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ue to their unique structures and phy-
D sical properties, carbon nanotubes
(CNTs) have attracted worldwide at-
tention as a promising material for a wide
range of applications, such as next generation
electronics, optoelectronics, and biological and
chemical applications.! The Young's modulus
of arc-discharged CNTs was measured to be
about 1 TPa, while the tensile strength was
about 100 GPa,> ® and the Young's modulus
obtained from chemical vapor deposition
(CVD)-produced CNTs ranges from 3 GPa for
CNTs with many defects to 600 GPa for CNTs
with fewer defects,”® indicating that the CNTs
with less defects are extremely strong and
mechanically robust.'® CNTs also have high
electrical conductivity; it has been reported
that 50 nm long single-walled carbon nano-
tubes (SWCNTs) can carry an electric current
density of about 4 x 10° A/cm®'! Because of
these excellent physical properties, CNTs are
being extensively studied as a promising an-
ode material for Li-ion batteries (LIBs).'>~2" For
example, reversible capacities of SWCNTs and
multiwalled carbon nanotube (MWCNTSs) were
reported to be 450—600 mAh/g'*'® and up to
1000 mAh/g,"* respectively, which are much
higher than that of the commonly used anode
material of graphite, 372 mAh/g. Furthermore,
it is expected that a CNT anode should have a
much longer cycle lifetime than the conven-
tional carbonaceous anode due to the superior
mechanical properties of the former. In addi-
tion, CNTs have been used as additives or
compounded with other active materials, ser-
ving as conducting channels and expansion
absorbers,”3° and they were also used in
free-standing electrodes, acting as both the
active materials and current collectors' 33
The insertion/extraction of a large amount
of lithium can induce the mechanical stress
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ABSTRACT Lithiation of individual multiwalled carbon nanotubes (MWCNTs) was conducted
in situ inside a transmission electron microscope. Upon lithiation, the intertube spacing increased
from 3.4 to 3.6 &, corresponding to about 5.9% radial and circumferential expansions and ~50 GPa
tensile hoop stress on the outermost tube wall. The straight tube walls became distorted after
lithiation. In situ compression and tension tests show that the lithiated MWCNTs were brittle with
sharp fracture edges. Such a failure mode is in stark contrast with that of the pristine MWCNTs which
are extremely flexible and fail in a “sword-in-sheath” manner upon tension. The lithiation-induced
embrittlement is attributed to the mechanical effect of a “point-force” action posed by the
intertubular lithium that induces the stretch of carbon—carbon bonds in addition to that by applied
strain, as well as the chemical effect of electron transfer from lithium to the antibonding 7 orbital
that weakens the carbon—carbon bond. The combined mechanical and chemical weakening leads to
a considerable decrease of the fracture strain in lithiated MWCNTSs. Our results provide direct
evidence and understanding of the degradation mechanism of carbonaceous anodes in lithium ion
batteries.

KEYWORDS: carbon nanotubes - lithiation embrittlement - lithium ion batteries -
lattice expansion - brittle fracture

