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Fiber-shaped lithium-ion batteries (LIBs) have attracted much attention since the birth of wearable

electronics. Although these fiber-shaped LIBs are expected to be flexible, they still suffer from failure

under bending during use, and no studies are available to understand the failure behavior and

mechanism yet. Herein, fiber-shaped LIBs were fabricated by coating Si onto aligned carbon nanotube

fibers. The failure behavior has been explored using electrochemical impedance spectroscopy and

scanning electron microscopy. The main failure mechanism was then demonstrated as the loss of

contact between the current collector/conductive network and active material, which was indicated by

the interphase electrical contact resistance in the Nyquist plot. This study provides important clues in

developing high-performance fiber-shaped LIBs by suppressing mechanical failure.
Introduction

Fiber-shaped energy devices are gaining a lot of attention since
the last ve years to meet the challenges of the fast growing
wearable electronic eld.1–11 Devices in a ber format exhibit a
large deformability and accommodate a great variety of product
designs; moreover, they can be woven into “smart textiles”
using mature textile technology to adapt to the requirement of
wearability.12–15 Since being commercialized in 1991, lithium-
ion batteries (LIBs) have become a versatile and dominant
powering device for portable and consumer electronics.
Consequently, efforts have been devoted to ber-shaped LIBs,
which are poised to integrate with wearable electronics.3,16–18

In traditional planar LIBs, electrodes have a four-component
conguration: active material, conductive additive, binder and
current collector. However, a revolution of material and battery
layout has occurred for ber-shaped LIBs. Conductive bers are
commonly used as a skeleton of the ber-shaped LIBs.19 Among
them, carbon nanotube (CNT) ber seems to be a promising
candidate because of its excellent electrical and mechanical
properties.20,21 Electrochemically active materials can be
deposited onto or incorporated into the CNT bers to serve as
ber-shaped electrodes. A ber-shaped LIB can then be
produced by pairing a ber-shaped cathode and a ber-shaped
anode, which are electrically isolated by the combination of an
electrolyte and a separator.16,17
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It can be seen that a two-component conguration is
generated in the emerging ber-shaped electrodes, which
arouses interest and urgency to investigate the failure mecha-
nism. The following should be addressed stepwise: (i) investi-
gating the failure behavior; (ii) determining the dominant one
among the various failure mechanisms, e.g., pulverization of
active material, continuous formation of solid electrolyte
interface (SEI) layer, depletion of electrolyte, loss of electrical
contact between active material and conductive additive, and
loss of electrical contact between the active material/conductive
additive and current collector; (iii) characterizing the mecha-
nism with an indicator, and (iv) improving the properties by
suppressing the failure behavior. Nevertheless, the above-
mentioned steps remain untackled, resulting in a poorer elec-
trochemical performance of the ber-shaped LIBs than that of
the planar LIBs.22,23

Silicon (Si) has become one of the most studied electrode
materials for LIBs since it exhibits a largest specic capacity,
reaching�4200 mA h g�1. However, it suffers a serious inherent
volume change during lithiation/delithiation processes, leading
to a poor cyclic performance.24–27 Therefore, it is important to
investigate the failure mechanism of Si-based ber-shaped
electrodes to try and determine general rules for the failure. In
our previous study,16 Si had been coated onto CNT bers to give
a ber-shaped electrode and nally a ber-shaped LIB was
produced. Although a relatively good performance was ach-
ieved, little information about the failure mechanism was
mentioned.

Herein, a family of ber-shaped electrodes composed of CNT
and Si with a two-component conguration is prepared. Aligned
CNT bers composed of end-to-end CNT bundles were fabri-
cated to act as the skeleton and conductive network of the ber-
This journal is © The Royal Society of Chemistry 2015
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shaped electrodes and the current collector, respectively. Si was
then introduced into the CNT bers by being coated onto the
CNTs. Morphology characterization and electrochemical
impedance spectroscopy (EIS) measurements were performed
to study the evolution of the electrodes under cycling. As a
result, the loss of electrical contact between the current
collector/conductive network and active material was demon-
strated as the dominant failure mechanism. In particular, upon
undergoing cycling, the interphase contact between the Si and
CNT gradually became loose, resulting in a decreased capacity.
Moreover, the interphase electrical contact resistance (RINT) in
the Nyquist plots, which rarely appears with planar electrodes,
manifested with the ber-shaped electrodes as an effective
indicator to characterize the dominant failure mechanism.
Furthermore, a structural modication was carried out to
enhance the interphase contact between Si and CNT. The
improvement was remarkable, i.e., the capacity retention aer
200 cycles was increased to 72% from 33%.
Experimental section

