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Supporting Methods

(1) The preparation of hollow CNT

The hollow CNT was fabricated through a typical chemical vapor deposition method.
Anodic aluminum oxide (AAQO) membranes with pore size about 200 nm were first
placed in a tube furnace. After that, they were heated in an argon (Ar) atmosphere up
to 700 °C to deposit a carbon layer (~24 nm) via C;Hg decomposition at an atmospheric
pressure. The carbon-coated AAO membranes were etched away with 10%
hydrofluoric acid (HF) and then washed with deionized water several times. The final
products were dried at 60 °C in vacuum. A bulk dry CNT was ultrasonically dispersed
in ethanol and then dropped onto a clean glass slide with a half-copper mesh and dried

in a furnace.!>?
(2) The nanobattery setup for in situ TEM observation

The nanobattery consists of a bulk Li,O or Li,COj; coated-Li metal as anode, the Li,O
or Li,CO; layer on the surface of Li metal as the solid electrolyte, and the CNTs
attached to the half copper mesh as the counter electrode (Figures S1 and S2). The Li
anode was driven to contact with a single hollow CNT via the piezoceramic controlled
manipulator in a 1 mbar CO, atmosphere or in vacuum, and a negative potential was
applied to the CNT electrode to initiate lithiation and lithium deposition. Li was
deposited in the hollow CNT in the CO, ambient after the CNT was fully lithiated. The
L1,CO; electrolyte covered on the bulk Li anode is stable and does not decompose under

our experimental conditions.
(3) The compression and tensile experiments

In order to measure the mechanical strength of CNT prior to and after lithiation, we
created a home-made ETEM-AFM device (Figure S9) to characterize their mechanical
properties. The AFM tips were purchased from Burker Company with a stiffness of
k=40 N/m. As the beam length (520 um) is much larger than the deflection of cantilever
(< 5 pm), a linear relationship between dx (displacement of the AFM tip) and P (force

applied on the whisker) was assumed.? The compressive or tensile strength of CNT was
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calculated by measuring the deflection of the cantilever beam in a high magnification

transmission electron microscope image.

In the compression experiments of pristine and lithiated CNTs from the radial direction
(corresponding schematic and TEM image in Figure S9a, b), we first touched the CNTs
by a tip-flattened aluminum (Al) rod, which was mounted onto the other end of the
TEM-STM holder (Pico Femto FE-F20). And a Si AFM cantilever beam attached to an
Al rod with conductive silver epoxy (with the effective spring stiffness £ =40 N/m) was
installed on the counter side of sample holder. During the compression tests, a beam
blocking bar was inserted into the field of view as the reference for displacement and
force measurements reference. The flattened AFM tip was shaped by focus ion beam.
The pristine and lithiated CNTs was pushed upward by piezoelectric tube of the holder,
which pushed up the AFM tip, thus permitting real-time measurements of the stress
generated in pristine or lithiated CNTs. In addition to the compression experiments by
the ETEM-AFM platform, radial compression tests of the pristine CNTs was also

carried out in a Hysitron P195 sample holder system.

In the tensile test of the pristine or lithiated CNTs from the longitudinal direction
(corresponding schematic and TEM image in Figure S9¢, d), the pristine and lithiated
CNTs were welded on the AFM tip by the ionic liquid (AICl; was slowly dissolved in
imidazole with the mass ratio of 1.3:1, until the light yellow and transparent ionic liquid

was stirred in the glovebox for several minutes.) under e-beam solidification in ETEM.

The detailed information of the tensile test setup is descried as the following. First,
ionic liquid (IL) and the pristine CNTs were placed on two sides of a flattened Al rod,
(Figure S17a). Second, the IL was driven to contact the AFM tip when the IL wetted
the AFM tip, afterwards the AFM and the Al rod was separated, leaving some IL on the
AFM tip for welding the pristine or lithiated CNT (Figure S17b). Third, the pristine or
lithiated CNT was manipulated to contact with the IL coated AFM tip, and the IL was
solidified by e-beam irradiation in ETEM (Figure S17¢). The CNT was welded to the
Al rod in a a similar manner as it was weld to the AFM tip (Figure S17d).