and failure in the electrodes, leading to the
capacity fading of LIBs3*** The promising
application of CNTs in LIBs is due to their
mechanical flexibility and robustness for re-
taining the electrical conducting channel
and releasing the stress generated in
the electrodes. Therefore, the mechanical
properties of lithiated CNTs, which can
present an important factor limiting the
capacity and cyclability in LIBs, are critically
important. Masarapu et al. reported that CNTs
were broken into smaller pieces after 2000
cycles3® Similar fractures of CNTs were also
observed recently after 200 cycles by Pol et al>”
However, the mechanisms of lithiation-induced
fracture in CNTs remain poorly understood.
Here, we report an in situ transmission electron
microscope (TEM) study of electrochemical
lithiation of MWCNTSs. Our results revealed
the dramatic embrittlement of MWCNTs
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Figure 1. Lithiation of an arc-discharged MWCNT. (a) Schematic illustration of the in situ experimental setup. The MWCNTs
were glued to an Al rod using conducting epoxy, serving as working electrode. Bulk lithium metal was scratched with a
tungsten wire inside a glovebox and loaded into TEM with exposure time to the air less than 2 s, which served as counter/
reference electrode. The naturally grown Li,O layer on the surface of Li metal served as the solid electrolyte. The Li,O/Li
electrode was driven to contact one of the MWCNT electrodes via the piezoceramic controlled manipulator. Once the contact
was established, a potential of —2 V was applied to the MWCNT with respect to the Li counter electrode to initiate the
lithiation. (b) Pristine MWCNT with a diameter of about 15 nm before contacting the Li,O/Li electrode. (c) Lithiated MWCNT
showing a uniform Li,O layer coated on the surface. (d—f) EELS maps of carbon, lithium, and oxygen, respectively, indicating
that the lithiated MWCNT was coated with a uniform layer of Li,O and the nanotube was lithiated. (g) EELS spectra of Li
K-edge, C K-edge, and O K-edge before and after lithiation with the pre-edge background subtracted, showing the presence
of lithium in the lithiated MWCNT. EDP before (h) and after (i) lithiation. The d spacing of the (0002) plane was increased from
3.40 to 3.60 A after lithiation, indicating a 5.9% lattice expansion induced by lithiation. Note that the EDP (i) from the lithiated
MWCNT also showed the polycrystal Li,O diffraction pattern superimposed on the EDP from the MWCNT. (j) High-resolution
TEM image of a lithiated MWCNT with an interlayer spacing of 3.60 A, supporting the idea that lithium had indeed inserted
into the intertubular gaps. The side walls became distorted as pointed by the white arrowhead.

during lithiation, which is attributed to the lithiation-
induced chemo-mechanical weakening effects.

RESULTS AND DISCUSSION

We created an electrochemical device consisting of
an individual MWCNT anode, a layer of Li,O solid
electrolyte, and a bulk Li metal cathode inside a TEM,
which enables real-time observation of the structure
evolution of electrodes during electrochemical reac-
tion. Figure 1a shows the schematic illustration of our
experimental setup. Experimental details are provided
in the Methods section. Figure 1b shows a pristine
MWCNT synthesized by arc-discharge with a diameter
of about 15 nm before contacting the Li,O/Li electrode.
A few seconds after the MWCNT contacted the Li,O layer,
lithiation started. After a few minutes, the surface of the
MWCNT was coated with a uniform layer of material with
a thickness of about several nanometers (Figure 1c). The
coating layer was proven to be Li,O (Figure Te—i). It is
well-known that the capacity of CNT-based LIBs is re-
duced greatly in the first cycle, which has been attributed
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to irreversible processes, such as formation of the solid
electrolyte interface (SEI) layer.'® 8% The thin layer we
observed here is related to the formation of the SEI layer
on the surface of CNTs. After delithiation, this layer still
existed, indicating a loss of capacity in the first cycle. It is
interesting to note that such an SEl layer formed in all of
the lithiated MWCNTSs, but it was not obvious in other
materials such as Si,*° Sn0,,***' and boron nitride (BN).
Figure S1 in the Supporting Information shows the
morphology evolution of a single BN nanotube under
similar lithiation conditions as MWCNTs. Compared with
the lithiation of MWCNTSs (Figure 1 and Figure S2), no
surface layer formed on the BN nanotube and the
morphology did not change either, implying that the
BN nanotube could not be lithiated under the similar
lithiation condition as that of MWCNT, because the BN is
not electrically conducting. Electron energy loss spectros-
copy (EELS) maps of carbon, lithium, and oxygen in the
MWCNT are shown in Figure 1d—f, respectively. The EELS
map of carbon showed smaller diameter than that of Li
and O, indicating that the lithiated MWCNT was coated
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with a uniform layer of Li,O. Furthermore, the uniform
contrast of the Li map indicated that the nanotube shells
were lithiated. Figure 1g presents the EELS spectra from
pristine (black curve) and lithiated MWCNTSs (red curve).
The rise of Li K-edge peaks at 57.6 and 62.1 eV and O
K-edge peaks with an onset about 525 eV from the
MWOCNT after lithiation confirmed the presence of lithium
in the lithiated MWCNT and supported the existence of
Li,O on the surface. From the electron diffraction pattern
(EDP) before (Figure 1h) and after (Figure 1i) lithiation, the
spacing of the (0002) plane was increased from 3.40 to
3.60 A. Similar interlayer expansion was also observed
using X-ray diffraction (XRD) technique.'® Unlike a free-
standing graphite (stack of flat graphenes), in which
interlayer expansions can be accommodated by free
out-of-plane motion of graphene layers to maintain a
stress-free condition, the 5.9% interlayer expansion in-
duced by lithium insertion on the closed-shell geometry
of the MWCNT will have serious consequences on the
internal stress state. Since a circumferential strain of equal
magnitude must accompany the radial expansion, a
tensile hoop stress of ~50 GPa was generated on the
outmost tube of the MWCNT (compared to near zero
stress in a piece of lithiated but free-standing graphite),
even before any external load is applied to the MWCNT.

