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ABSTRACT (Carbon nanotube (CNT)-encapsulated metal sulfides/
oxides are promising candidates for application as anode materials
in lithium ion battery (LIB), while their electrochemical behavior and
mechanism still remain unclear. A comprehensive understanding of

the lithiation mechanism at nanoscale of this type of composites will

benefit the design and development of high-performance LIB materials. Here, we use Co4S¢/Co nanowire-filled CNTs as a model material to investigate the

lithium storage mechanism by in situ transmission electron microscopy. For a Co4Sg/Co nanowire-filled closed CNT, the reaction front propagates

progressively during lithiation, causing an axial elongation of 4.5% and a radial expansion of 32.4%, while the lithiated nanowire core is still confined

inside the CNT. Contrastingly, for an open CNT, the lithiated CoySg nanowire shows an axial elongation of 94.2% and is extruded out from the open CNT. In

particular, a thin graphite shell is drawn out from the CNT wall by the extruded lithiated CoySg. The thin graphite shell confines the extruded filler and

protects the filler from pulverization in the following lithiation—delithiation cycles. During multiple cycles, the Co segment remains intact while the CogSg

exhibits a reversible transformation between CoySg and Co nanograins. Our observations provide direct electrochemical behavior and mechanism that

govern the (NT-based anode performance in LIBs.
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creasingly diverse range of applica-
tions from cars to microchips'? and
are currently the dominant power sources
for portable electronic devices.>* To meet
the various applications, LIBs are required to
have superior energy density, power density,
and good cyclability.>® LIBs deliver and store
energy through reversible movement of Li"
ions between the cathode and anode across
an electrolyte-filled separator. Ultimately, the
performance of LIBs depends on electroche-
mical behavior of the electrode materials.
After the report of reversible Li* insertion
into TiS, for LIBs by Whittingham in 1976,
many other transition metal dichalcogenides
(or nitrides, phosphides, and fluorides), similar
to metal oxides, were extensively investigated
as anode materials for LIBs.2~'°
Cobalt sulfide presents one of the promis-
ing anode materials to replace the carbonous

Lithium ion batteries (LIBs) have an in-
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anodes for the next-generation LIBs as it has
a high theoretical lithium storage capacity
(539 mAh/g for CooSg),"" which is larger than
that of the carbonaceous anodes (372 mAh/g
for graphite) currently used in commercial
LIBs. However, unlike the small volume
change (usually less than 10%) in an intercala-
tion anode such as graphite, huge volume
change inevitably occurs in metal sulfides or
oxides anodes.'*'® Such volume change gen-
erates large lithiation-induced strain and
causes fracture and pulverization of the
electrodes.' Metal sulfide or oxide anodes
exhibit rapid capacity fading, even at low
current densities, because of the large volume
changes and the low conductivity during the
discharging and charging processes. To miti-
gate these adverse effects for better capacity
retention, several measures could be applied,
for instance, by making hollow or porous nano-
structures to adapt the volume change*®'®
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adding an elastomeric binder as a buffer,'®'” or en-

capsulating the material in a conductive sheath such as
carbon nanotubes (CNTs).'"®' It was reported that
carbon-coated cobalt sulfides show much higher spe-
cific capacity and good reversibility as compared to the
noncoated ones.”® CNT-based composites have at-
tracted great attention as anode materials for LIBs
due to the increased electrical conductivity and the
enhanced mechanical strength offered by the carbon
layers. In spite of the many efforts to improve the
electrochemical performance, the knowledge about
the microscopic electrochemical process of the elec-
trode in LIBs is still very meager since the conventional
techniques to analyze electrode materials, such as coin
cell assembly, cyclic voltammetry, and galvanostatic
charge/discharge, cannot provide direct evidence for
the dynamic electrochemical behaviors in the charge—
discharge cycles. Recently, in situ characterization
methods have been developed to provide useful
information on the reaction process in LIBs.2'"2* In
particular, in situ transmission electron microscopy
(TEM) study has the advantage of providing direct
insights into the dynamic conversion of the lithiation
and delithiation processes, and has the ability to realize
the real-time observation of the microstructure evolution
during electrochemical reaction.'*?*~2® Direct visualiza-
tion of the lithiation process can unfold the operation
mechanism of LIBs, provide important insight into how
LIBs work, and guide the design and development of
advanced LIBs for future applications.

