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Abstract: Energy storage devices, such as lithium-ion batteries
and supercapacitors, are required for the modern electronics.
However, the intrinsic characteristics of low power densities in
batteries and low energy densities in supercapacitors have
limited their applications. How to simultaneously realize high
energy and power densities in one device remains a challenge.
Herein a fiber-shaped hybrid energy-storage device (FESD)
formed by twisting three carbon nanotube hybrid fibers
demonstrates both high energy and power densities. For the
FESD, the energy density (50 mWhcem ™ or 90 Whkg™!) many
times higher than for other forms of supercapacitors and
approximately 3 times that of thin-film batteries; the power
density (1 Wem ™ or 5970 Wkg ™) is approximately 140 times
of thin-film lithium-ion battery. The FESD is flexible, weave-
able and wearable, which offers promising advantages in the
modern electronics.

The increasing energy and power requirement for the next-
generation wearable and flexible electronics stimulates more
and more efforts to explore new energy-storage devices. In
practical applications, both high energy and high power
outputs are required. However, it is difficult for an energy-
storage device to simultaneously achieve high energy and
high power output. For instance, the fuel cells and lithium-ion
batteries (LIBs) demonstrate high energy densities but low
power densities, while the supercapacitors show high power
densities but very low energy densities. Some efforts have
been made to synthesize novel electrode materials to enhance
the power and energy densities."™! However, the methods are
complex and high-cost with limited improvements. How to
realize both high energy and high power densities in one
device still remains a challenge.

On the other hand, flexible and wearable electronic
textiles represents an emerging and promising area, which has
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been studied in a variety of fields including smart clothes and
electronic skins.*"¥! To this end, it is desirable to integrate
efficient power systems that are lightweight, flexible and
weaveable. Several attempts have been thus made to explore
flexible LIBs and supercapacitors in a fiber shape.!***
However, similar to the conventional planar energy storage
device,”? these drawbacks of low power densities in
batteries and low energy densities in supercapacitors make
them unavailable for various electronic facilities where both
high energy and high power densities are simultaneously
required.

Herein, we have designed a general and effective twisted
structure to simultaneously achieve both high energy and
power densities. This novel fiber-shaped hybrid energy
storage device (FESD) is fabricated by twisting carbon
nanotube (CNT)/ordered mesoporous carbon (OMC), CNT/
Li,Ti;O;, (LTO), and CNT/LiMn,O, (LMO) hybrid fibers
together (Figure 1a), which integrated the properties of the

CNT/LTO
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CNT/LMO

Electrolyte

Figure 1. a) Schematic illustration to the structure of the FESD. b)—
d) SEM images of the CNT/OMC, CNT/LTO, and CNT/LMO hybrid
fibers, respectively. €) SEM image of an FESD. Scale bars: 50 pm (b—
d), 300 um (e).

lithium-ion battery and the supercapacitor to give both high
energy and power densities. The one-dimensional fiber shape
offers advantages, for example, it can be woven into various
flexible electronic textiles or other flexible structures.
Spinnable CNT arrays were first synthesized by chemical
vapor deposition and the aligned CNT sheets were dry-drawn
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als were incorporated into the CNT
fiber to produce CNT/LMO and CNT/
LTO hybrid fibers by a co-spinning
process. The main preparation included
the coating of active nanoparticle sus-
pensions onto the CNT sheet, then
a scrolling process to transform the
two-dimensional sheet into a one-
dimensional fiber. The weight percentages of the active
materials were controlled by varying the concentration of the
suspension. The CNT/LTO and CNT/LMO hybrid fibers also
exhibited uniform diameters of 80 and 115 um, respectively
(Figure 1c¢,d). Note that OMC, LTO, and LMO nanoparticles
have been stably incorporated among aligned CNTs in the
hybrid fibers (Figure S9-S13).

The CNT/OMC, CNT/LTO, and CNT/LMO hybrid fibers
were then coated with a thin layer of lithium bis(trifluor-
omethane)sulfonamide (LiTFSI)/succinonitrile (SCN)/poly(-
ethyleneoxide) (PEO) gel electrolyte, and finally twisted to
produce the FESD (Figure S14). The gel electrolyte was
uniformly coated on the fiber electrodes and the three fiber
electrodes could be closely and stably intertwined (Fig-
ure 1e). The gel electrolyte not only functioned as a conduct-
ing medium, but also acted as a separator to prevent short
circuits. Compared with the traditional planar structure, the
combined one-dimensional and twisted structure makes it
available to integrate the lithium-ion battery and supercapa-
citor in one device. The resulting FESD was also lightweight
with a linear weight density of 0.84 gm™".