Once the contacts were established, the pristine and lithiated CNTs were pulled
downward by piezoelectric tube of the TEM-STM sample holder, thus permitting real-
time measurements of the stress generated in the pristine/lithiated CNTs. The

compressive or tensile force (P) the pristine/lithiated CNTs was calculated by
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measuring the deflection of the cantilever beam in high magnification TEM images. As
the diameter and the cross-sectional area A4 of the pristine/lithiated CNTs were
measured through in situ TEM imaging, the axial tensile stress, g, generated in the

pristine/lithiated CNTs were determined by o= P/A.

(4) FEA Modeling

All finite element analyses were performed using Abaqus to capture the critical yield
stress. According to the experimental samples, several full 3D nano hollow cylinder
models were built (Figure S18). Figure S18 (a, ¢) and (b, d) represent the pristine and
lithiated CNTs compressed by different AFM tips, respectively. The pristine and
lithiated CNTs were fine-meshed with solid elements. Both the AFM tips and the
substrate were considered to be rigid, and the shell element was adopted. Then, the
center cross-section along yz plane and the cross-section in xz plane were fixed to avoid
the CNTs shifting along x-direction and y-direction, respectively. The friction
coefficient at the AFM tips/CNT and the CNT/substrate contacts were taken to be 0.02.%
> The Young’s moduli are determined from experimental results, and the Poisson’s ratio
was adopted from literature.* 3 Finally, a displacement loading was applied to the
different AFM tips, and the force versus displacement and maximum tensile stress
versus displacement curves were obtained.

(5) The maximum pressure estimation of lithiated CNTs

Based on the experimental observation, the amorphous CNTs could burst with lithium
deposition. Herein, a very simple analytical model was proposed to estimate the
bursting pressure. We considered the homogeneous hollow CNT model with a length
L, an inner radius 7, and an outer radius R. An infinitely small length (dy) of the CNT
was selected for force analysis, shown in Figure S19. The system is subjected to two
types of forces: one is due to the hoop stress (g), and another one is caused by the
internal pressure (P). The amorphous CNT can burst only when the following force
equilibrium of the hoop stress and internal pressure were satisfied,

o[2(R—r)dy] —P(2rdy) = 0.



Finally, the relationship between internal pressure and hoop stress was established via

the following formula,

P=o

r

In the tensile test, the tensile strength of a lithiated CNT with an outer diameter of 283
nm and a thickness 0f 29.5 nm was measured to be 930 MPa, and the maximum pressure
was estimated to be 247 MPa using the above equation. Besides, two CNTs with an
outer diameter of 361 nm, a thicknesses of 71 nm and 46 nm were considered for
indentation tests. Based on the FEA simulations, the maximum hoop and axial stresses
were calculated. We take the higher stress of them as the estimated strength: one is 1840
MPa (Figure 3t), and another one is 2000 ~ 2530 MPa (Figure S12t), thus the
maximum pressure inside the CNTs are estimated to be 1193.1 and 684.0 ~ 865.3 MPa,

respectively.



Supporting Movies

Description of Movie S1
An in situ TEM movie showing the lithium deposition from the radial direction of CNT
in a 1 mbar CO, ambient (corresponding to Figure S2a-e). the movie was recorded at

5 frames/second in TEM bright field images, and played at 193x speed.

Description of Movie S2
An in situ TEM movie showing the fracture of CNT induced by lithium deposition in a
CO, ambient (corresponding to Figure 1la-i). The movie was recorded at 5

frames/second in TEM bright field images, and played at 48% speed.

Description of Movie S3
An in situ TEM movie showing the fracture of CNT induced by lithium deposition in a
CO, ambient (corresponding to Figure 1j-p). The movie was recorded at 5

frames/second in TEM bright field images, and played at 115x speed.

Description of Movie S4
An in situ TEM movie showing the fracture of CNT induced by lithium deposition in a
CO, ambient (corresponding to Figure S6a-h). The movie was recorded at 5

frames/second in TEM bright field images, and played at 89.5x speed.

Description of Movie S5
An in situ TEM movie showing the fracture of CNT induced by lithium deposition in a
CO, ambient (corresponding to Figure S6i-0). The movie was recorded at 5

frames/second in TEM bright field images, and played at 25% speed.