In this work, we created an all-solid nano-LIB inside a
TEM using an individual CogSg/Co-filled CNT as the
working electrode, and directly observed its lithiation
and delithiation process for the first time. The micro-
structure evolution of the CoySg/Co-filled CNT elec-
trode was monitored by simultaneous determination
with TEM and electron diffraction (ED). An in-depth
understanding of the electrochemical process of
CNT—base composite in LIB has been achieved.

RESULTS AND DISCUSSION

The in situ nanoscale electrochemical setup was
schematically illustrated in Figure 1a and described in
the Experimental Section. Briefly, the electrochemical
nano-LIB constructed in the TEM consists of three parts:
CooSg/Co-filled CNT electrode, Li counter electrode,
and Li,O solid electrolyte. The CogSg/Co-filled CNT
samples were synthesized using Co/MgO as catalyst
by a thermal chemical vapor deposition method as
reported elsewhere.?® The filling of the CosSg nano-
wires was resulted from the volume expansion when
cobaltinside the CNT was transformed to cobalt sulfide
and the extrusion action of CNTs as nanomolds. Due to
the incomplete transition, sometimes Co nanoparticles
could remain and be encapsulated together with CogSg
by carbon shells. The majority of the CogSg nanowires
encapsulated in the CNTs are 1—6 um in length and
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Figure 1. (a) Schematic illustration of the experimental
setup for in situ TEM analysis of nano-LIB. (b) TEM image
of a pristine CogSg/Co-filled CNT consisting of two different
regions, CogSg and Co, which are marked with letters A and
B, respectively. (c) HRTEM image and (d) EDP of region A,
confirming the CogSg phase. (e) HRTEM image and (f) EDP of
region B, confirming the Co phase.

about 30—45 nm in diameter. Figure 1b shows a TEM
image of a typical CogSg/Co-filled CNT used in this
study. The CNT shows different contrast in regions A
and B, suggesting a heterogeneous filling within the
CNT. The HRTEM image of region A is shown in
Figure 1c. The boundary between the filling material
and CNT is clear, and the core is a single-crystalline
phase with fringe spacing of 0.57 nm, corresponding to
the (111) planes of CogSg. Figure 1d displays the
electron diffraction pattern (EDP) of region A; the sharp
spots could be well indexed as (200), (1 1 1),and (=111)
planes of cubic CogSg (@ = 9.923 A, JCPDF card
No.86—2273) along the [0 —1 1] zone axis. The HRTEM
image of region B is given in Figure 1e; the fringe
spacing of 0.20 nm is agreed with the (111) plane of
cubic Co. The structure is further confirmed by EDP
(Figure 1f), which can be well indexed to the (111),
(200) and (1 —1 —1) planes of cubic Co along the
[0 1 —1]zone axis (a = 3.545, JCPDF card No. 15—0806).
The thorough analysis of the sample reveals that the
CoySg nanowires are largely encapsulated within the
CNTs with the presence of a small amount of short Co
segments. For the design of advanced electrode ma-
terials, metal (e.g., copper or silver) powders have been
intentionally dispersed on the electrode materials to
improve the electronic conductivity.>° So the presence
of Co should be beneficial for the lithium-storage
performance of the composite even if it is inactive
toward lithium. The Co segments were also monitored
in our TEM experiments to show how they response to
the electrochemical process.

Figure 2 and movies S1 and S2 (in the Supporting
Information) show the typical morphological evolution
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Figure 2. Time-resolved TEM images from video frames show direct electrochemical lithiation process of an individual CooSs/
Co-filled CNT with a carbon cap on the end. (a) The selected Co,Sg/Co-filled CNT. (b) The contact of the CNT with Li/Li,O
electrodes to initiate the lithiation. (c—j) Time sequence of the lithiation process of the CogSg/Co-filled CNT. (k) EDP of the pure
Co filler after lithiation showing no phase transformation. (h) EDP of the lithiated CoySg nanowire showing the obvious phase
conversion to Co and Li,S. The blue lines in (f—j) denote the change of CNT diameter. All scale bars are 50 nm.