Figure 2a schematically shows how the FESD can act as
both LIB and supercapacitor. The CNT/LTO, CNT/LMO
hybrid fibers and gel electrolyte formed the LIB part, and the
reactions during the charge and discharge processes are listed
in Equations (1) and (2):

LiMn,O, < 2MnO, + Li* +¢" (1)

Li[Li, 5 Tis;3]O4 + Li" + e~ « Liy[Li; ;5 Tis 3]0, (2)
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Figure 2. Electrochemical performance of the FESD separately acting as a lithium-ion battery and
supercapacitor. a) Schematic illustration to constitution of the LIB and supercapacitor segments.
b) Charge and discharge profiles of the LIB segment at a current density of 0.5 Ag™".

c) Galvanostatic charge-discharge curves of the supercapacitor segment at increasing current
densities. d) Cyclic performance of the LIB and supercapacitor segments.

During the charge process, lithium ions are leave the
LiMn,0, lattice in the positive electrode and then transfer to
the electrolyte and insert in the Li,Ti;O;, lattice in the
negative electrode. Meanwhile, the electrons flow to the
negative electrode through the external circuit.” The process
is reversed in the discharge process.

The balancing mass ratio of the LTO and LMO was
designed to be 1/2 to achieve a matchable capacity. We further
investigated the electrochemical performances with different
LTO contents in the hybrid fiber. As shown in Figure S15, the
specific capacities first increased with the increasing LTO
weight percentage from 26 % to 73 % as a result of the high
utilization of active materials; they then decreased with the
further increase in the weight percentage as the nanoparticles
could not be effectively incorporated inside the fiber. Optimal
weight percentages of LTO and LMO in the hybrid fibers
were 73 % and 86 %, respectively, and they were used in the
devices in the following discussion. The typical voltage
profiles of the LIB segment at a voltage range of 0-3.3V
are shown in Figure 2b. The average discharge plateau
voltage occurred at approximately 2.3 V that corresponded
to the voltage difference between the CNT/LTO and CNT/
LMO electrodes. The specific capacity was calculated as
120.5 mAhg ' at the current density of 0.5 Ag ' at the first
cycle and can be maintained over 80% after 100 cycles
(Figure 2d). The rate capacity of the LIB segment at
increasing current densities was also carefully investigated
(Figure S16). The specific capacity could be maintained at
1132mAhg ' at 1 Ag™" and 99.6 mAhg ' at 1.5 Ag™'. The
battery segment showed an energy density of 98.6 Whkg ™!
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and a power density of 4454 Wkg' g
at the current density of 0.5 Ag™".

The CNT/LTO electrode was
also paired with the CNT/OMC
electrode to function as a supercapa-
citor. The electrochemical perfor-
mance of the supercapacitor segment
was investigated by a galvanostatic
charge—discharge test between 0 and
2.8 V. To find the optimal weight
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weight percentage of OMC in the
hybrid fiber was 46 % and has been
used in the devices in the following
discussion. Figure 2¢ shows the
charge—discharge curves at increas-
ing current densities. The nearly
symmetric shape is maintained with
increasing current densities from 1 to 4 A g™, indicating that
the supercapacitor can perform stably at a wide range of
currents. The specific capacitance was 22.1 Fg™' at the current
density of 1 A g™' based on the whole weight of the CNT/LTO
and CNT/OMC hybrid electrodes. To further investigate the
stability of the supercapacitor, the specific capacitance was
traced and maintained by 90.3% after 8000 cycles (Fig-
ure 2d). The supercapacitor segment showed an energy
density of 8.04 Wkg! and a high power density of
4136.7 Wkg ! at the current density of 4 Ag'.

