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A
dvanced lithium-ion battery (LIB)
technology has permeated portable
electronics and has an important role

in large-scale applications such as electric
vehicles and stationary grid storage.1,2

Extensive studies have been carried out to
develop new high-capacity materials for
higher-energy LIBs.3,4 Substantial progress
has beenmade in materials and chemistries
to improve the battery technologies for
transportation applications in electrical
vehicles.5�7 However, LIBs store electrical
energy in electrodes through intercalation or
insertion of lithium, which are prepared from
limited Li-containing mineral resources. As
the use of LIBs becomeswidespread, increas-
ing demand for Li commodity chemicals
combined with geographically constrained
Li mineral reserves will drive up the prices of

LIBs. On the contrary, sodium (Na) is abun-
dant (the fourth most abundant element
in the earth's crust) and has a low redox
potential8 and is thus a favorable material
to fabricate anodes of batteries at low cost.
Therefore, Na-ion batteries are considered to
be an attractive alternative to LIBs for meet-
ing large-scale grid energy storage needs.9

Na-ion batteries have recently received
great attention as an attractive electroche-
mical power source for energy storage,10�12

spurred by the rapid advance in recharge-
able battery technology and fast increasing
demand in the market. However, Naþ ions
have a larger ionic radius than Liþ ions,
which makes it more difficult for them to
be reversibly inserted into and extracted
from host materials and more difficult to
identify suitable electrode materials for
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ABSTRACT The comprehension of fundamental electrochemical

behavior and sodiation mechanism is critical for the design of high-

performance electrode materials for sodium-ion (Na-ion) batteries.

In this paper, the electrochemical sodiation process and micro-

structure evolution of individual Co9S8-filled carbon nanotubes

(CNTs) have been directly visualized and studied using in situ

transmission electron microscopy. Upon the first sodiation, a

reaction front propagates progressively along the filling nanowire, causing the filled CNT to inflate. The filled CNTs behave differently depending on

their structures and the magnitude of the sodiation voltage. For a Co9S8-filled CNT with an open end, the sodiated Co9S8 filler shows a substantial axial

elongation of 120.8% and a small radial swelling due to the extrusion of CNT walls. In contrast, the closed CNT shows a major radial expansion of 40.6% and

a small axial elongation because of the mechanical confinement of the carbon shells. After sodiation, the spacing between the carbon shells increases from

3.4 to 3.8 Å due to the Naþ-ion insertion and the single-crystalline Co9S8 filler converts to numerous Co nanograins dispersed in a Na2S matrix. Compared

with the gentle microstructure evolution of the CNT under small charging voltage, a strong electrochemical reaction accompanying drastic swelling and

fracturing of CNT shells is observed for the CNT electrode under large charging voltage. Our observations provide direct evidence and important insights for

the electrochemical process of CNT-based composite materials in Na-ion batteries.
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Na-ion batteries.13 Guided by the similar chemical
nature of Li, many mature electrode materials for LIBs
have been investigated as replacements for Na-ion
batteries, such as hard carbon,14,15 group IV elements
like Si, Ge, or Sn,16�18 intermetallic materials,19 and
various metal oxides20,21 for the negative electrode,
and NaCrO2,

22 NaxCoO2,
23 NaMnO2,

24 and NaVPO4F
13

for the positive electrode. In fact, among numerous
electrodematerials for LIBs, only a few are suitable host
materials to accommodate Na ions and allow reversi-
ble insertion/deinsertion reactions because of the
larger ionic radius of Na. Therefore, the development
of suitable anode materials for Na-ion batteries re-
mains a considerable challenge. In contrast to the rich
literature on LIBs, the science of Na-ion batteries is
much less understood inmostmaterial systems. There-
fore, the study on the fundamental mechanism of
electrochemical sodiation of anode materials is urgent
for the understanding and design of high-performance
electrode materials for Na-ion batteries.
Carbon nanotube (CNT)-encapsulated cobalt sulfide