The diffraction rings superimposed on the EDP from
the lithiated MWCNT (Figure 1i) could be indexed as
polycrystalline Li,O, which further proves the existence
of Li,O in the lithiated MWCNT. High-resolution TEM
(HRTEM) image of a lithiated MWCNT (Figure 1j) with
an interlayer spacing of 3.60 A confirms that lithium had
indeed inserted into the intertubular gaps. It is note-
worthy that the side walls became distorted after lithia-
tion, as pointed by the white arrowhead in Figure 1j.

We have tested the mechanical properties of
lithiated MWCNTSs using the piezomanipulator to push
and pull the MWCNTs. Figure 2a—d and movie S1 of the
Supporting Information show the structural evolution
of a MWCNT when it was bent with increasing curva-
ture. The sharp obtuse angle developed at its bend
(Figure 2c¢, as pointed by the white arrowhead). This
lithiated MWCNT fractured as we pulled back the
piezomanipulator (Figure 2d). The sharp fracture edge
is strikingly different from the “sword-in-sheath” failure
mode of pristine MWCNTs,>* indicating the brittle
fracture of lithiated MWCNTs. This radically different
fracture mode is rather surprising, considering that
pristine arc-discharged MWCNTs are extremely flexible
and large bending deformation can be fully recovered
after unloading.> ¢

Obviously, the embrittlement of MWCNTs was re-
lated to lithium insertion. It is well-known that lithium
ions can enter tubes through surface defects or open
ends.**** Chemical vapor deposition (CVD)-produced
CNTs generally have more defects than arc-discharge-
produced CNTs. This implies that the lithium ion can
penetrate the walls of the former much easier than
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Figure 2. Brittle fracture of a lithiated arc-discharged
MWCNT. (a—d) Time-lapse TEM images showing the struc-
ture evolution of a lithiated MWCNT under compression and
tension. (a) Lithiated MWCNT side-contacted with Li,O/Li
electrode. (b) MWCNT was lithiated and bent. (¢) MWCNT
was further compressed. The sharp obtuse angle shape of
the bent MWCNT indicated that plastic deformation
occurred at the bent point (as pointed by the white
arrowhead), instead of undergoing buckling. (d) Brittle
fracture of the lithiated MWCNT under tension. The shape of
the fracture edges is pointed out by the white arrowheads.

Figure 3. Brittle fracture of a lithiated CVD—MWCNT. (a—d)
Structure evolution of a lithiated MWCNT when it was

pressed and pulled. (a) Lithiated MWCNT including two
segments as marked by “1” and “2”. (b) Tiny crack was
initiated in the side walls (as pointed by the red arrowhead)
while the MWCNT was compressed. (c) Brittle fracture of
segment 1 while the MWCNT was pulled back to its original
position. (d) Brittle fracture of segment 2 of the MWCNT.

the latter. Chemical etching'®?° and mechanical ball-

milling">"® were used to introduce more defects into
CNTs to increase the capacities. Therefore, it is also
worth investigating the mechanical properties of CVD-
produced CNTs after lithiation. Figure 3 shows the
structural evolution of a lithiated CVD—MWCNT under
compression and tension tests. A bent CVD—MWCNT
including two segments (marked by “1” and “2” in
Figure 3) after lithiation is shown in Figure 3a. It is clear
that the surface of the lithiated MWCNT was coated
with a Li,O layer with polycrystal contrast. A tiny crack
on the side walls was initiated (as pointed by the red
arrowhead in Figure 3b) during compression of the
MWCNT (Figure 3b). Brittle fracture occurred to seg-
ment 1 when the MWCNT was pulled back to its
original position (Figure 3c), and segment 2 also under-
went brittle fracture while the MWCNT was further
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Figure 4. Brittle fracture of a lithiated arc-discharged
MWCNT without electron beam illumination during me-
chanical deformation. (a) High-resolution TEM image of a
MWCNT before lithiation, showing the interlayer spacing
was about 3.40 A. (b) High-resolution TEM image of the
MWCNT after lithiation, demonstrating the interlayer spa-
cing was increased to 3.60 A, indicating a 5.9% lattice
expansion induced by lithiation. (c) High-resolution TEM
image of the fracture edge. All of the lithiation experiments
and mechanical tests were performed with beam blank.