The two segments can function together to achieve
various power outputs for practical applications. When an
instant peak power output (e.g. Start flash before photo-
graphing) is required, the supercapacitor segment will work as
the power output unit. In this case, the LIB segment works as
the energy storage unit and the discharge of the LIB is used to
charge the supercapacitor, which is called a self-charge
process (Figure 3a). The working mechanisms are schemati-
cally shown in Figure S16. The CNT/LTO and CNT/LMO
electrodes were first connected to charge the LIB segment.
After the LIB was fully charged, the positive electrode was
converted into MnO, through the deintercalation reaction
[Eq. (1)] and the negative electrode was transformed to
Li;TisO;, [Eq. (2)] through the intercalation reaction. The
CNT/LMO electrode and CNT/OMC electrode were then
directly connected. Owing to the potential difference, elec-
trons flowed from the CNT/OMC electrode to the CNT/LMO
electrode, which resulted in the reactions in Equations (3)
and (4):

OMC + x TFSI" — OMC*|[x TFSI" + xe" 3)
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Figure 3. The design to achieve both high power and energy output. a),b) Schematic illustrations of
the self-charge process and discharge of the supercapacitor segment. c) The charge and discharge
curves of the FESD which was alternately discharged as a supercapacitor and a LIB. d) The charge
and discharge behavior of an FESD in which the LIB and supercapacitor segments served as energy
storage and output, respectively.

2MnO, + xLi" + xe” — Li,Mn,0, 4)

According to Equations (3) and (4), the surfaces of the
OMC adsorbed a lot of anions in the electrolyte (i.e.,
bis(trifluoromethane)sulfonamide (TFSIT)), and simultane-
ously, some Li ions were intercalated into the MnO,. The
CNT/OMC electrode (i.e., OMC" ||xTFSI") was coupled
with the lithiated negative electrode (i.e., Li;TisO,,) to form
a supercapacitor (Figure 3b), and can display the high power
character according to Equations (5) and (6):

OMC*||xTFSI" +xe~ <+ OMC + x TFSI" (5)

Liy[Li; 3 Tis 3]0y <+ Liy ([Liy3Tis 5] O4 + X Li'" +xe” (6)

Figure 3¢ shows a whole charge—discharge process of the
FESD. The LIB section was charged at the current density of
0.02 mAcm™' and functioned as the energy storage unit with
a charge energy density of 48.1 mWhcm ° based on the whole
volume of the three electrodes and 85.2 Whkg ™! based on the
total mass of the three electrodes. The CNT/LMO and CNT/
OMC electrodes were directly connected to self-charge the
supercapacitor for 30seconds. After the self-charge, the
voltage of the supercapacitor section rose to 2.5V, and it
worked as the high power output unit to discharge at the
current density of 0.5mAcm ™' with a power density of
1.07 Wem™ or 5971.1 Wkg'. The self-charging time was
determined by the kinetics of Equations (3) and (4), which is
a little longer than the discharging time. After the instant
peak power output, the LIB section continued to discharge at
a low current density of 0.02mAcm™" to provide a low and
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capacitance of the supercapacitor
segment was sustained at almost
100% after 100 charge—discharge
cycles, demonstrating a high cyclic
performance. By virtue of this
design, the FESD has various ways
of power output and endowed them
with properties for practical appli-
cations, for example, an instant
peak power output can be provided
to start a flash before photograph-
ing and a stable long power output
to support the running of the
camera.

In addition, the pulse high
power output can also be achieved
by repeating the operations shown
in Figure 3a and 3b. Through the
self-charge process after each high
power output, the energy stored in
the LIB section flowed to the super-
capacitor section, and then the
supercapacitor section worked as
the power output unit, so the FESD
can continue to provide the pulse high power output. As
shown in Figure 3d, after the first self-charge process, the
voltage of the supercapacitor section was charged to 2.5V,
and then it was discharged at the current density of
0.5mAcm ' to provide a high power output of 1.07 Wem .
By repeating the self-charge process, the FESD can provide
the pulse high power output 18 times and the operating
voltage window was above 2.0V after the last self-charge
process. The total discharge energy density of the FESD was
31.26 mWhem ™ and the energy efficiency (i.e., the ratio of
discharge energy and charge energy) was 65 %.