The schematic for the preparation of ber-shaped LIB elec-
trodes is shown in Fig. 1. Spinnable CNT arrays were synthe-
sized by chemical vapor deposition, which can be found
elsewhere in detail.28 Aligned CNT sheets were then directly dry-
drawn from the CNT arrays. Furthermore, Si was coated onto
the CNT sheets by electron beam evaporation, in which a CNT–
Si core–sheath structure was formed (Fig. 1a). Herein, the
thickness of the Si sheath was increased by increasing the
evaporation time. One type of hybrid sheet was produced by just
stacking Si-coated CNT sheets one by one (Fig. 1b). The other
type was fabricated by stacking CNT sheets and Si-coated CNT
sheets alternately (Fig. 1c). Through scrolling, two hybrid bers
were obtained, which were labelled as CNT/Si (Fig. 1b) and CNT/
Si–CNT (Fig. 1c).
Fig. 1 Schematic for the preparation of fiber-shaped electrodes. (a). Si
deposition on a CNT sheet. (b). Formation of the CNT/Si fiber elec-
trode. (c). Formation of the CNT/Si–CNT fiber electrode.

This journal is © The Royal Society of Chemistry 2015
The hybrid bers were directly used as the working electrode
with a lithium wire as the counter electrode. An in-house made
bottle was used to test the electrochemical performance
(Fig. S1†). From Fig. S1,† a hybrid ber and a lithium wire were
placed in parallel with an interval to avoid short circuit and both
were immersed into an electrolyte. The test apparatus was
similar to the one widely adopted in the early days of testing
LIBs.29 Its validity was conrmed by investigating the electro-
chemical performance of a CNT ber. This is shown in Fig. S2,†
which is consistent with other researchers' works.30,31 Herein,
the CNT ber was cycled at 500 mA g�1 for 200 cycles. For a
convenient comparison, the diameters of the CNT/Si and CNT/
Si–CNT bers were the same of nearly 90 mm, and the Si weight
percentages determined from thermogravimetric analysis
(Fig. S3†) were also nearly the same at 72 wt%.

1 M of LiClO4 in a mixture of ethylene carbonate and diethyl
carbonate (volume ratio of 1/1) was used as the electrolyte. The
half batteries were assembled in an argon-lled glove-box
(Mikrouna, Super 1220/750) with both moisture and oxygen
controlled to be lower than 1 ppm. Electrochemical measure-
ments were conducted with an Arbin BT2000. Cyclic voltam-
mograms were obtained at a rate of 0.1 mV s�1. Galvanostatic
measurements were carried out in a voltage range of 0.005–1.5 V
versus Li/Li+ at different current densities. The current density
and specic capacity were calculated based on the mass of Si.
Consequently, the current density of 1 C was 4200 mA g�1. EIS
measurements were performed on the fully lithiated electrodes
in a frequency range of 100 kHz–0.01 Hz with an AC amplitude
of 10 mV using an electrochemical station (CHI600E). All
measurements were taken aer full relaxation, when the open
circuit potentials of the electrodes reached 0.1 V. To trace the
structural evolution during cycling, the electrodes were dipped
into acetonitrile for 12 h and then cleaned by an aqueous
solution of acetic acid (1 mM) to remove the solid electrolyte
interphase (SEI) layer and other impurities. The electrodes were
nally rinsed with deionized water prior to the measurement.32

Structures and morphologies were characterized by Raman
microscopy (Renishaw, inVia), scanning electron spectroscopy
(SEM, Hitachi, 4800-1), and transmission electron microscopy
(TEM, JEOL, JEM-2100F).