and phase transformation of an individual CogSg/
Co-filled CNT with closed end during the first lithiation
process. Figure 2a depicts the pristine CNT before
lithiation. The filler in this CNT consisted of three
segments: a CogSg tip, a Co segment in the middle,
and a long CogSg nanowire. The diameter of the CogSg
nanowire within the CNT was 34 nm and the thickness
of the CNT shell was about 5.4 nm. As the front surface
of the Li,O electrolyte touched the CNT (Figure 2b), the
lithiation process was initiated by applying a negative
potential of —0.1 V to the CNT with respect to the Li
electrode. At 9.25 s (Figure 2c), a mild change could be
observed in the CogSg tip in comparison to the image in
Figure 2b, revealing the occurrence of lithiation. CNTs
synthesized by the CVD method generally have many
defects and the lithium ions can penetrate the CNT
walls easily.®*'32 As the lithiation proceeded (see
Figure 2d—f), the CooSg tip turned to gray grainy
texture, and the filled CNT expanded in both axial
and radial directions. The CogSg tip was completely
lithiated with a noticeable volume expansion within
18.5 s (Figure 2f). Obvious electrochemical lithiation of
the CogSg nanowire behind the Co segment was ob-
served at 121.75 s, as confirmed in Figure 2g. We found
no morphological evolution was detected for the Co
segment. The corresponding EDP of the Co segment
after lithiation was shown in Figure 2k, which was still
identified as the cubic Co (JCPDF card No. 15—0806),
suggesting no phase transformation occurred to the
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Co segment. The continuous lithiation of the CooSg
nanowire was revealed by the change of the texture
and the volume expansion of the CogSg filler in the TEM
images (Figure 2g—i). After the full lithiation, the filler
expanded to 45 nm in diameter (shown in Figure 2j).
Interestingly, we observed anisotropic strain for the
CNT with an axial elongation of 4.5% and a radial
expansion of 32.4%. Correspondingly, the volume ex-
pansion of the CooSs filler is about 83.2% after the first
lithiation process (details for the volume calculation are
provided in the Supporting Information). The spacing
of the (0002) plane of the CNT was increased from 3.4
to ~3.6 A, indicating the insertion of Li* into the
graphite layers; the result is similar to the interlayer
expansion observed in literature.?® The EDP confirmed
the phase transformation from single crystalline CogSg
to mixed phases of Co and Li,S (Figure 2I) after full
lithiation. According to the TEM analysis, it can be
concluded that numerous Co nanograins of 2—3 nm
were formed and embedded in the resultant Li,S
matrix after the lithiation process. The electrochemical
reaction of CogSg in LIBs can be expressed as CogSg +
16LiT 4+ 16e” — 9Co + 8Li,S. The lithiation reaction
pertains to the conversion mechanism as reported for
metal oxides.>®

Two kinds of CogSg/Co-filled CNTs were found in the
products in terms of the closed or open tips. The
lithiation behaviors of a filled CNT with closed ends
were revealed in Figure 2. However, the CoySg/Co-filled
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CNT with an open end showed significantly different
electrochemical behaviors as shown in Figure 3 and
movie S3 in the Supporting Information. The pristine-
filled CNT had an open tip with a diameter of 128 nm as
shown in Figure 3a. The lithiation process was initiated
by applying a potential of —0.1 V to the CNT electrode.
After reaction for 18 s, an obvious lithiation was
detected in the contact region of CogSg with the Li,O
electrolyte. The lithiation along the axial direction
resulted in a gray-contrasted end (marked with the
red arrow in Figure 3b). Figure 3c—g shows the elonga-
tion and extrusion of the lithiated filler, suggesting the
axial elongation of filler is dominant for the open CNT.
Note that the reaction front (Figure 3c), marked with
red arrows and dashed lines, always kept a conical
shape during the lithiation process, indicating that the
Li* ions diffused mainly through CNT shell. The CogSg
nanowire was divided into two segments with different
contrasts by the reaction front during the lithiation,
including the original CoySg filler on the right and the
lithiated section on the left. The CNT showed weakly
detectable radial expansion, and the lithiated nano-
wire was gradually extruded out of the open end of the
CNT to relieve the volume expansion. Movie S4 in the
Supporting Information shows the fast outward-mov-
ing of the lithiated filler. Similar to the lithiation process
in the CogSg/Co-filled CNT with closed ends, the lithia-
tion in the open CNT can also cross the metal Co block
to proceed in the second CogSg segment. It is note-
worthy to mention that the Co block was pushed out
toward the open end of the CNT owing to the expan-
sion and extrusion of the second lithiated CogSg
segment (denoted by blue arrow in Figure 3h). After
the full lithiation process, the CNT showed a radial
expansion of 4% due to the intercalation of Li* within
the graphite layer and an undetectable axial elonga-
tion. The nanowire filler remained similar in diameter
while showed a huge axial elongation of 94.2%. This
was in contrast to the lithiation of filled CNT with
carbon cap, in which the axial elongation was sup-
pressed, while large radial expansion was observed.
The volume expansion of the CogSg filling (94.2%) in
open CNT is much larger than that (~83.2%) in a closed
CNT with carbon cap, which is due to the mechanical
constraint of the closed carbon shell. About 94.2% of
the lithiated filler was extruded out of the open end of
CNT. The comparison of these two types of CNTs
reveals that a complete encapsulation of the metal
sulfide (or oxide) by CNT is advantageous for the
structural stability as anode materials in LIBs. It is
worthy to mention that the CNT shells of CogSg/
Co-filled CNT show no evident fracture after lithiation
in both cases and are distinguished from the amor-
phous carbon shells coated on SnO, nanowire. It was
reported that the continuous carbon layer coated on
SnO, nanowire was broken into tiny pieces in the axial
direction after charging.®* The difference can be
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Figure 3. Time-resolved TEM images from video frames
show the electrochemical lithiation process of an individual
CoySg/Co-filled CNT with an open end. The lithiation leads to
the extrusion of the lithiated filler out of the CNT due to
volume expansion. (a) The selected CogSg/Co-filled CNT as
working electrode. (b—h) Time sequence of lithiation pro-
cess of CogSg/Co-filled CNT, showing the nanowire filler was
gradually extruded out of the open end of CNT during
lithiation. The red dashed curve and arrows demonstrate
the reaction front. The blue arrow in (h) denotes the moving
direction of the Co segment. All scale bars are 100 nm.