composite presents one of the promising anode
materials to replace carbonous anodes for the next-
generation LIBs. However, it is still not clear if the
composite can be applied in Na-ion batteries. In parti-
cular, the severe volume expansion of cobalt sulfide
and the interaction between CNT sheath and cobalt
sulfide filler during an electrochemical reaction remain
unclear. Recently, in situ transmission electron micro-
scopy (TEM) shows powerful application in the study
of the dynamical electrochemical process of anode
materials for LIBs,25�34 but the study of the Na-ion
battery is still verymeager. In this work, we constructed
successfully a nanosized Na-ion battery using indivi-
dual Co9S8-filled CNTs as working electrodes inside a
TEM, which allowed a real-time visualization of the
electrochemical reaction process of Co9S8-filled CNTs
with Naþ ions for the first time. An in-depth under-
standing of the electrochemical process of CNT-based
composites in a Na-ion battery was achieved.

RESULTS AND DISCUSSION

Figure 1a presents a schematic illustration of the all-
solid nanoscale Na-ion battery that enables the in situ

electrochemical experiments of an individual Co9S8-
filled CNT. The nanosized electrochemical cell con-
sisted of a Co9S8-filled CNT working electrode, Na
metal counter electrode, and a solid electrolyte of
naturally grown sodium oxide and hydroxide (Na2O
þ NaOH) on the Na metal. The TEM image of a typical
Co9S8-filled CNT used in this study is displayed in
Figure 1b. Obviously, the CNT shows different contrast
in regions A and B, suggesting a heterogeneous filling
encapsulated inside the CNT. Figure 1c shows the
HRTEM image of region A, which is a single-crystalline
phase with fringe spacing of 0.49 and 0.30 nm, corre-
sponding to the (002) and (311) planes of Co9S8.

The corresponding fast Fourier transform (FFT) pattern
of the filler in the HRTEM image is given in Figure 1d
and can be indexed as the cubic Co9S8 (a = 9.923 Å,
JCPDF No. 86-2273). Figure 1e is a HRTEM image of
region B; the filler is a single-crystalline phase, and the
fringe spacing of 0.20 and 0.18 nm agrees with the
(111) and (200) planes of cubic Co. The corresponding
electron diffraction pattern (EDP) of region B is shown
in Figure 1f, which can be well indexed to the (�111),
(111), and (200) planes of cubic Co along the [01�1]
zone axis (a = 3.545, JCPDF No. 15-0806). The TEM
analysis of the sample reveals that the Co9S8 nanowires
are largely encapsulated within the CNTs with the
presence of a small amount of short Co segments.
The elemental mapping of a filled CNT also suggests
the existence of the Co segment in the CNT (Figure S1
in the Supporting Information). Since cobalt was used
as catalyst for the filled CNT growth, nonreacted Co
could remain and was encapsulated within the CNTs.
In general, volume expansion, pulverization, and loss
of electrical contact of electrode materials during
the electrochemical reaction in the battery are the
critical issues leading to rapid capacity decay. Although
Co is inactive toward sodium, its presence is beneficial
for the composite electrode by retaining a good
conductivity.
The first sodiation process is critical for the electrode

materials in Na-ion batteries because huge volume
expansion takes place during this stage, which can
lead to large irreversible capacity fading. To under-
stand the microstructure evolution and electrochemi-
cal behavior of the Co9S8-filled CNTmaterials in Na-ion
batteries, the electrochemical sodiation process of
an individual Co9S8-filled CNT was investigated and is

Figure 1. (a) Schematic illustration of the experimental
setup for in situ TEM analysis of nanoscale Na-ion battery.
(b) TEM image of a pristine Co9S8-filled CNT, consisting of
two different regions, which are marked with letters A and
B. (c) HRTEM image and (d) corresponding FFT pattern of
region A. (e) HRTEM image and (f) EDP of region B.
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shown in Figure 2 and movie S1 (in the Supporting
Information). Figure 2a is the TEM image of a Co9S8-
filled CNT with an open end, and the filler has a
diameter of 51.7 nm before sodiation. After the front
surface of the (Na2O þ NaOH) electrolyte touched the
end of the Co9S8-filled CNT, the electrochemical sodia-
tion process was initiated by applying a potential of
�0.1 V on the CNT against the Na electrode to drive
the flow of electrons and Naþ ions across the circuit.
Figure 2b�h shows the morphological evolution of
this Co9S8-filled CNT electrode during the first sodia-
tion. At 13.5 s (Figure 2b), a mild change could be
observed in the Co9S8 encapsulated in the CNT com-
pared with the image in Figure 2a. The sodiated phase
showed a lighter contrast with a length of about 40 nm
(the reaction front is marked by an arrow). After 18.0 s,
the sodiated filler expanded its volume significantly
and was extruded out of the CNT end; the reaction
front was 303 nm from the open end of the CNT
(Figure 2c), showing a migration speed of 58.4 nm/s.
The filler was divided into two segments with different
contrasts by the reaction front: one was the original
Co9S8, and the other was the sodiated section. The