pulled back (Figure 3d). Again, as the phenomena
observed in the arc-discharged MWCNT, the fracture
surface is sharp, and no “sword-in-sheath” failure was
observed. Similar brittle fracture was observed in
CVD—MWCNTSs after multicycling.>%3”

Although the dose as less as possible was used to
capture the images and videos in the above experi-
ments, electron beam irradiation with sufficient dose
could introduce interlayer defects in MWCNTSs, thus
reducing their modulus and strength.**~*8 In order to
assess the effects of electron beam irradiation in our
experiments, we also conducted lithiation and me-
chanical tests under the beam-blank condition. Figure 4a
is the HRTEM image of a pristine arc-discharged
MWCNT, showing a straight tube with a clean surface
and a uniform hollow structure. The interlayer spacing
was also about 3.40 A, which is consistent with that of
MWCNT from previous EDP measurement (Figure Th).
After lithiation, the side walls became distorted and the
interlayer spacing was increased to 3.60 A (Figure 4b),
corresponding to about 5.9% lattice expansion in-
duced by lithium insertion. The MWCNT broke with
sharp fracture edges (Figure 4c) under slight shake
induced by opening the valve of TEM in blanking beam

LIU ET AL.

Figure 5. Brittle fracture of CVD—MWCNTSs after 100 cycles
in a Swagelok cell. (a—d) Time-lapse TEM images showing
the structure evolution of a MWCNT after 100 cycles.

(a) A 100 times cycled MWCNT with one end immersed in a
bundle of MWCNTSs and the other end fixed to a tungsten tip
using electron-beam-induced deposition (EBID) of amor-
phous carbon. (b,c) Curvature increased as the tungsten tip
was continuously driven forward. (d) Brittle fracture of the
MWCNT with a sharp edge under compression.

test. These results further confirmed the brittleness of
lithiated CNTs.

Besides the in situ lithiation experiments, we also
conducted ex situ multiple cycling of CVD—MWCNTSs in
a Swagelok-type cell using the MWCNT as the working
electrode, 1 M LiPFg in ethylene carbonate and dimeth-
yl carbonate (EC/DMC, 2:1 by volume) as the electro-
lyte, and Li metal as the counter electrode. After the
MWCNTSs were cycled 100 times, they were transferred
into the TEM from the glovebox using a sealed bag
filled with dry helium with exposure time to the air less
than 2 s and used for mechanical tests. Figure 5a shows
a cycled MWCNT with one end immersed in a bundle of
MWCNTs and the other end fixed to a tungsten tip
using electron-beam-induced deposition (EBID) of
amorphous carbon. The surface of the MWCNT was
coated with an SEl layer after electrochemical cycling.
The structure evolution of the cycled MWCNT under
compression is shown in Figure 5b—d. The MWCNTs
broke with sharp fracture edges (Figure 5d), as similarly
observed during in situ fracture tests of lithiated
MWCNTs. This mechanical test with cycled MWCNTs
from a conventional electrochemical cell confirmed
the lithiation-induced embrittlement of MWCNTs. To
compare the mechanical behavior of the lithiated
MWCNTs, mechanical tests of pristine arc-discharged
MWCNTSs used in this work were carried out, as shown
in Figure 6a—f and movie S2 in the Supporting Infor-
mation. Figure 6a shows a pristine arc-discharged
MWCNT with one end glued to the substrate using
conducting epoxy and the other end fixed to a tung-
sten tip using EBID of amorphous carbon. Tungsten tip
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Figure 6. Compression and tension tests of pristine arc-
discharged MWCNTs. (a—f) Structure evolution of a pristine
MWCNT under compressive and tensile load. (a) Pristine arc-
discharged MWCNT with one end glued to the substrate
using conducting epoxy and the other end fixed to a
tungsten tip using EBID of amorphous carbon. (b) Bent
MWCNT showing “S” shape and buckling on the compres-
sion side of the nanotubes (as pointed by the red and blue
arrowheads). (c) Increase of bent angle on the MWCNT.

