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ABSTRACT In the foreseeable future, there will be a sharp
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electrode, because the traditional electrodes are easily damaged by

repeated deformations. The mechanical sustainability of carbon- |/

S
based freestanding electrodes subjected to repeated electrochemical ﬁ;‘;‘?}é&x Qe

reactions with Li ions is investigated via nanotensile tests of
individual hollow carbon nanofibers (HCNFs). Surprisingly, the

Li FCC structure
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mechanical properties of such electrodes are improved by repeated

electrochemical reactions with Li ions, which is contrary to the conventional wisdom that the mechanical sustainability of carbon-based electrodes should
be degraded by repeated electrochemical reactions. Microscopic studies reveal a reinforcing mechanism behind this improvement, namely, that inserted Li
ions form irreversible face-centered-cubic (FCC) crystals within HCNF cavities, which can reinforce the carbonaceous matrix as strong second-phase particles.
These FCC Li crystals formed within the carbon matrix create tremendous potential for HCNFs as freestanding electrodes for flexible batteries, but they also

contribute to the irreversible (and thus low) capacity of HCNFs.
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ince the early 1990s, Li-ion batteries

have been widely used as the main

power source for small, portable elec-
tronic devices, such as mobile phones, mp3
players, laptops, and others.! As visionary
and creative new portable devices (e.g.,
wearable electronic devices for the military,
healthcare, and space exploration,? smart-
textile-based electronic systems,3'4 and de-
formable electronics such as roll-up dis-
plays, stretchable circuits, and electronic
paper’) continue to be introduced, a strong
demand is created for the innovative devel-
opment of flexible Li-ion batteries. Tradi-
tional Li-ion battery systems employing
lithium metal oxide cathodes and graphite
anodes cannot be directly utilized as flexible
batteries, because they are easily pulverized
by a small external load. Accordingly, a
large amount of research has been directed
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toward the development of tough, deform-
able electrodes.

In the context of a flexible battery, the
term “freestanding electrode” often refers
to a type of tough, deformable electrode for
which carbon nanomaterials, such as car-
bon nanotubes (CNTs) and graphenes, can
be regarded as satisfactory candidates due
to their excellent mechanical properties
and stable electrochemical behavior.®® How-
ever, the low specific capacity of carbon
(372 mAh g™ ) is an obstacle to the realiza-
tion of freestanding CNT or graphene elec-
trodes. Composite electrodes, combining
these materials with electrochemically ex-
cellent materials such as Si, SnO,, V5,05, Ge,
and others, have been researched;'® " it is
important to ensure the mechanical sustain-
ability of carbon nanomaterials after elec-
trochemical reactions. Nevertheless, there
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Figure 1. (a) Nanotensile test setup in an FIB instrument. One end of a single HCNF filament is attached to the end of a
tungsten wire tip, while the other end is attached to an FMT cantilever. The nanomanipulator pulls the tungsten wire,
deflecting the FMT cantilever. (b) Real-time monitoring of nanotensile testing. The strain is recorded by field-emission
(FE)-SEM, while the force is measured in real time. The strain and stress are synchronized from the recorded time sequence.
(c) SEM image of fractured HCNFs. Most HCNF fractures due to tensile load occurred around the FMT cantilever, indicating a
lack of critical defects within the gauge region. (d) SEM image of a fractured surface, enabling a precise calculation of the
stress. (e) Stress—strain curves of individual HCNFs.

has been little research on this issue, although the
mechanical properties of pristine CNTs or graphenes
have been investigated.'>'® As a consequence, the
feasibility of carbon nanomaterials for freestanding
electrodes remains unknown.*5'”

On the other hand, poly(acrylonitrile) (PAN)-based
carbon nanofibers (CNFs), manufactured by electro-
spinning and a subsequent thermal treatment, are
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potential candidates for freestanding electrodes due
to their mechanical stability, convenient processing,
and scalability for mass production.'®'? In particular,
hollow carbon nanofibers (HCNFs)2°~2* are among the
most satisfactory carbon nanomaterials, because the
low capacity of carbon can easily be enhanced by
encapsulating Si, Sn, or S into their hollow cores. The
buffering effect (and thus the enhanced capacity) of
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Figure 2. (a) Voltage profiles during the first five lithiation and delithiation cycles. The inflection is more significant around
0.85 Vthanitis around 0.75 V, implying that lithium insertion is facilitated by the lack of a binder polymer and acetylene black.
(b) Cycling performances of freestanding HCNF anodes. The rapid convergence of the specific capacity is similar to that

observed in the authors' previous work.?’