length of the sodiated part continued to increase with
the sodiation reaction. Figure 2d�h reveals the con-
tinuous elongation and extrusion of the sodiated Co9S8
filler, suggesting that the volume expansion is dom-
inantly through axial elongation of the filler in open
CNTs. Note that the reaction front, marked with black
arrows in Figure 2, always kept a conical shape during
the sodiation process, indicating that the Naþ ions
diffused through CNT shells faster than through the
filler. In the beginning of the sodiation, the CNT was
contacted with the electrolyte and Naþ ions diffused
mainly along the CNT wall. Subsequently, the CNT was
shifted away from the electrolyte, and we found that
the Naþ ions could also diffuse easily through the
sodiated Co9S8 nanowire. After a full sodiation process,
the sodiated filler is 58.4 nm in diameter with a radial
expansion of 12.9%; the sodiated nanowire extruded
out of the open end of the CNT is 1415 nm in length
with an axial expansion of about 120.8%. The volume
expansion of the sodiated Co9S8 is found to be
∼181.7%, which is much larger than that of the Co9S8
(∼83.2%) as anode in LIBs owing to a large Naþ ionic
radius.34 The migration speed of the reaction front
through the sodiated filler part (Figure 2d�h) is lower
than that through the CNT shells (Figure 2a�c), indi-
cating the good conductivity of carbon for Naþ ions.
The results suggest that a small radial expansion occurs
due to the mechanical constraint of the CNT while
substantial axial elongation is inevitable for the filled
CNT with an open end. The electrochemical sodiation
process of another Co9S8-filled CNT with an open end
was investigated, as shown inmovie S2 in the Support-
ing Information. There was a small piece of carbon
layer located at the interior of the CNT tip. Interestingly,
the carbon layer was extruded out of the open end of
the CNT by the outward-moving filler.
As mentioned above, the volume expansion, pulver-

ization, and the loss of electrical contact of electrode
materials are critical issues leading to rapid capacity
decay in batteries. The intermittent Co segments in the
Co9S8/Co-filled CNT composite are expected to im-
prove the conductivity of sulfide and mediate the
severe capacity decay. In our in situ TEM experiment,
the Co segment was also monitored to investigate
its response to the electrochemical process. Figure 3
and movie S3 in the Supporting Information show
the details of the reaction front migration in a Co9S8/
Co-filled CNT with an open end during the first sodia-
tion process. The reaction front (marked by red dotted
lines in Figure 3) propagated along the longitudinal
direction of the CNT away from the solid electrolyte,
and the Naþ ions migrated as the electrochemical
sodiation proceeded (Figure 3c). From Figure 3b,c,
it can be clearly seen that the displacement of reaction
front is ∼109 nm within 5.75 s, corresponding to a
sodiation rate of∼18.96 nm/s. The Naþ ions can diffuse
across the Co filler to continue the sodiation in the