ascribed to the superior strength of the graphitized
CNT (~130 GPa) as compared to amorphous carbon
(~3 GPa).*®

To further reveal the microstructures of the lithiated
CogySg/Co-filled CNT without a carbon cap, TEM and
electron energy-loss spectroscopy (EELS) analysis were
performed. Figure 4a is a TEM image of a lithiated
CoySg/Co-filled CNT, showing the lithiated nanowire
filler with a length of ~424 nm was extruded out of the
open end of the CNT. High-magnification TEM images
of this lithiated CogSg/Co-filled CNT are displayed in
Figure 4b,c. The diameter of the lithiated CogSg filler
extruded out of the open end of the CNT is ~86.3 nm,
which is slightly larger than that of the lithiated
CooSg filler (~83.9 nm) within the carbon shells as
shown in Figure 4b, further confirming the mechanical
constraint of the carbon shells to the volume expan-
sion of the CogSg filler. Interestingly, the extended
nanowire is not bare but coated with a thin carbon
shell besides an outermost Li,O layer. The clear fringes
with spacing of 0.36 nm, corresponding to the lithiated
graphite layers, can be observed in Figure 4c. The
EELS spectrum recorded from the extended nano-
wire is shown in Figure 4d, indicating the presence of

VOL.7 = NO.12 = 11379-11387 = 2013 A@NJVN\N()

WWww.acshano.org

1101 L¢

11382



Intensity (a.u.)

300 400 500
Energy loss (eV)

600

Figure 4. (a) TEM image and (b, c) magnified TEM images of
a lithiated CooSg-filled CNT with an open end. (d) EELS
spectrum of the extended nanowire showing the presence
of carbon.

C (C—K edge: 283.8 eV). TEM and EELS analysis demon-
strate the shell coated on the extended nanowire is
graphite layer, which should be pulled out from the
CNT shells by the outward-moving lithiated filler. Multi-
wall CNTs comprise of concentric cylindrical shells of
graphite-like sp>-bonded carbon, where the intershell
interaction is predominantly van der Waals and could
be weakened with the lithium insertion. Thus, the
dragging out of the carbon shell from CNT in our
experiment could be attributed to the lithiation-in-
duced decrease of carbon—carbon bonds®® and the
large hoop stress formed in the multiwall CNT owing to
the swelling of filler.3*3® The presence of carbon shell
on the extended nanowire filler is unexpected but
definitely advantageous to the electrochemical perfor-
mance since it can improve the electrical conductivity
of electrode materials.