Results and discussion

CNT sheets are shown in Fig. 2a, from which a high alignment
was veried. Inset is the close-up of a CNT, which presents a
multi-walled structure with a diameter of 10 nm. The alignment
remained aer Si deposition on the CNT sheet (Fig. 2b). It can
be noted that Si was coated on the surface of the CNTs.
Consequently, a CNT–Si core–sheath structure was formed,
which can be clearly observed in the inset of Fig. 2b. Aer
scrolling of the hybrid sheets, CNT/Si and CNT/Si–CNT bers
were prepared and are shown in Fig. 2c and d, respectively. Both
have a diameter of nearly 90 mm. Even in the hybrid bers, the
alignment of the CNTs and Si-coated CNTs were retained, which
was conrmed in Fig. 2e–h. As seen from Fig. 1c, a Si-coated
CNT sheet was sandwiched between two bare CNT sheets, and
this structure was maintained in the CNT/Si–CNT ber. From
J. Mater. Chem. A, 2015, 3, 10942–10948 | 10943
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Fig. 2 SEM images. (a). CNT sheet. Inset is the close-up of a CNT. (b).
Si-coated CNT sheet. Inset is the close-up of a CNT–Si core–sheath
structure. (c and d). CNT/Si fiber and CNT/Si–CNT fiber at a low
magnification, respectively. (e and f). CNT/Si fiber and CNT/Si–CNT
fiber at a medium magnification, respectively. (g and h). CNT/Si fiber
and CNT/Si–CNT fiber at a high magnification, respectively. (h) is an
enlarged view of the framed zone in (f). The red arrows denote Si-
coated CNTs underneath bare CNTs in the CNT/Si–CNT fiber.

Fig. 3 Electrochemical properties. (a). Cyclic voltammetry. (b). Voltage pr
capability. The voltage window is 0.005 V to 1.5 V.

10944 | J. Mater. Chem. A, 2015, 3, 10942–10948

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

17
/0

7/
20

15
 0

2:
45

:0
2.

 
View Article Online
Fig. 2h, a Si-coated CNT sheet can be found underneath a bare
CNT sheet, demonstrating the alternate stacking structure.

Both hybrid bers exhibited good exibility. They could be
easily made into knots (Fig. S4a and b†). No damages were
observed even at the places undergoing a large deformation
(Fig. S4c and d†), demonstrating the strong bonding between
the CNTs and Si layers, which benetted the electrochemical
performance. The CNT/Si and CNT/Si–CNT bers were also
characterized by Raman spectroscopy. For the Raman spectra in
Fig. S5,† the peak centered at nearly 500 cm�1 is related to the
Raman phonon vibration of crystalline Si.33,34 Fig. S5† compares
Raman spectra based on two characteristic carbon peaks of the
D-band (disordered carbon) and G-band (graphitic carbon). The
intensity ratios between the G and D bands were calculated to
be �1.6 for both CNT/Si and CNT/Si–CNT bers, showing that
the CNTs are of high quality.35 In addition, the Si layer on the
CNT was composed of nano-particles with diameters less than
5 nm (Fig. S6†).

Electrochemical properties of CNT/Si and CNT/Si–CNT bers
are shown in Fig. 3 in a voltage window from 0.005 V to 1.5 V
versus Li/Li+. The two cyclic voltammetry (CV) curves are alike
(Fig. 3a). The current peaks at 0.15 V corresponded to the phase
transition in amorphous LixSi, while the sharp peaks at 0.04 V
was attributed to the formation of crystalline Li15Si4.36 The
anodic broad peaks from 0.30 to 0.80 V denoted the phase
transition from amorphous LixSi to amorphous Si.36 The
difference is that a pair of anodic and cathodic peaks appeared
only for the CNT/Si–CNT ber at 1.0 V and 0.7 V, respectively.
This was caused by the insertion/extraction of lithium ions into/
out of the inner core of the CNTs37,38 and is consistent with the
fact that many CNTs were exposed to the electrolyte in the CNT/
Si–CNT ber. The voltage proles in Fig. 3b agree well with the
CV curves for both bers. As for the long-life performance, the
ofiles at 1 C for the first cycle. (c). Long-life performance at 1 C. (d). Rate

This journal is © The Royal Society of Chemistry 2015
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CNT/Si–CNT electrode showed a much better behavior than the
CNT/Si electrode (Fig. 3c). The capacity could be retained by
72% aer 200 cycles at 1 C for the CNT/Si–CNT electrode. As a
sharp comparison, the capacity retention was merely 33% for
the CNT/Si electrode. Moreover, the rate capability is shown in
Fig. 3d. Similarly, the CNT/Si–CNT electrode was superior to the
CNT/Si electrode. At a large current density of 3 C, the specic
capacity of the CNT/Si–CNT electrode reached 1400 mA h g�1

and only 500 mA h g�1 for the CNT/Si electrode.
As seen in Fig. 3, a comprehensively better electrochemical