Figure 2. Time-resolved TEM images from video frames
show the sodiation process of an individual Co9S8-filled
CNT with an open end. (a) Individual Co9S8-filled CNT is
selected as theworking electrode; the diameter of the filling
core is about 51.7 nm. (b�h) Time sequence of the sodiation
process of the Co9S8-filled CNT, showing that the sodiated
filler was squeezed out from the open end of the CNT. The
sodiated Co9S8 nanowire expanded to 58.8 nm in diameter
(h). A potential of �0.1 V was applied to the CNT electrode
with respect to the Na metal. The red dotted lines demon-
strate the extrusive part of the sodiated Co9S8. All scale bars
are 200 nm.
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second Co9S8 nanowire. It is noteworthy to mention
that the Co block was pushed out toward the open
end of the CNT owing to the expansion and extrusion
of the second sodiated Co9S8 segment (denoted by
yellow arrow and line in Figure 3d�h). The continuous
sodiation of the second Co9S8 nanowire after the Co
segment was revealed by the change of the texture
of the Co9S8 filler in the TEM images (Figure 3d�h).
At 16.75 s, the distance between the reaction front
and the yellow marker is ∼108 nm, which increases to
158 nm at 26 s. It reveals that the reaction front of the
second Co9S8 filler migrates about 50 nmwithin 9.25 s,
corresponding to a sodiation rate of ∼5.4 nm/s, which
ismuch slower than the sodiation of the first Co9S8 filler
segment owing to the gradually increasing length
of the diffusion path for Naþ ions. In addition, the Co
block was pushed backward about 168 nmwithin 17 s,
corresponding to a moving speed of ∼9.88 nm/s.
After the full electrochemical sodiation of the filled
CNT with an open end, no visible crack and fracture
was observed in the sodiated CNT, revealing a peaceful
evolution.
There are two kinds of Co9S8-filled CNTs in the

products in terms of the closed or open tips. Following
the study on the sodiation behavior of a filled CNT with

an open end, as shown in Figures 2 and 3, the sodiation
of a Co9S8-filled CNT with a closed end was investi-
gated and is shown in Figure 4 and movie S4 (in the
Supporting Information). Figure 4a,b shows the TEM
images of the selected Co9S8-filled CNT with a closed
end. The sodiation process of a part of the filled CNT
indicated by the dotted red box was monitored and
is shown in Figure 4c�j. The Co9S8-filled CNT with the
closed end exhibited significantly different sodiation
behavior from the one with an open end. The state
in Figure 4c was recorded as the beginning, in which
the Co9S8 filler was fully encapsulated within carbon
sheath so that it could not be extruded out during
sodiation. The sodiation of carbon shells was first
observed due to rapid diffusion of Naþ ions on the
CNT surface. The radial expansion of the sodiated CNT
revealed the insertion of Naþ ions into the carbon

Figure 3. Time-resolved TEM images from video frames
reveal the migration of the reaction front during the elec-
trochemical sodiation process of a Co9S8/Co-filled CNT with
an open end. (a�d) Sodiation of the first Co9S8 segment on
the left of a Co block. (e�h) Sodiation of the second Co9S8
segment on the right of the Co block; the Co block was
pushed backward due to the volume expansion of Co9S8.
The reaction front was marked by the red dotted lines.
A potential of�0.1 V was applied to the CNT electrode with
respect to the Na metal. All scale bars are 50 nm.

Figure 4. Time-resolved TEM images from video frames
show the microstructural evolution of a part of a Co9S8-
filled CNTwith closed ends during sodiationwith a potential
of�0.1 V. (a,b) TEM images of the selected Co9S8-filled CNT
with closed end. The sample is attached to the Au rod. (c)
Video image of Co9S8-filled CNT recorded as the beginning
(0 s), and the red line indicates the expansion of carbon
shells. (d�j) Time sequence of the sodiation process of the
Co9S8-filled CNT, showing a radial expansion of ∼12.2%
during theNaþ intercalation into theCNTandan extra radial
expansion of ∼28.4% resulting from the sodiation of Co9S8
filler. The black arrows in (c�f) indicate the reaction front of
the sodiation in the CNT wall. All scale bars are 50 nm.
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shells. The reaction front (marked by the arrows) of
carbon shells migrated along the CNT, and the filled
CNT expanded from 105.7 to 118.6 nm in diameter
after 4.0 s, corresponding to a radial expansion of
about 12.2%. When Naþ ions entered the tubes from
either the surface defects or open ends, they diffused
between the tube walls and interacted with neighbor-
ing carbon atoms. Figure 4c�e shows the sodiation of
carbon shells, and the sodiation of the filler was not
visible in the viewing area within 17.0 s. The larger
radial expansion took place at 22.5 s (Figure 4f), sug-
gesting the obvious sodiation of the Co9S8 nanowire,
which lagged behind the sodiation reaction front of
carbon shells by about 240 nm. Then a violent electro-
chemical reactionwas exposed in Figure 4g. The strong
volume expansion and structure change of the so-
diated filler were observed. The reaction front marked
with the red dashed linewas a conical shape during the
sodiation process. The volume expansion during the
sodiation process was obvious in the radial direction.
At 31.5 s, the filled CNT with the original diameter of
105.7 nm expanded to 148.6 nm, corresponding to
a 40.6% radial expansion. This was in contrast to the
sodiation of Co9S8-filled CNT with an open end, in
which the radial expansion was weak while the axial
expansion was considerable. The sodiated filler was
not extruded out of the end of the CNT with the closed
end because of the confinement of the carbon sheath.
It was found that the electrochemical sodiation of the
Co9S8-filled CNT with the closed end occurred in two
steps, namely, the first rapid sodiation of CNT shells
and the subsequent violent radial expansion of Co9S8
filler. The radial expansion of the CNT was about 12.2%
due to the Naþ intercalation into the graphite layers
during the first step; an extra expansion of 28.4% was
contributed by the swelling of the sodiated filler in the
second step.
The rate performance is crucial for Na-ion battery