The cyclability performance is crucial for LIB elec-
trode materials. In our experiments, the lithiation—
delithiation cycling behaviors of a CogSg/Co-filled
CNT were examined using in situ TEM. A filled CNT
with a carbon cap on the end was first selected as the
nanoscale electrode (Figure 5a). There were two seg-
ments in the CNT tip which were labeled with A and B.
Inset of Figure 5a shows the corresponding EDP of part
B, confirming it is single-crystalline Co particle along
the [0 1 —1] zone axis. The HRTEM image of part A is
given in Figure 5b; the clear lattice fringes of carbon
shells suggest the high level of graphitization of the
CNT. The fast Fourier transform (FFT) image of the
HRTEM is given in the inset of Figure 5b, confirming
the part A is CooSg. After first lithiation with a bias
of —0.1 V (Figure 5c), the diameter of CNT tip with part
A (filled CoySg section) increased to 118 nm from 96 nm
while the Co filler remained intact and maintained
40 nm in diameter. The lithiation reaction of CosSg
was clearly observed while the Co part showed strong
resistance to the lithiation. The potential was reversed
to +3 V to initiate the delithiation after the lithiation
was completed. The part A shrank gradually and
decreased to about 111 nm in diameter (Figure 5d),
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Figure 5. Lithiation—delithiation cycles of a single CooSg/
Co-filled CNT electrode. (a) Pristine CNT with a Co filler of
40 nm in diameter and a CogSg-filled tip of 96 nm in
diameter. The inset is the EDP of part B confirming pure
Co phase. (b) HRTEM image of part A, and the inset is the FFT
image indicating the CogSg. (c, d) First lithiation—delithia-
tion cycle. (e—j) The second, third, and fourth lithiation—
delithiation cycles showing the same behaviors as the first
cycle, demonstrating the good cyclability of the CogSg/
Co-filled CNT with closed end. All scale bars are 50 nm.

which suggested that the Li™ ions had been extracted
from the lithiated CosSg. Note that there were some
blank space observed between the filling core and the
CNT shell, suggesting the contraction of CogSg was
much severer than that of CNT shell. After the first
cycle, repeated lithiation—delithiation cycles of the
selected CNT were conducted by alternately reversing
the applied potential between —0.1 V and +3.0V, as
shown in Figure 5e—j. Interestingly, the repeated expan-
sion and contraction of CoySg nanowire was observed,
and the Co filler was unchanged and maintained its
diameter of about 40 nm during the four lithiation—
delithiation cycles. We found that the CNT tip could
damage and fracture after several cycles. Similar break-
down was also observed during the lithiation of gra-
phene sheet.?> Because the damages were only observed
in the contacting end of CNT with the solid electrolyte,
two possible reasons are proposed here. First, the
lithiated CNTs are brittle due to the combined effects of
mechanical and chemical weakening of the C—C bonds
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Figure 6. Lithiation—delithiation cycles of a CogSg-filled
CNT with an open end. (a) Pristine CNT with CogSs filling
of 30.4 nm in diameter. (b) HRTEM image of the CogSs filler.
(¢, d) First lithiation—delithiation cycle. (e—h) The second
and third lithiation—delithiation cycles showing the re-
peated expansion and contraction of the nanowire filler.

induced by lithium insertion.?® Second, there are strong
compression and friction forces applied to the contacting
region during the lithiation, which cause the fracture of
the embrittled CNT tip. We expect that this kind of
damage can be avoided in real battery with liquid
electrolyte.

Furthermore, the lithiation—delithiation cycling be-
haviors of an individual filled CNT with an open end
were investigated using the in situ TEM. Figure 6a
shows the TEM image of the pristine CooSg-filled CNT.
The CogSs filler is 30.4 nm in diameter, and its crystal-
line structure can be confirmed by HRTEM image in
Figure 6b. After the first lithiation process with a bias
of —0.1 V, the lithiated filler was extruded out from
the CNT open tip, and the diameter of the filler slightly
increased to 32.5 nm (Figure 6c). Then the potential
was reversed to +3 V to initiate the delithiation. This
filler shrank and decreased to about 25.6 nm in dia-
meter (Figure 6d), which suggested that the Li* ions
were extracted from the lithiated filler. The lithiated
filler were found to exhibit obvious radial contraction
while its length showed negligible change. The ex-
tended filler could not retract into the CNT and, thus,
left a large empty space within the CNT. It should be
pointed out that a few layers of graphite shells were
also dragged out from the CNT by the lithiated filler
during the lithiation process. The graphite shells can be
clearly observed after the delithiation, which resulted
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Figure 7. Identification of various phases transformation of
CoySg/Co-filled CNT during lithiation—delithiation cycles.
EDPs of lithiated (a) and delithiated Co filler (b) showing
that the Co segment maintained the pristine phase during
cycles. EDPs of the CogSg filler in CNT electrode after the first
lithiation (c), first delithiation (d), the second lithiation (e),
and second delithiation (f).