We further tested the electrochemical performance of the
FESD under different current densities. As shown in Fig-
ure 4a, the CNT/LMO and CNT/OMC electrodes were
connected to work as positive electrodes, and the CNT/LTO
electrode serves as a common negative electrode. When the
FESD was discharged at a stable low current density, the
delithiated LMO obtained electrons along with Li ions in the
intercalating reaction. Simultaneously, the OMC obtained
electrons to deliver capacity. For the external circuit, elec-
trons flowed from the CNT/LTO electrode to the CNT/LMO
electrode and CNT/OMC electrode. When the FESD dis-
charged at a high current density, electrons mainly flowed
from the CNT/LTO electrode to the CNT/OMC electrode in
the external circuit and the FESD principally demonstrated
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Figure 4. Electrochemical performances with both high volumetric energy and power densities in the
FESD. a) Schematic illustration to the discharge process of the FESD in which the CNT/LMO and
CNT/OMC electrodes were connected to work as positive electrodes. b) Comparison on discharge
curves of the FESD and the LIB section at different current densities. c) Ragone plot (energy density
versus power density versus charge time). d) Energy and power densities of the FESD and of reported
energy storage systems CNT SC,'” RGO + CNT@CMC SC,”” commercially available supercapacitors
(3.5 V/25 mF and 5.5 V/100 mF),?”%! carbon/MnO, SC,* Li thin-film battery,” and planar LMO/LTO
LIB.BY SC = supercapacitor.

the characters of the supercapacitor, which was verified by the
data plotted in Figure 4b. At a higher current density, the
FESD demonstrated a much higher discharge voltage com-
pared with the LIB section, while the LIB section without the
CNT/OMC electrode cannot endure a current density of
0.3mAcm™'. These results indicated that, by introducing
a CNT/OMC fiber electrode, the electrochemical perfor-
mance of the FESD was much improved particularly at high
currents.

To further demonstrate the performance of the FESD,
a Ragone plot derived from the charge-discharge curves at
various current densities is shown in Figure4c and is
compared with the previous reported energy storage systems
(Figure 4d and S20). The FESD exhibited high power
densities up to around 1Wcm™ or approximately
5970 Wkg!, which is about 140-times higher than the thin-
film lithium-ion batteries.” The energy density of the FESD
reached about 50 mWhcem ™ or approximately 90 Whkg ™",
which is around 3-times that of the thin-film lithium-ion
battery,”® 6-times that of fiber-shaped supercapacitors based
on RGO and CNT@CMC " 35-times that of fiber-shaped
supercapacitors based on CNTs,'”) 63-times that of commer-
cially available supercapacitors (3.5 V/25mF and 5.5V/
100 mF)?"* and 105-times of fiber-shaped supercapacitors
based on carbon and MnQ,.”*"!

Angew. Chem. 2015, 127, 1132911334


http://www.angewandte.de

The remarkable electrochemical performance of the
FESD may be attributable to the following factors: First,
owing to the excellent electrical and mechanical properties,
the aligned CNT fiber serves as a skeleton to host active
nanoparticles for electrical transport and physical support. No
binder or metal substrate is needed, thus the weight and
volume of the device is comparatively low and the usable
specific energy density is increased compared with the
conventional LIBs and supercapacitors. Second, the com-
bined one-dimensional and twisted structure means any two
of the three electrodes closely contacted, which is beneficial
for the ionic transport between the electrodes. Most impor-
tantly, owing to the structure design of the FESD, the
superiorities of high energy density in battery and high
power density in supercapacitor are united together in one
device.

The FESDs were flexible and could be bent into various
shapes without damages in structure (Figure S5a and b). As
shown in Figure S21, the twisted structure is maintained
under bending because of the protection provided by the gel
electrolyte. In addition, the charge and discharge curves
remained almost unchanged after bending for 500 and
1000 cycles (Figure 5¢). The FESDs can be twisted in three
dimensions owing to its unique fiber shape, while thin-film
LIBs and supercapacitors are generally deformable only
under bending along one dimension. This FESD can be
manufactured on a large scale, and the electrochemical
performances are maintained on increasing the length from
10 to 200 mm (Figure S22). Moreover, the FESDs were also
weaveable, and they had been woven into various flexible
textiles, such as a knitted sweater (Figure 5d) and a glove
(Figure Se). As shown in Figure Se, the FESD woven into
a glove can effectively power five light-emitting diodes,
indicating high potentials for future wearable smart textiles.

Ang.gﬁeemie

In summary, a novel FESD that combines the advantages
of LIB and supercapacitor has been achieved by designing
a three-electrode configuration. The FESD has shown both
high energy and power densities, and the LIB and super-
capacitor segments can be effectively operated together to
reach remarkable energy storage and output. The FESDs are
lightweight and flexible, and can be woven into various
flexible electronic clothes. This work also offers a general and
efficient route to develop high-performance miniature devi-
ces based on the design of multiple one-dimensional electro-
des.
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