electrodes. In general, the reversible capacity de-
creases for large charge/discharge current, which sug-
gests different electrochemical behaviors at different
current densities. The charge/discharge current can be
adjusted by varying the sodiation voltage in the in situ

TEM experiments. The electrochemical sodiation pro-
cess of another Co9S8-filled CNT with closed ends
under a larger bias is shown in Figure 5 and movie S5
(in the Supporting Information). The electrochemical
sodiation process was initiated by applying a potential
of �0.5 V to the Co9S8-filled CNT against the Na
electrode, and the state in Figure 5a was recorded as
the beginning of the sodiation process. Figure 5b�h
shows the time-resolved TEM images from video
frames during the first sodiation process. As shown in
Figure 5b, the filled CNT expanded from 164 to 196 nm
in diameter within 8.25 s. Continuous volume expan-
sion of the sodiated filled CNT was observed in
Figure 5c,d. The pristine filled CNT with the diameter

of 164 nm was found to react quickly with Naþ ions to
form a sodiated product with a diameter of 262 nm
within 19.25 s, corresponding to a local radial expan-
sion of∼59.8%under the bias of�0.5 V. The Co9S8 filler
expanded also from 100.2 to 183.8 nm in diameter.
Then the intensive cracking and fracturing of the CNT
sheath was observed. Figure 5e�h shows the appear-
ance of a spate of fractures marked by the black arrows
at different locations on the filled CNT. In the mean-
time, the volume expansion and pulverization of the
Co9S8-filled CNT propagated quickly with the contin-
uous sodiation. The explosive growth of many cracks
and fractures of the sodiated CNT eventually leads to
huge damage of the CNT sheath. As expected, the
sodiation rate was much faster than the sodiation with
the potential of�0.1 V, and the formation of crack and
fracture was also found to be quite distinct from the
sodiation at low potential. Our results suggest that a
small current density is favorable for the electrode
material in the first sodiation process by reducing the
irreversible changes and weakening the formation of
crack and fracture during the electrochemical reaction.
The electrochemical sodiation process of a single

Co9S8/Co-filled CNT with closed ends under the poten-
tial of �0.5 V is displayed in Figure 6 and movie S6 in
the Supporting Information. The dark segment was
a Co particle; the Co9S8 nanowire filler was separated