in empty room inside graphite shells owing to shrink-
age of the filler. The repeated expansion and contrac-
tion of the nanowire filler was observed in the second
and third cycles as shown in Figure 6e—h, indicating a
good cyclability after the first cycle. The encapsulation of
original CNT and the drawn-out graphite shells to the
CooSs filler are critical for achieving good cyclability.
The morphological changes of the filled CNT elec-
trode during lithiation—delithiation cycles have been
demonstrated in Figures 5 and 6. To reveal the phase
transformation during the cycles, the corresponding
EDPs were recorded on the CosSg/Co-filled CNT elec-
trode as shown in Figure 7. First, the cycling behaviors
of the segment B as shown in Figure 5a were investi-
gated. The pristine segment B was single-crystalline
cubic Co along the [0, 1, —1] zone axis, as revealed by
the EDP in the inset in Figure 5a. After the full lithiation
process, no phase transformation was detected, and
the corresponding EDP was given in Figure 7a and can
still be indexed as single-crystalline cubic Co. The
delithiation process was initiated by applying a bias
of +3 V. The Co filler maintained its original structure,
as confirmed by the corresponding EDP in Figure 7b.
The structure evolution of CogSg filler were further
examined, and the corresponding EDPs of the filler
during the first two lithiation—delithiation cycles are
displayed in Figure 7c—f. Figure 7c displays the EDP of
the CoySg filler after the first lithiation, and the diffrac-
tion rings can be well indexed to cubic Co and Li,S,
corresponding to the electrochemical reaction CogSg +
16Li* 4+ 16e~ — 9Co + 8Li,S. Figure 7d displays the
EDP of the first delithiated filler, which can be well
indexed to CogSg phase, suggesting the reversible
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conversion between CogSg and Co nanograins during
the charge—discharge cycles. The extraction of Li* ions
from the mixture of Co nanograins and Li,S resulted in
the formation of CogSg phase. Here we want to em-
phasize that there were two kinds of Co in the lithiated
CNT: one is the original Co filler (in segment B) and the
other is the resultant Co nanograins in the lithiated
product. The latter is electrochemically active and can
be converted to CogSg, while the former is fully inert.
The difference might be attributed to the crystal size
and quantum size effects of Co nanograins (2—3 nm).
In the second lithiation—delithiation cycle, the same
structure conversion was also observed. The results
reveal that the phase transformation between CogSg
and Co is fully reversible during lithiation—delithiation
cycles.

According to the in situ TEM study by constructing a
nano-LIB device inside the TEM, the electrochemical
lithiation processes of CogSg/Co-filled CNTs proceed as
illustrated in Figure 8. Two kinds of electrochemical
behaviors are proposed in terms of the different CNT
structures. As for the filled CNT with carbon cap, the
corresponding lithiation process is shown in Figure 8a.
The pristine CogSg/Co-filled CNT is initially straight and
uniform in diameter. As the reaction front (marked by
the red dashed lines) propagates from the left to the
right, the CNT swells gradually. Due to the presence of
short Co segment, the CNT shows intermittent expan-
sion. Because of the suppression of the carbon cap, a
small axial elongation and a significant radial expan-
sion are presented. After full lithiation, a single-crystal-
line CooSg nanowire transforms to a multicrystalline
nanowire consisting of numerous Co nanograins em-
bedded within Li,S matrix. Figure 8b illustrates the
microstructural evolution during the first lithiation of a
CooSg/Co-filled CNT with an open end. Different from
the closed CNT, as the reaction front propagates, the
lithiated filler elongates and is extruded out of the CNT
while still kept the similar diameter. Therefore, weakly
radial expansion is demonstrated while axial elonga-
tion is notable for the lithiation of filled CNT with an
open end. Co segment can move with the extending of
the lithiated filler. In particular, the extended filler was
still encapsulated with a graphite shell pulled out from
the original CNT due to the weak intertube van der
Waals force within the CNT. The volume expansion of
the filler is 94.2% for the open CNT, while it reduces to
83.2% for the closed CNT due to the mechanical
confinement of the graphite shells. Besides, the radial
expansion of the open CNT is about 4%, which can be
attributed to the intrinsic expansion due to the Li"
intercalation; the radial expansion of the closed CNT is
found to be 32.4%, so about 28.4% of the radial
expansion of the CNT should be caused by the internal
pressure owing to the volume expansion of the filler.
During the charge—discharge cycles, the Co segment
remains intact while the CoqSg filler shows a reversible
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Figure 8. Schematic drawing shows the electrochemical
lithiation of a CogSg/Co-filled CNT with closed ends (a) and
an open end (b).