(d) MWCNT buckled as the tungsten tip was continuously
driven forward. (e) MWCNT fully recovered to its original
straight shape without any obvious structural damage after
compression and tension. (f) Few outmost walls peeling off
at the end of the MWCNT as the tungsten tip was extracted,
showing the “sword-in-sheath” failure. (g) Zoom-in TEM
image at the buckling area showing the ripple-like distor-
tion of the graphene walls. (h) Full recovery of the buckling
area in Figure 6g after several sequences of compression
and tension.

was driven forward to compress and bend the MWCNT
via the piezomanipulator (Figure 6b—d). The MWCNT
was bent to “S” shape, and buckling-induced ripples
formed on the compressed side of nanotubes (Figure 6b),
as pointed by the red and blue arrowheads. The zoom-in
TEM image at the buckled area (Figure 6g) shows the
ripple-like distortion of tube walls. The bend angle be-
came larger (Figure 6c), and the MWCNT was bent over
itself (Figure 6d) as the tungsten tip continuously drove
forward. After being pressed, the tungsten tip was ex-
tracted to the original position, and the MWCNT recovered
its original straight shape (Figure 6e). This procedure can
be repeated over and over again, without causing any
obvious structural damage to the nanotubes. The buckled
area shown in Figure 6g was straightened out and fully
recovered after several rounds of pushing and pulling
(Figure 6h). After the bending test, the tungsten tip
was further extracted to carry out the tensile test. A
few outmost walls were peeled off at the end of the
MWCNT (Figure 6f), showing the “sword-in-sheath” failure

LIU ET AL.

phenomena, which is different from the formation of
sharp edges after brittle fracture of lithiated MWCNTs.
These bending and pulling tests prove that the pristine
MWCNTSs are strong and flexible and can undergo
reversible deformation in bending and pressing, con-
sistent with the results from other groups.>>¢

The above experiments indicate that the embrittle-
ment of MWCNTs is closely related to lithium insertion.
When lithium enters the tubes from either the surface
defects or open ends, it diffuses between the tube
walls and interacts with neighboring carbon atoms.*?
To evaluate the embrittlement effects of lithium, we
performed the molecular orbital (MO) theory calcula-
tions using the AM1 method*® (see the Modeling
section). In the absence of the axial load, MO simula-
tions of a double-walled CNT well captured the radial
expansion due to lithium insertion between the tube
walls (Figure 7a, 5.9% intertube expansion from experi-
ment versus 6.4% from simulation). Further MO simula-
tions of the axially strained CNTs revealed both the
mechanical and chemical effects of embrittlement by
lithium. To assess the mechanical weakening, we note
that the axial tensile strain causes radial contraction of
the CNT. As a result, the intertubular lithium is
squeezed by the tube walls and it, in turn, acts effec-
tively as a local point force pushing against them
(Figure 7b). Such squeezing and associated “point-
force” effects arise because of the finite curvature of
the tube walls and are expected to become insignif-
icant in planar graphene and layered graphite.’*®' At
low loads, the pushing force induces the extended
bending deformation in cylindrical tubes. As the ap-
plied axial tension increases, the localized deformation
will gradually take over,*>** causing large elongation
of the C—C bonds adjacent to lithium. Such bond
stretch is additional to that induced by the applied
mechanical load. For instance, at 15% axial strain, the
C—C bond near lithium (pink lines in Figure 7b) is
elongated to 1.59 A, as opposed to 1.54 A in the pristine
counterpart. The additional bond stretch increases
with the axial load and thus lowers the applied strain
necessary to fracture the CNT. This effect represents
the mechanical weakening caused by lithium insertion.