Figure 5. (a�h) Time-resolved TEM images from video
frames reveal the appearance of fractures during the elec-
trochemical sodiation process of an individual Co9S8-filled
CNT with closed ends. The time sequence of the sodiation
process shows the emergence and development of frac-
tures and cracks in the Co9S8-filled CNT under a potential of
�0.5 V. All scale bars are 100 nm.
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into two segments by this Co particle. Figure 6a�d
shows the electrochemical sodiation reaction of the
first Co9S8 segment. In contrast to the relatively peace-
ful sodiation process in the filled CNT with closed
ends under a bias of �0.1 V, the electrochemical
process under �0.5 V was quite violent, resulting in
huge volume expansion and obvious fracture of the
CNT (marked by the black arrow in Figure 6). After the
sodiation for 44.25 s, the first CNT segment swelled
dramatically from 178 to 345 nm in diameter, and the
diameter of the Co9S8 filler expanded from 154 to
272 nm. The fracturing process of the CNT can be seen
clearly in Figure 6c,d and movie S6. In the following
electrochemical reaction process (Figure 6e�h), no
further crack and fracture was observed since the
cracked CNT would act like a CNT with an open end.
So we can see that the Co particle and the sodiated
Co9S8 nanowire were gradually squeezed out from the
broken CNT due to the severe volume expansion of
sodiated Co9S8. In the meantime, the rest of the CNT
showed a small radial expansion; namely, the subse-
quent morphological changes were the same as that
in the filled CNT with an open end shown in Figures 2
and 3. The Co filling part was completely extruded out

of the carbon shells at 55.75 s. As the reaction front
propagated, the length of the sodiated Co9S8 nanowire
increased. The second Co9S8 nanowire with an initial
diameter of 106 mm expanded to 118 nm (as shown
by the arrows in Figure 6d,f), corresponding to a radial
expansion of ∼11.3%. The sodiated Co9S8 nanowire
began to bend rapidly at 75 s (Figure 6f) and formed a
twisted nanowire (Figure 6h). It can be concluded that
in the sodiation process under higher voltage the filled
CNT with closed ends is prone to fracture due to the
rapid volume expansion. The electrochemical lithiation
of the Co9S8-filled CNT has been investigated using
in situ TEM recently, and there was no obvious fracture
observed in the CNT,34 suggesting the electrode
materials show different electrochemical behaviors in
Na-ion batteries and LIBs.
Figure 7 shows a detailed structure and phase

characterization of a Co9S8-filled CNT during the elec-
trochemical sodiation process. A close inspection of
the reaction front, shown in Figure 7a, revealed the
presence of a region of a high density of dislocations
separating the nonreacted and reacted regions of
the filled CNT. Before reaction, the filler in the CNT
was single-crystalline Co9S8 (a = b = c = 9.923 Å, JCPDF
No. 86-2273) as confirmed by the selected area elec-
tron diffraction (SAED) (Figure 7b) recorded from re-
gion A marked in Figure 7a. Figure 7c displays the
SAED pattern of the region around the reaction front
(region B in Figure 7a), showing the coexistence of
diffraction rings and spots. These diffraction spots
were the same as that of the original Co9S8, and the

Figure 6. Time-resolved TEM images from video frames
reveal the electrochemical sodiation process of a Co9S8/Co-
filled CNT with closed ends under the potential of �0.5 V.
(a�d) Electrochemical reaction of the upper side of the CNT
filled with the first Co9S8 segment, showing the appearance
of fracture and crack. The arrow in (b) indicates the sodiation
direction. (e�h) Electrochemical reaction of the second
Co9S8 segment, suggesting the sodiated Co9S8 and the Co
block were squeezed out from CNT. The yellow bars indicate
the position of the Co block, and the yellow arrow indicates
the moving direction. All scale bars are 100 nm.

