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Ultra-stretchable carbon nanotube (CNT) composite electrodes for lithium-ion batteries are
fabricated by coating CNT films and active material powders on biaxially pre-strained
polydimethylsiloxane (PDMS) substrates. The wrinkled structures that form during the
pre-straining and release process extend along the strain axis to protect the CNT composite
structures from fracture. The CNT composites demonstrate excellent stability and high
durability with resistance increase of less than 12% after 2,000 cycles at 150% strain. Both
CNT/LisTisO;; (LTO) anodes and CNT/Li(Nij;3Co13Mny3)0; (NCM) cathodes maintain
excellent electrochemical properties at cyclic 150% strain in different axes. The full
lithium-ion battery consisting of the stretchable CNT/LTO anode and CNT/NCM cathode is
able to withstand 150% strain in different axes without large decreases in performance.
Stretchable batteries fabricated by the scalable, highly efficient, and low-cost biaxial
pre-strain process with excellent durability and electrochemical properties will have potential

applications in flexible devices.
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1. Introduction

The growth of implantable and epidermal devices has promoted the rapid development of
high-performance flexible and stretchable electronic devices'”. The implantable or epidermal
devices need to be not only flexible but also stretchable to match the properties of soft and
elastic biological tissue. Many high-performance stretchable electronic devices, including

1214 “and cameras'> '°, have been designed. As a

strain or temperature sensors’ !, displays
result, a critical need lies in energy-storage devices with similar physical properties to
maximize the stretchability of these devices. Different kinds of energy-storage devices that
can work well while being stretched have been developed, such as alkaline batteries'’, solar

18 1921
cells’®, and supercapacitors

. Owing to the combination of high voltage, large energy
density, and long life, lithium-ion batteries (LIBs) are perceived to have the most potential for
application as energy storage systems to power stretchable devices™>*. Many attempts have
been made to fabricate LIBs that can withstand strain, and many structures have been
designed to achieve stretchable LIBs, including serpentine interconnections®, origami

26-27 and spring fibers®®. For example, rigid battery cells that were distributed as

structures,
islands were connected by serpentine metal conductors and could withstand approximately

300% strain along different axes without failure”. However, the structure had poor tensile

durability at this high strain level.

Recently, buckled structures formed on the surface of non-stretchable films were used to

231 As these structures were able to flatten to endure

design stretchable electronics
deformation during stretching, semiconductor nanoribbons®, conductors®' and other devices®'
with buckled structures could stand high and repeated tensile loading. Carbon nanomaterials,

such as carbon nanotubes (CNTs) and graphene, are considered as promising materials for

developing high performance lithium batteries because of their high surface area, mechanical
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robustness and excellent electrical conductivity’>°. By combining buckled structures and
carbon nanomaterials, stretchable energy-storage devices with wavy configurations were

192137 and batteries®. Stretchable batteries based on

fabricated, including supercapacitors
arched CNT structures could withstand repeated 400% strain, but only in one direction™.

Therefore, there is an urgent need to develop high-performance stretchable batteries that can

withstand large and repeated tensile cycles in different axes.

Super-aligned CNTs have attracted much attention in recent years3 ?_ Cost-effective, ultrathin,
and continuous CNT films can be drawn from super-aligned CNT arrays by an end-to-end
joining mechanism and stacked together®. Freestanding, lightweight CNT films possess
excellent electrical and mechanical properties and have demonstrated applications in
loudspeakers*', touch screens”, and conductors*. The thickness of the CNT films depends on
the number of CNT layers. By compositing the films with other materials, CNT films have

43-48

been widely used for the development of high-performance electrodes for LIBs and other

energy storage devices™.

In this work, ultra-stretchable CNT composite electrodes were fabricated by coating CNT
films and active material powders on biaxially pre-strained polydimethylsiloxane (PDMS)
substrates. These electrodes could withstand high and repeated strain in different axes.
Wrinkled structures that formed during the pre-straining and release process extended along
the strain axis to protect the CNT composite structures from fracture. The CNT composite
electrodes maintained excellent electrochemical properties after 2,000 tensile cycles at 0-150%
strain in different axes. Full LIBs with stretchable electrodes were able to withstand 150%
strain in different axes without a significant decrease in their properties. These stretchable

batteries with excellent durability and electrochemical properties will have potential



Nanoscale

applications in flexible devices.