Description of Movie S6
An in situ TEM movie showing the lithium deposition from the longitudinal direction
of CNT in vacuum (corresponding to Figure S8a-e). The movie was recorded at 5

frames/second in TEM bright field images, and played at 45% speed.

Description of Movie S7



An in situ TEM movie showing the nanowelding of the pristine CNT by ionic liquid
and tensile experiment of the pristine CNT (corresponding to Figure 2a-h). The movie

was recorded at 5 frames/second in TEM bright field images, and played at 142% speed.

Description of Movie S8
An in situ TEM movie showing the nanowelding of a lithiated CNT by ionic liquid and
tensile experiment of the lithiated CNT (corresponding to Figure 21-q). The movie was

recorded at 5 frames/second in TEM bright field images, and played at 140% speed.

Description of Movie S9
An in situ TEM movie showing the nanowelding of a pristine CNT by ionic liquid and
tensile experiment of the pristine CNT (corresponding to Fiure S10a-i). The movie was

recorded at 5 frames/second in TEM bright field images, and played at 4x speed.

Description of Movie S10

An in situ TEM movie showing the nanowelding of a lithiated CNT by ionic liquid and
tensile experiment of the lithiated CNT (corresponding to Figure S101-r). The movie
was recorded at 5 frames/second in TEM bright field images, and played at 90% speed.

Description of Movie S11

An in situ TEM movie showing the compression experiment of the pristine CNT from
the radial direction via the Hysitron PI95 sample holder system (corresponding to
Fiures 3a-f and S11a-0). The movie was recorded at 5 frames/second in TEM bright

field images, and played at 9x speed.

Description of Movie S12
An in situ TEM movie showing the compression experiment of the lithiated CNT from
the radial direction (corresponding to Figure 3g-1). The movie was recorded at 5

frames/second in TEM bright field images, and played at 44% speed.

Description of Movie S13

An in situ TEM movie showing the compression experiment of a pristine CNT from
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the radial direction (corresponding to Figure S12a-f). The movie was recorded at 5

frames/second in TEM bright field images, and played at 9% speed.

Description of Movie S14
An in situ TEM movie showing the compression experiment of a lithiated CNT from
the radial direction (corresponding to Figures S12g-1 and S13a-j). The movie was

recorded at 5 frames/second in TEM bright field images, and played at 154% speed.



Supporting Figures
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Figure S1. The nanobattery setup and characterizations of the pristine and lithiated
CNTs. (a) The nanobattery setup. (b) A TEM image of the lithiated CNT. (c, d) SAED
patterns of the pristine and lithiated CNTs, respectively. (e, f) Low-loss and core-loss
spectra of the deposited lithium (red), the pristine (green) and lithiated (blue) CNTs,
respectively. (g, h) HRTEM images of the pristine and lithiated CNTs, respectively.



Figure S2. Lithiation of CNT from radial direction. (a) The nanobattery setup. (b-¢)
Sequential TEM images of the lithiation process of a CNT.
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Figure S3. Thickness of the CNT walls before (blue) and after (orange) lithiation.
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Figure S4. (a) A HAADF image of a pristine CNT. (b-d) Elemental mapping of the
CNT, showing Al,0O; nanoparticles inside the CNT.
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Figure SS. Lithium growth length vs time plot.
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Figure S6. Two sets of time-lapse TEM images (a-g, h-n) showing the fracture of CNTs
induced by lithium deposition in a CO, ambient. The applied voltage was -1.4 V in (a-
g) and -0.8 V in (h-n). "I" to "III" and "IV" to "VI" are local magnification of boxed
regions in "(e)" to "(g)" and "(i)" to "(n)", respectively, showing the fracture of the
CNTs. Arrowheads point out the lithium deposition fronts. White arrows point out the

fracture location of the CNT walls.