HCNFs has been observed by the in situ lithiation of Si
core/C shell nanofibers.?? However, the mechanical
sustainability of HCNFs during electrochemical reac-
tions has not yet been investigated. In this work, the
mechanical sustainability of freestanding HCNF an-
odes subjected to repeated electrochemical reactions
was investigated via nanotensile tests of individual
HCNFs. The microstructural changes incurred during
the electrochemical reactions were carefully studied
to relate the mechanical properties of HCNFs with their
microstructures and evaluate their potential use as
freestanding electrodes.

RESULTS AND DISCUSSION

In Situ Nanotensile Test. HCNFs were prepared by the
coaxial electrospinning of styrene-co-acrylonitrile (SAN)
core/PAN shell solutions and a subsequent thermal
treatment (Figure $1).2° The detailed processing con-
ditions and the microstructures of the HCNFs are
discussed in the Methods section. The mechanical
properties of the HCNFs were characterized by a
nanotensile test in a focused ion beam (FIB) instru-
ment. First, a single HCNF was attached to the tip of a
tungsten wire using a nanomanipulator (Kleindiek) and
Pt deposition. The opposite end of the HCNF was fixed
to the end of a force-measurement tip (FMT) cantilever
(FMT-120, Kleindiek) via Pt deposition (Figure 1(a)).
As the nanomanipulator and tungsten wire pulled
the HCNF along its fiber axis, the force acting on the
HCNF was measured. The force on the HCNF was
recorded in situ, while the strain was calculated using
discrete and sequential scanning electron microscopy
(SEM) images (see Figure 1(b)). Detailed procedures for
this test including the calibration and the sensitivity of
measured force are provided in the Supporting Infor-
mation. The complete nanotensile test procedure is
recorded in Movie S1. The HCNFs were fractured near
the FMT cantilever, most likely due to the stress con-
centration in that area (Figure 1(c)), implying a uniform
HCNF microstructure without critical defects within the
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gauge region.? The cross-sectional area of the fractured
HCNF was measured using an SEM image (Figure 1(d)),
making it possible to calculate the stress. Finally, the
complete stress—strain curve of an individual HCNF was
obtained (Figure 1(e)). Note that this curve is virtually
linear; the average Young's modulus and HCNF strength
are 304 GPa (£8.6 GPa) and 0.76 GPa (+0.30 GPa),
respectively. The average breaking strain of the HCNFs is
2.49% (40.49%). The HCNF modulus and strength are
lower than those of solid CNFs,>?® while the breaking
strain is greater than that of solid CNFs,>>?® due to the
porous nature and microstructure of the HCNFs. A detailed
discussion, including a discussion of the HCNF fracture
mechanism, is provided in the Supporting Information.

Electrochemical Reactions and Mechanical Properties. The
electrochemical performance of freestanding HCNF
anodes was first characterized at a current density
of 50 mA g~ (see the Supporting Information for the
detailed experimental procedure). Typical voltage pro-
files during the first five cycles are shown in Figure 2(a).
The inflection is more significant around 0.85 V (lithium
insertion into the cavities?’) than it is around 0.75 V
(solid electrolyte interface formation®®) on the first dis-
charge curve. This occurs due to the relatively easy inser-
tion of Li ions into the freestanding HCNFs due to the lack
of binder polymers or carbon black. Reversible intercala-
tion is also confirmed by the inflection below 0.2 V.2'*
From the cycling performance curve (Figure 2(b)), the
calculated values of the reversible and initial irrever-
sible capacities are 226 mAh g~ ' and 47%, respectively.
The reversible capacity of the freestanding HCNFs de-
creased to 62.5%, while their initial irreversible capacity
increased slightly, compared to the nonfreestanding
HCNF anodes in the authors' previous work.?®> The
reversible capacity of the freestanding HCNFs con-
verged to 206 mAh g~ ' after 10 cycles.