On the other hand, the chemical weakening was
assessed in terms of charge transfer from lithium to
carbon. Figure 7c shows the charge contour of a
double-walled CNT subject to 15% applied strain. In
this case, lithium loses electron and becomes positively
charged (+0.55€, not shown as it is outside the range of
the color bar), while adjacent carbon atoms gain
electrons that are expected to fill the antibonding
orbitals of C—C bonds, thus inducing the chemical
weakening.”* The charge increase is, however, limited
in these carbon atoms, since the 0.55e charge trans-
ferred from one lithium has to be shared by several
carbon atoms. In addition, compared to the zero-
strained CNT, further change of charges in these
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Figure 7. Molecular orbital theory modeling of lithium embrittlement of a double-walled CNT. (a) Radial expansion caused by
insertion of intertubular lithium when the applied axial strain is zero: ro = 3.42 A, r, = 6.85 A without lithium, and r, = 3.38 A,
r; = 7.03 A with lithium, giving the intertube expansion of 6.4%. Carbon atoms are green and lithium red. (b) Schematic
illustrations: (left) intertubular lithium is squeezed by the tube walls due to the decreasing intertubular spacing t with
increasing axial force F; (right) in response to squeezing, intertubular lithium pushes against the tube walls, as represented by
a force P acting on the tube, causing additional deformation of the adjacent C—C bonds. (c) Mulliken charges induced by
insertion of intertubular lithium. In this case, only one column of lithium is inserted along the axial direction, in order to
increase the color contrast for highlighting the charge changes in carbon atoms. The lithium atom is positively charged, but
not shown as its charge (+0.55e) is outside the range of color bar. (d) Stress versus strain (symbols) of an axially strained tube
with and without intertubular lithium; solid lines are the fitting curves. (e) Atomic structure of a fractured double-walled CNT;
pink circles indicate the carbon atoms that originally belong to a six-membered ring, which is broken due to the combined

effects of applied axial load and lithium embrittlement.

carbon atoms is negligibly small with increasing axial
strain. Furthermore, MO calculations at 0 K give about
14% athermal strain of fracture in a lithiated double-
walled CNT (Figure 7d,e), as opposed to 27% in the
pristine counterpart. In the latter case, the drastic change
of the tube stiffness in the stress—strain responses (the
line in orange in Figure 7d) can be attributed to the
transition from both the stretch and rotation of C—C
bonds at small strains to the dominant deformation
mode of stretch of C—C bonds at large strains. Interest-
ingly, fracture of the lithiated tubes occurs around such
transition point, implying that the inserted lithium com-
promises the stretching capability of C—C bonds, thereby
causing a considerable reduction of fracture strain. It
should be noted that the lithiation-induced decrease of
the bond strain of fracture could also have a valve effect®®
on suppressing the energy-dissipative irreversible defor-
mation, such as formation and evolution of the Stone
—Wales defects,”® thereby leading to the apparent brittle
fracture in lithiated CNTs.

Finally, we note that the above simplified model of a
double-walled CNT allowed us to capture the funda-
mental embrittlement effect of interlayer Li in terms of

LIU ET AL.

the mechanical weakening via a “point-force” effect
and chemical weakening of C—C bonds via charge
transfer from lithium to carbon, while the intrinsic
defects can decrease the mechanical strength and
bending modulus of CNTs due to the break of quasi-
one-dimensional atomic structure. In the future, the more
accurate density functional theory study should be per-
formed to assess the accuracy of the present molecular
orbital theory calculations, and systematic modeling
studies are needed for understanding the strength con-
trolling dynamics of defect evolution and progressive
fracture that could involve the surface initiation and
inward propagation of cracks in lithiated MWCNTSs.

CONCLUSION

In summary, lithiation of the individual MWCNTSs was
realized by in situ TEM experiments. Upon lithiation, a
uniform layer of Li,O was coated on the tube surface,
which is related to the SEl layer formation and contributes
to the large irreversible capacities in the first cycle. The
interlayer spacing increased from an equilibrium value of
3.4 to0 3.6 A, indicating about 5.9% radial and circumfer-
ential expansions and ~50 GPa tensile hoop stress.
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The lithiated MWCNTs are brittle with sharp fracture
surface upon mechanical loading, which is in sharp
contrast to the high flexibility and the “sword-in-sheath”
fracture of pristine MWCNTSs. Quantum chemical model-