electrochemical conversion between CogSg and Co/
Li>S. The volume expansion (94.2%) of the lithiated
CoySg filler in an open CNT is much larger than that
(~83.2%) in a closed CNT, which seems unintelligible
because they are the same material (i.e., the mixture of
Co and Li,S nanocrystals). To explain this phenomen-
on, a typical TEM image of a lithiated CNT is shown in
Figure S2 in the Supporting Information. It can be seen
clearly that the average diameter of the lithiated filler
within the CNT is ~95.3 nm, while the diameter of the
filler extruded out of the open CNT is 98.1 nm. The
different diameters of the lithiated fillers inside and
outside the CNT suggest that the mechanical con-
straint of the carbon shells to the diameter change of
the lithiated filler is profound. The extended filler out of
the CNT could have a lower density as compared to the
filler within the CNT sheath even if they are the same
material. The lower density of the extended filler is
probably caused by the different Li* transport me-
chanism. The Li* ions diffuse mainly along the CNT in
the beginning of lithiation, however, when the lithia-
tion proceeds, the CNT shell disconnects from the solid
electrolyte and the Li* ions have to diffuse through the
extended filler as indicated in Figure S2. The rapid
diffusion of numerous Li* ions may cause the forma-
tion of transport tunnels inside the lithiated filler,
which can consequently reduce the density of the
lithiated filler and increase the volume. In the mean-
time, the repulsion of positively charged Li* ions may
also contribute to the volume expansion of the filler
outside the CNT. Therefore, different diameters are
observed for the lithiated filler around the tip of CNT
in the TEM images.

CONCLUSION

In summary, the electrochemical lithiation—delithia-
tion behaviors of individual CogSg/Co-filled CNTs were
investigated using in situ TEM by constructing a nano-
LIB device inside a TEM. We have revealed the effect of
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the carbon cap on the lithium-storage behaviors of
filled CNT. The CooSg/Co-filled CNT with an open end
shows a notable axial elongation of the lithiated filler
by 94.2%, while the filled CNT with closed ends shows a
major radial expansion of 32.4%. Intermittent swelling
has been observed in the closed CNT due to the
presence of Co segment, which is stable in the electro-
chemical cycles. During the lithiation process, single-
crystalline CogSg nanowire converts to multicrystalline
nanowire consisting of Co nanograins and Li,S matrix,
and the reversible phase conversion between CogSg and
nanosized Co is revealed during the multiple cycles.
These results reveal that the filled CNT with closed ends

EXPERIMENTAL SECTION

The in situ nanoscale electrochemical experiments were
conducted inside a JEM—2100F transmission electron micro-
scope (TEM) using a Nanofactory TEM-scanning tunneling
microscopy (STM) holder. To construct the nano-LIB, CogSg/
Co-filled CNT sample was attached to a blunt Au wire (0.25 mm
diameter), serving as the working electrode. A sharp tungsten
(W) STM tip was used to scratch the Li metal surface to fetch
some fresh Li inside a glovebox filled with argon. The layer of Li
on the tip of the W rod served as the counter electrode and
lithium source. Both the CNT and lithium electrodes were
mounted onto a Nanofactory STM-TEM holder, which was
quickly transferred into the TEM column. A native Li,O layer
formed on the surface of the Li metal due to the exposure to air,
which was served as the solid-state electrolyte to allow the
transport of Li* ions. The Li,O/Li electrode attached to the
mobile STM probe was driven to contact the CNT electrode
inside the TEM. Lithiation took place after a negative bias was
applied to the CogSg/Co-filled CNT electrode with respect to the
lithium electrode to drive Li" to transport through the solid-state
Li,O layer, and the bias was then reversed to positive to facilitate
delithiation. During the experiments the electron beam was
blanked except for short time beam exposure for imaging to
minimize the electron beam irradiation effect during the reaction.
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