Some of the HCNFs were taken from the electrode
after the first lithiation and delithiation processes, and
their mechanical properties were characterized using
the nanotensile test. The mechanical properties of
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HCNFs that underwent 10 electrochemical reaction
cycles were also measured. Note that the maximum
number of electrochemical cycles was fixed at 10 be-
cause the freestanding HCNF anodes exhibited con-
vergent cycling behavior within 10 cycles.?* Astonish-
ingly, the mechanical performance of the HCNFs
improved after undergoing the electrochemical reac-
tions, as shown in Table 1. These results are contra-
dictory to the conventional wisdom that inserted Li
ions alter the crystalline structure of carbonaceous
materials (including HCNFs), resulting in degraded
mechanical properties.?® The electrochemically reacted
HCNFs exhibited nonlinear stress—strain behavior, as
shown in Figure 3, implying that the electrochemical
reactions bring about microstructural changes in
the HCNFs. The nonlinear behavior (viz, the slope changes
in the stress—strain curves) indicates that the deformation

TABLE 1. Mechanical Properties and Microstructures of
HCNFs According to the Number of Electrochemical
Reaction Cycles®

strength strain modulus  dyp; D rec
sample (GPa) (%) (GPa) (nm) (nm)
raw HCNF 0.76(0.30)  2.49(0.49) 30.4(8.6) 0352
1st lithiated HCNF 1.06(0.56) 2.78(0.38) 36.7(13.9) 0389 2.94(0.71)
1st delithiated HCNF ~ 1.32(0.30)  2.68(0.28)  49.5(11.7)  0.372  4.20(0.69)
10-cycled HCNF 1.67(0.15) 2.67(0.59) 63.9(9.7) 0366 4.54(0.82)

“The numbers in parentheses represent the standard deviation of the values.
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mode changed as the stress increased, which is often
observed in particulate composite materials.?®

Faced-Centered-Cubic Lithium Crystals. The microstruc-
ture of the electrochemically reacted HCNFs was in-
vestigated to identify the microstructural changes that
occurred during the reaction. Well-developed donut-
shaped crystallites were observed in both lithiated and
delithiated HCNFs (see Figure 4(a,b)), implying that
the crystallites filled the mesopores (D ~ 833 nm*3)
of the HCNFs. Because vacant regions were filled with
solid crystallites, the HCNFs became more rigid; that is,
the crystallites acted as second-phase rigid particles in
particulate composite materials (Figure 4(c)). Because
the tensile strength of the HCNFs increased, the adhe-
sion (interfacial bonding) between the crystallites and
carbons in the HCNFs was quite strong, contributing to
the number of leftover crystallites after delithiation.
The atomic composition of the HCNFs and the electro-
chemical reactions indicate that the crystallites were
lithium compounds. The interlayer spacing of the
crystallites in both the lithiated and delithiated HCNFs
was characterized as 0.2 nm based on the high-resolution
transmission electron microscopy (HR-TEM) images in
Figure 4(a,b). Crystallites with the same interlayer spacing
were observed in a previous study, in which they were
hypothesized to be face-centered-cubic (FCC) Li crystals
without decisive evidence.

The interlayer distances between the crystalline
layers were found to be 0.237, 0.207, 0.147, 0.127, 0.119,
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Figure 3. Typical stress—strain curves of (a) raw, (b) first lithiated, (c) first delithiated, and (d) 10-cycled HCNFs. Unlike the
tensile behavior of the raw HCNFs, the stress—strain curves of the electrochemically reacted HCNFs are nonlinear.
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Figure 4. Crystalline microstructure formed after the electrochemical reaction. HR-TEM images of donut-shaped lithium FCC
metal crystallites of the (a) first lithiated and (b) first delithiated HCNFs. (c) Schematic illustration of the microstructures of raw
and electrochemically reacted HCNFs. (d) SAED pattern of the first lithiated HCNF.