performance has been achieved for the CNT/Si–CNT electrode.
The sandwiched bare CNT sheets played a crucial role, which not
only enhanced the long-life performance but also provided an
improved rate capability. To investigate the failure mechanism of
these new-born ber-shaped electrodes, EIS measurements were
performed. Nyquist plots of CNT/Si and CNT/Si–CNT electrodes
at the end of lithiation aer 1, 10, 50 and 100 cycles are shown in
Fig. 4a and b (dot lines), respectively. Moreover, the plots are
divided into three parts, i.e., the high-frequency range (>100 kHz),
mid-frequency range (100 kHz to 1 Hz) and low-frequency range
Fig. 4 (a and b). Nyquist diagram upon cycling at the end of lithiation afte
respectively. (c). A typical view of three depressed semicircles in the Nyqu
equivalent circuit. (d, e and f). Evolutions of SEI layer resistance, charge
cycling, respectively.

This journal is © The Royal Society of Chemistry 2015
(<1 Hz). The high-frequency minimum relates to the ohmic
portion of the electrode impedance and includes contributions
from the electrical conductivity of the electrodes and ionic
conductivity of the electrolyte solution, as well as electrical
contact resistances associated with the cell hardware and current
collector. The mid-frequency region is generally associated with
interfacial phenomena. The low-frequency impedance tail can be
attributed to bulk diffusional effects in the cell.39

For both CNT/Si and CNT/Si–CNT electrodes, the Nyquist
plots consisted of three depressed semicircles in the mid-
frequency region and a tail in the low-frequency region. A clear
view is shown in Fig. 4c. An equivalent circuit for the Nyquist
plots was proposed and is also shown in Fig. 4c, including a
series of three resistors and constant phase elements (CPE) in
parallel to account for three semicircles. The tted impedance
spectra (solid lines in Fig. 4a and b) using this equivalent circuit
by Zview soware agreed well with the experimental impedance
data (dot lines). Furthermore, tting resistances corresponding
to the three semicircles at different cycles for CNT/Si and CNT/
Si–CNT ber-shaped electrodes are listed in Fig. 4d–f.
r 1, 10, 50 and 100 cycles for CNT/Si and CNT/Si–CNT electrodes at 1 C,
ist plots (the data of CNT/Si electrode after 50 cycles was used) and the
transfer resistance and interphase electrical contact resistance upon

J. Mater. Chem. A, 2015, 3, 10942–10948 | 10945

http://dx.doi.org/10.1039/c5ta02242h


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

17
/0

7/
20

15
 0

2:
45

:0
2.

 
View Article Online
In general, the semicircles in the mid-frequency region are
caused by the SEI layer, charge transfer and interphase elec-
trical contact between electrode components.40,41 As a sharp
comparison, the Nyquist plot of a bare CNT ber electrode has
only two semicircles (Fig. 5a). Therefore, the third semicircle
(R3) in the CNT/Si and CNT/Si–CNT electrodes in the lower
frequency region (Fig. 5b and c) could be ascribed to the
interphase electrical contact between Si and CNT. In addition, a
planar electrode was prepared by alternately stacking bare CNT
sheets and Si-coated CNT sheets on a copper foil (Fig. S7†), and
its Nyquist plot is shown in Fig. 5d. Interestingly, only two
semicircles could be found, but the one in the lower frequency
region has a broad frequency window. Therefore, the second
semicircle (R2) and the third one (R3) in the ber-shaped elec-
trodes with a two-component conguration may be overlapped
with the planar electrode with a three-component conguration
with the addition of a copper foil as the current collector. This
may also explain why a three-semicircle Nyquist plot rarely
happens in the traditional planar electrodes with a four-
component conguration.

The remaining two semicircles in the higher frequency region
(R1 and R2) can be derived from the SEI layer and charge transfer.
If dominated by charge transfer, the resistance would decrease
as the current was increased. In contrast, if dominated by the SEI
layer, the resistance is supposed to rise when the current is
increased.39 The Nyquist plots of CNT/Si–CNT electrodes at
different current densities were investigated (Fig. S8a†). Fitted by
the same equivalent circuit in Fig. 4c, the resistances corre-
sponding to the second semicircle (R2) were found to be
decreased when the currents were increased (Fig. S8b†). As a
result, the second semicircle (R2) originated from the charge
transfer and the rst semicircle (R1) was induced by the SEI layer.
Fig. 5 (a, b, c and d). Nyquist plots of a bare CNT fiber electrode, CNT/Si
All of the data correspond to the electrodes at the end of lithiation after
CNT sheets and Si-coated CNT sheets on a copper foil.

