figureze stability study of the TSHS and DSHS. a) Schematic illustration of final
5 archite of SnO2 TSHS and DSHS upon lithiation/delithiation up to 1450 cycles. b-
6 ¢ Lomeigh-resolution (c) TEM images of a SnO, TSHS after 1450 cycles. d-e)
7  Low- (d) an h-resolution (e) TEM images of a SnO, DSHS after 1450 cycles. f)
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Schematic of the dry cells based on a SnO2, TSHS and a DSHS for /n sifu TEM study. g-h)
Time-lapse TEM images for a SnO, TSHS (g) and a DSHS (h) during a full lithiation-

[

delithia s with an applied voltage of + 3V between W and Au electrodes. Scale

bars in g 2 @ 2 200 nm and 150 nm, respectively.
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Figure 4. anics simulations for the TSHS during lithiation process. a) Maximum

principal s ntours on deformed shapes of TSHS during lithiation at 0, 120 and 350 s.
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a TSHS a3tion. The shell thickness, from the first shell to the third shell, is normalized
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as 0 to 1. ¢) hoop stress evolution of the first, second and third shell of the TSHS during

N

lithiation. d) the peak value of tensile stress in first shell as function of time.
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