and 0.104 nm, based on the selected area electron
diffraction (SAED) pattern shown in Figure 4(d). These
values do not match the JCPDS cards for LiCg, Li5O,
LisN, LiH, or even Li body-centered-cubic (BCC) crystals.
However, the calculated value of the lattice parameter
(ap) of a Li FCC crystal is 0.410 nm, based on the atomic
radius of Li (0.145 nm).3" Using this value, the interlayer
distances can also be calculated: d;;; = 0.237 nm,
dyo0 = 0.205 nm, dy5o = 0.145 nm, d317 = 0.124 nm,
dy> = 0.118 nm, and dsoo = 0.103 nm. These values
match those obtained from the SAED pattern precisely,
leading to the conclusion that FCC Li crystals formed in
the freestanding HCNFs. Because the crystal structure
of a Li electrode is commonly BCC, it is quite interesting
to observe the formation of FCC Li crystals in porous
carbon electrodes during electrochemical reactions
with Li ions. At the moment, the origin of the FCC Li
crystals is unknown and is beyond the scope of this
research. Nevertheless, it can be inferred that the inter-
calated, rhombically arranged Li atoms in the graphitic
carbon layers®? protruded into the mesopores and acted
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as a seed layer for the FCC Li crystals; that is, the deionized
Li ions were arranged into FCC crystals to maintain
the coherency of the Li atomic arrangement (LiCe)
(see Figure S9 for a schematic illustration). This type of FCC
crystal structure could explain the irreversible capacity ob-
served in porous carbon electrodes. In general, the ioniza-
tion energy of an FCC crystal is larger than that of a BCC
crystal, owing to its structural stability,>® and thus, FCC Li
crystals that form in mesoporous carbon electrodes
cannot be ionized over the range of electrical potentials
(0.01 to 1.5 V) that ionize BCC Li crystals. Therefore, FCC Li
crystals are partly responsible for the irreversible capacity
of porous carbon electrodes in Li-ion batteries.

The size of the FCC Li crystals increased with the
number of electrochemical reaction cycles: 2.94 nm
(£0.71 nm) after the first lithiation process, 4.20 nm
(£0.69 nm) after the first delithiation process, and
4.54 nm (£0.82 nm) after 10 cycles. These changes in
size confirm the formation of irreversible (and also
accumulated) Li crystals within the HCNFs and also their
increasing contribution to the mechanical properties of
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the HCNFs as the electrochemical reaction cycles
proceeded. At the same time, the interlayer spacing
between the turbostratic carbon layers in the HCNFs
increased to 0.389 nm after the first lithiation process,
which is comparable to that of pristine HCNFs (dgg, =
0.352 nm). The expansion rate (10.5%) due to Li-ion
intercalation is comparable to values commonly ob-
served in carbonaceous materials.>* The interlayer
spacing was not fully recovered upon delithiation,
although it decreased to 0.372 nm after the first
delithiation step and to 0.366 nm after 10 cycles due
to Li-ion deintercalation from the turbostratic inter-
layers, which also contributed to the irreversible
lithium intercalation. The expanded turbostratic car-
bon layers along with the FCC Li crystals caused non-
linear stress—strain behavior of the electrochemically
reacted HCNFs. In short, due to the microstructural
changes driven during the electrochemical reaction,
the modulus and strength of HCNFs are considerably
improved, while their breaking strains are slightly
increased. The evaluation and understandings of such

METHODS

Preparation of H(NFs. Poly(acrylonitrile) (M, = 200 000 g/mol,
Misui Chemical) and styrene-co-acrylonitrile (M,, = 120 000 g/mol,
AN = 28.5 mol %, Cheil Industries) were used as the carbonizing
shell precursor and sacrificial core material, respectively. N,N-
Dimethylformamide (99.5%) was used as the solvent for both
the shell and core materials. The concentrations of PAN and SAN
were 20 and 30 wt %, respectively. A coaxial nozzle with two
concentric needles was designed to have gauge numbers of 17 and
22 for the shell and core, respectively. The setup for the coaxial
electrospinning process was as follows: the applied voltage was
18 kV, the tip-to-collector distance was 15 cm, and the flow rates of
the inner and outer solutions were 0.5 and 1 mL/h, respectively. The
SAN core/PAN shell precursor nanofibers were thermally treated for
stabilization (at 270—300 °C for 1 h in an air atmosphere) and
carbonization (at 1000 °C for 1 h in an N, atmosphere) of the PAN
shell. The ramping rates were set at 10 °C/min.
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