10946 | J. Mater. Chem. A, 2015, 3, 10942–10948
From Fig. 4a and b, the whole impedance values of the CNT/Si
and CNT/Si–CNT electrodes decreased when undergoing cycling,
implying a better performance based on the knowledge of
traditional planar electrodes.39,41 However, the CNT/Si and CNT/
Si–CNT ber-shaped electrodes suffered an obvious capacity
decay. To dissipate this confusion, the failure mechanism of the
ber-shaped electrodes should be understood. A simple two-
component conguration and three separate semicirclesmade it
easy to investigate the failure mechanism. RINT was interpreted
as the interphase electrical contact resistance between electrode
components when electrons transport from the current collector
to the active material. Herein, if Si bonds with CNT, the electrons
move from CNT to Si by crossing the interface. If Si is detached
from the CNT, the electrons just stay in the CNT since the CNT
itself could serve as the active material, resulting in a decreased
RINT. Therefore, the decreased RINT denotes the detachment of
the Si from the CNT, and consequently the decreased capacity,
which is consistent with what is observed in Fig. 3c and 4f. As Si
is peeled off from the CNT, RCT of CNT/Si and CNT/Si–CNT
electrodes will decrease because the charge transfer resistance of
CNT is much smaller than that of Si (Fig. 4e compared with
Fig. 5a). As for RSEI, the SEI layer gradually thickens when either
the CNT or Si was exposed to the electrolyte under cycling,
leading to an increased RSEI (Fig. 4d). Therefore, the dominant
failure mechanism in CNT/Si and CNT/Si–CNT electrodes was
the loss of contact between the Si and CNT, which is different
from electrolyte degradation39 and the continuous SEI layer
formation42 in the traditional planar electrodes.

For a comparison between CNT/Si and CNT/Si–CNT elec-
trodes, the much lower decreased value of RINT for the CNT/Si–
CNT electrode revealed a better interphase contact between the
Si and CNT, and then a larger capacity retention, which is
electrode, CNT/Si–CNT electrode and a planar electrode, respectively.
1 cycle at 1 C. The planar electrode was formed by alternately stacking

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 SEM images for CNT/Si fiber-shaped electrodes after 1 (a), 10
(b), 50 (c) and 100 (d) charge/discharge cycles.
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consistent with the electrochemical result shown in Fig. 3c.
Moreover, as a larger portion of Si remained on the CNT, RSEI

and RCT of the CNT/Si–CNT electrode are larger than those of
the CNT/Si electrode when undergoing cycling. As schematically
shown in Fig. S9a,† in the CNT/Si electrode, Si contacted the
CNT only with the internal surface of the Si tube. However, in
the CNT/Si–CNT electrode, Si contacted the CNT with both the
internal and outside surfaces of the Si tube (Fig. S9b†). Upon
cycling, the Si layer lost its integrity and failed to contact the
CNT in the CNT/Si electrode (Fig. S9c†). However, with the help
of the sandwiched CNT sheets, the Si layer was clamped and
had an improved contact with the CNT (Fig. S9d†). This struc-
tural optimization effectively enhanced the interphase contact
between the CNT and Si, resulting in a better performance.

In addition, the evolution of electrode morphology was
examined. Fig. 6a–d correspond to the morphology of the CNT/
Si electrode aer 1, 10, 50 and 100 cycles, respectively. With the
increasing cycle number, the Si layer on the CNT initially
became porous and thicker, and then tended to be detached
from the CNT, which is consistent with the information
obtained from the EIS test.
Conclusion

To meet the wearability requirement, some trade-offs have to be
made for ber-shaped LIBs to possess good exibility and be
light weight. It is desirable to incorporate the least number of
components into the electrode. Therefore, it is promising to
apply CNT bers decorated by electrochemically active mate-
rials, resulting in an electrode with a simple two-component
conguration. A three-semicircle Nyquist plot that rarely
appears in the traditional planar electrodes with a four-
component conguration was obtained. In the plot, the inter-
phase electrical contact resistance (RINT) that mostly overlapped
with other resistances in the planar electrodes was separate. In
addition, RINT was demonstrated as an effective indicator to the
dominant failure mechanism in the new-born ber-shaped
electrodes, which is the loss of contact between the current
This journal is © The Royal Society of Chemistry 2015
collector/conductive network and the active material. Moreover,
by enhancing the interphase contact via a simple structural
optimization, a much better performance was achieved. In a
word, this study for the rst time gave some fundamental
information on the failure mechanism of the emerging ber-
shaped electrodes and facilitates its development.
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