14



Discharge (-1.4 V) Charge (3.0 V)

‘1 3s89s|p /] 3750s|f [ 3W27s|g /] de04s

Figure S7. Time lapse TEM images of Li deposition and stripping inside a single
hollow CNT. (a-e) Li deposition. When a potential of -1.4 V was applied, Li was
deposited in the CNT following the lithiation of the CNT. (f, g) Li stripping. When the
potential was reversed, Li was stripped away (white arrowhead). However, the

fractured CNT cannot be recovered to initial shape.
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Figure S8. Time lapse TEM images showing lithium deposition inside CNT in vacuum.
A negative potential was applied in CNT electrode to initial the lithiation of CNT and
lithium deposition (a-e). Arrowheads point out the lithium deposition fronts. A flat front
inside lithiated CNT was observed during the lithium deposition. (f, g) SAED patterns
showing tow location of the lithiated CNT and Li deposition inside CNT, which are
indexed as C, Li and Li,0.
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Figure S9. Schematic of ETEM-AFM platform used for compression or tensile tests of
the pristine/lithiated CNTs (a, ¢). TEM images showing the compression of a pristine
CNT from the radial Direction (b), and the tensile experiment of a pristine CNT from
the longitudinal direction (d). The pristine/lithaited CNTs were welded on the AFM tip
by e-beam solidification of ionic liquid (IL) in ETEM. The IL consists of imidazole and
AICIl; with a mas ratio of 1:1.3.
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Figure S10. Tensile experiments in a pristine (a-i) and a lithiated (j-r) CNT. Both the
pristine and the lithiated CNTs exhibit brittle fracture showing a sharp fracture surface
(red arrows) perpendicular to the longitudinal direction of the CNT (i, r).
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Figure S11. Three cycles of compression and unloading of a pristine CNT. Note the

CNT always resumes to its initial shape after unloading (e, j, 0).
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Figure S12. Radial compression of a pristine (a-f, m-p) and a lithiated (g-1, g-t) CNT.
(a, g) Schematics of the experimental configurations for the compression of the pristine
and the lithiated CNT, respectively. (b-f, h-1) Sequential TEM images showing the
compression processes of the pristine and lithiated CNTs, respectively. Note that for
the pristine CNT, it resumed to its initial shape after release of stress (f), indicating
good elasticity of the pristine CNT. However, the lithiated CNT exhibits brittle fracture
characteristic after compression (k, 1). (m-0) and (g-s) are FEM simulations to the
experimental results shown in (b-f) and (h-1), respectively. Both longitudinal and cross-
sectional views are provided. (p) and (t) are experimental and simulated force-
displacement plots and maximum hoop and axial stress-displacement plots
corresponding to (a-f, m-o0) and (g-1, g-s), respectively. The inflection points in the hoop
stress-displacement curve indicate a transition of the maximum stress from the center

of inner part of CNT to the edges of the CNT.
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Figure S13. Two cycles of compression and unloading of a lithiated CNT. Note the
CNT fractured after compression (i, j).
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Figure S14. The maximum equivalent stress-dispalcement plots of the the pristine (a)
and lithiated (e) CNTs corresponding to the model shown in Figure 3. The inflection
points in equivalent stress-displacement curve indicate a transition of the maximum
stress from the center to both edges of the CNT. (b-d) and (f-h) are the equivalent stress
distribution of the pristine and the lithiated CNTs, respectively. Both longitudinal and

cross-sectional views are provided.

22



<]

e
®

o

Stress (GPa)

2
[

Figure S15. The maximum equivalent stress-dispalcement plots of the pristine (a) and
the lithiated (e) CNTs corresponding to the model in Figure S11. The inflection points
in equivalent stress-displacement curve indicate a transition of the maximum stress
from the center to the flattened edges of the CNT. (b-d) and (f-h) are the equivalent

stress distribution of the pristine and the lithiated CNTs, respectively. Both longitudinal
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Figure S16. The contact angles measurement of Li inside CNTs under (a) vacuum, and

(b-e) CO, ambient. The contact angle is 90° under vacuum (a). The average contact

angle in four different CNTs under CO, ambient is 126° (b-¢).
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Figure S17. Schematics showing the process of welding the pristine or lithiated CNT
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by IL under e-beam irradiation in ETEM.
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Figure S18. The models size, the boundary condition and the displacement loading

conditions of the FEA simulations. (a,c) and (b,d) represent the pristine and lithiated
CNTs compressed by different AFM tips , respectively.



Figure S19. The model for calculating the internal pressure inside the CNTs caused

by lithium deposition.
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