Figure 7. Structure and phase characterization of a Co9S8-
filled CNT during the first sodiation process at �0.5 V
against the Na metal electrode. (a) TEM micrograph of the
filled CNT containing a reaction front separating the reacted
and nonreacted sections. (b) SAED pattern of region A in
image (a). (c) SAED pattern of reaction front (region B) in
image (a). (d) SAED pattern of sodiated section (region C) in
image (a). (e) HRTEM image of carbon shells of pristine CNT.
(f) HRTEM image of carbon shells after sodiation.
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diffraction rings were from the resultant products by
sodiation. This result suggests the coexistence of the
pristine and sodiated Co9S8 in this region. A clear ring-
like SAED pattern was obtained from a completely
sodiated region (region C marked in Figure 7a) and is
shown in Figure 7d. A few rings in the SAED pattern can
be well indexed as Co and Na2S phases, indicating that
the Co9S8 phase was converted to Co and Na2S during
the electrochemical sodiation reaction. The rest of the
diffraction rings fit the Na2O phase. The formation of
Na2O may be attributed to the oxidation of the Na
atoms by the absorbed oxygen on the CNT walls or the
residue oxygen in the TEM column, which is similar
to the formation of Li2O on CNTs35 and graphene
nanoribbons36 during electrochemical lithiation. From
the HRTEM image of the carbon shell before (Figure 7e)
and after (Figure 7f) electrochemical sodiation, the
spacing of the (0002) plane of graphite was increased
from 3.40 to 3.80 Å, confirming that Naþ ions were
indeed inserted into the intertubular gaps. The 11.8%
interlayer expansion induced by sodium insertion on
the CNT is quite larger than the lithiation-induced
expansion (5.9%), which can be attributed to the larger
ionic radius of sodium than that of lithium. The chemi-
cal composition of a Co9S8/Co-filled CNT before and
after the sodiation was also investigated using energy-
dispersive X-ray spectroscopy (EDX) (see Figure S1 in
the Supporting Information). The elemental mapping
of carbon, sulfur, and cobalt in the sodiated CNT is
similar to that in the pristine CNT. The sodium and
carbon elements exhibit the same distribution in the
sodiated CNT, confirming that the Naþ ions entered

the CNT and reacted with the Co9S8. The elemental
mapping results are consistent with the above HRTEM
and SAED analysis.

CONCLUSION

In summary, the microstructural evolution and phase
transformation of individual Co9S8-filled CNT during the
first sodiation were revealed by constructing a nano-
scale Na-ion battery using Co9S8-filled CNT as working
electrode inside a TEM. Upon electrochemical sodia-
tion of an open CNT, the sodiated Co9S8 filler is easily
squeezed out of the CNT end due to the volume
expansion while the CNT itself shows a small expansion
in diameter. In contrast, the sodiated filler is still en-
capsulatedwithin theCNT sheathdue to themechanical
confinement of the carbon shells for a closed CNT that
swells intensively due to the internal pressure resulted
from the inflating Co9S8 filler. Therefore, the Co9S8-filled
CNTs exhibit two kinds of behaviors during the first
sodiation, namely, a notable axial elongation for anopen
CNT or a major radial expansion for a closed one. The
spacing of the carbon shell increases from 3.4 to 3.8 Å
owing to theNaþ insertion. Comparedwith thepeaceful
microstructure evolution of the CNT under a bias of
�0.1 V, violent electrochemical reaction and dramatic
swelling and fracturing of the CNT wall were observed
for the CNT electrode under a large bias of �0.5 V. The
resulting sodiatedCo9S8 consists ofmanyConanograins
embedded within a Na2S matrix. Our studies shed light
on the sodiation mechanism of nanostructure-filled
CNT composites with potential application as anodes
in high-performance Na-ion batteries.

EXPERIMENTAL SECTION
The Co9S8-filled CNT samples were synthesized using Co/MgO

as catalyst by a thermal chemical vapor deposition (CVD)
method.37 The in situ nanoscale electrochemical experiments
were conducted inside a JEM-2100F TEM with a Nanofactory
TEM scanning tunnelingmicroscopy (STM) holder. The accelerat-
ing voltageof the TEMwas200kVwithapoint-to-point resolution
around 0.18 nm. To prepare the nanosized Na-ion battery,
Co9S8-filled CNTs were attached to a blunt Au wire (0.25 mm in
diameter), serving as the working electrode. Bulk sodium metal
was scratched with a sharp tungsten (W) tip, and the Na particles
attachedonW tip served as the counter electrode. A layer ofNa2O
and NaOH mixture was grown on the Na particle surface due to
the exposure to air during the loading process of the STM-TEM
holder and served as the solid electrolyte for Naþ-ion transport.
Both the CNT and Na electrodes were mounted onto a Nanofac-
tory STM-TEM holder, which was quickly transferred into the TEM
chamber with minimal exposure to air to enable the real-time
observation of the electrochemical reaction and structural evolu-
tion of the Co9S8-filled CNT during the electrochemical sodiation
process. During the experiments, the electron beamwas blanked
except for a short-time beam exposure for imaging to minimize
the electronbeam irradiation effect during the sodiation reaction.
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