METHODS

In Situ TEM Setup. A few MWCNTs were glued to an Al rod
using conducting epoxy, serving as the working electrode. Bulk
lithium metal was scratched with a tungsten wire inside a
glovebox, and the W wire with Li attached in the end was
loaded into the TEM using a sealed bag filled with dry helium,
which served as the counter/reference electrode. The exposure
time to the air was estimated to be less than 2 s. The naturally
grown Li,O layer on the surface of Li metal served as the solid
electrolyte for Li* transport. The Li,O/Li electrode side was
driven to contact one of the MWCNT electrodes via a piezo-
manipulator (Nanofactory TEM-Scanning Tunneling Microscopy
(STM) holder). Once a contact was established, a potential of
—2 V was applied to the MWCNT with respect to the Li counter
electrode to initiate the lithiation. After lithiation, the MWCNTSs
were pushed and pulled against the Li,O surface to test their
mechanical response. The experiments were performed at
room temperature inside a Tecnai F30 high-resolution TEM
under 100 kV imaging. The irradiation doses on the MWCNTs
in all of the experiments were much less than that which could
generate a large number of defects and damage the MWCNTs.

Ex Situ Swagelok-Type Cell. Lithium half-cells for ex situ testing
were assembled in Swagelok-type fixtures in the dry glovebox.
The cells consisted of a working electrode (MWCNT on copper
substrate), glass microfiber separators (Whatman GF/D) soaked
with electrolyte solution, and a lithium foil counter/reference
electrode (FMC Lithium). The electrolyte solution was 1 M LiPFg
ina 2:1 mixture (by volume) of ethylene carbonate and dimethyl
carbonate (Novolyte). Galvanostatic cycling was performed on
the cells at room temperature with a PAR 273A potentiostat/
galvanostat. The cycling current was 370 mA/g, and voltage
limits were 10 mV and 2.0 V.

Modeling. To evaluate the lithium embrittlement effect on
CNTs, we have performed the molecular orbital theory calcula-
tions using the AM1 method,*® implemented in the commercial
package of MOPAC. We took a double-walled CNT with the
equilibrium radius of the inner and outer tube being ro = 3.42 A
and r; = 6.85 A, respectively. The longitudinal axis of the tube
was oriented along the zigzag direction of the graphite sheet.
There are 240 carbon atoms and 10 lithium atoms in the system.
The intertubular lithium corresponds to a 2 x 2 in-plane
ordering on the carbon honeycomb lattice.*® As a result, there
are five intertubular lithium atoms seen in the cross section
(Figure 7a), and there is one intertubular lithium in every other
ring along the longitudinal direction of the tube. Periodic
boundary conditions were imposed along the axial direction
of the tube. The stress—strain curves in Figure 7d were obtained
by a series of energy minimizations at various prescribed axial
strains. The stress was calculated by dividing the resultant axial
force from MOPAC with the nominal cross sectional area A =
al(ry + 0 — rf)], where t denotes the equilibrium intertube
spacing taken as 3.4 A. Young's modulus of the pristine DWCNT
at 0% strain was calculated as 1007.4 GPa, consistent with the
experimental measurement.
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SSC'S N EEPAY,

o &
R
o
i
e g et .t s
e ¥

Figure S1. Lithiation of a BN nanotube. (a)-(d) Structure evolution of a BN nanotube during
lithiation. There was no obvious structure change before (a) and after (c-d) lithiation. Compared with

the lithiation of MWCNT, the surface of BN nanotube was not coated with a layer of Li,O.



Figure S2. TEM images showing an arc-discharged MWCNT before and after lithiation. (a) TEM
image of the MWCNT before lithiation, showing a straight tube with a clean surface and a uniform
hollow structure. (b) TEM image of the MWCNT after lithiation, showing a layer of Li,O was

uniformly coated on the surface and the side-walls of MWCNT were distorted.



I1. Supporting Movies

Movie S1. An in situ TEM movie showing the brittle fracture of a lithiated arc-discharged MWCNT

under bending. The video was recorded at 2 frames/second, and played at 10x speed.

http://alum.mit.edu/www/11ju99/Stuff/ec/Movie/S1.mov

Movie S2. An in situ TEM movie showing the elastic deformation of a pristine arc-discharged

MWCNT under bending. The video was recorded at 2 frames/second, and played at 50x speed.

http://alum.mit.edu/www/1iju99/Stuff/ec/Movie/S2.mov
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