2. Results and Discussion

2.1 Fabrication and resistance changes of the CNT composite electrodes

A schematic representation of the fabrication process of the stretchable CNT composite
electrodes is shown in Figure la. First, a PDMS square substrate with a length L was biaxially
pre-strained in two perpendicular directions to L+AL, and then coated with a cross-stacked
6-layer CNT film. Then, suspensions of Li(Ni;;3Co;sMn;;3)O, (NCM, Kejing Star Technology
Co., Shenzhen, China) or LisTisO,,(LTO, Reshine, China) powder in ethanol were dropped on
the CNT film with a pipette, followed by cross-stacking a 2-layer CNT film. After the
evaporation of ethanol, the dropping of the suspension and stacking of the CNT film were
repeated 10 times. Finally, another cross-stacked 6-layer CNT film was placed on the top to
form a sandwiched structure. The active materials were fully covered and entrapped by the
CNT network and a continuous buckled composite electrode was formed on the surface of the
PDMS substrate. The interfacial adhesion between the PDMS surface and the CNT film was
very strong due to the clean surface of CNTs and the large van der Waals force. Without using
any binder, the buckled CNT film on the surface of the PDMS demonstrated structural
stability after 10,000 tensile cycles at 150% strain as reported in our previous paper 0 After
the pre-strained PDMS substrate was released to its original length L, CNT composite
electrodes were fabricated. The areal densities of both NCM and LTO are 5 mg/cm?,
accounting for about 95 wt% in the composite electrodes. Figure S2 shows the XRD patterns
of the NCM and LTO powders and the NCM/CNT and LTO/CNT electrodes. Characteristic
diffraction peaks of NCM and LTO were observed in both pure powders and composite
electrodes. In the NCM/CNT and LTO/CNT electrodes, diffraction peak of CNT did not

appear due to its limited content. Figure 1b and ¢ show the SEM images of the CNT/LTO and
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CNT/NCM composite electrodes; wrinkled structures were observed on the surface of the
composite electrodes.

The normalized resistance changes (AR/Ry) of the CNT/LTO and CNT/NCM electrodes as a
function of the applied strain in different axes (X, Y, and 45°) are shown in Figure 2a and b.
The strain axes are shown in the inset of Figure 2a. The X and Y strain axes are parallel to the
alignment of the CNTs. The CNT/LTO electrode without pre-strain showed a sharp increase in
resistance as the applied strain increased. The normalized resistance increased by 50% at 40%
strain in the X axis. Such an increase in resistance would obviously impair the
electrochemical performance of the electrode. For the CNT/LTO electrode with a 150%
biaxial pre-strain, the normalized resistance change was more stable at an applied strain of
150% in different tensile axes, with increases of 6%, 10.6%, and 5% at 150% strain in the X,
Y, and 45 ° axes, respectively (Figure 2a). Similar resistance changes as a function of the
applied strain were observed in the biaxially pre-stained CNT/NCM electrode. Without
pre-straining, the normalized resistance of the CNT/NCM electrode increased by 50% at 50%
strain in the X axis. The normalized resistance of the CNT/NCM electrode with biaxial
pre-strain increased only 8.9%, 9.6%, and 7.2% at 150% strain in the X, Y, and 45° axes

(Figure 2b)

To characterize the stretchability of the CNT electrodes, they were cycled between 0 and 150%
strain in different axes (X, Y, and 45°) and the resistances were monitored after each cycle.
The normalized resistance changes of the biaxially pre-strained CNT/LTO and CNT/NCM
electrodes during 2,000 tensile cycles are shown in Figure 2¢c. The normalized resistances of
the CNT composite electrodes showed less than 12% increase at strains along all the axes in
the cyclic tensile test. The normalized resistance of the CNT/LTO electrode only increased 2.1%

after 2,000 tensile cycles at 0-150% strain in the 45° axis. The constant resistance of the
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CNT/LTO and CNT/NCM electrodes suggests that the CNT conductive structures did not

fracture during the cyclic tensile testing in different axes.

The SEM images in Figure 3 show the surface morphologies of the CNT/LTO electrode at
strain in different axes. Disordered wrinkled structures that formed during the biaxial
pre-straining process were observed on the surface (Figure 3(a)). When 150% strain in the Y
axis was applied to the sample, the wrinkled structures extended along the strain axis, as
shown in Figure 3(b). The wavy structures were parallel to the applied strain axis, which were
formed due to the compression of the CNT/LTO electrode in the direction perpendicular to the
strain axis. The conductive network in the electrode remained intact at 150% strain without
obvious fracture of the CNT film, resulting in a constant resistance of the electrodes during
the tensile process (Figure 2a). Similarly, when the strain was applied in the X and 45° axes,
the wrinkled structures that formed during the biaxial pre-straining process extended along the
strain axes to remain a continuous and conductive network in the electrode, as shown in
Figure 3(c) and (d). In particular, the wrinkled structures became flat when strains were
applied in both X and Y axes at the same time, as shown in Figure 3(e). The CNT/LTO
electrode remained intact when strains were applied in both X and Y axes, showing its
stretchability in two directions. Moreover, the extensions of the wrinkled structures at strain in
different axes were reversible. When the 150% strain in the Y axis was released, the wavy

structures fully converted to the initially disordered wrinkled structures, as shown in Figure

3(®).

The morphologies of the CNT/LTO electrode with 150% biaxial pre-strain before and after
cyclic tensile test in the X axis are shown in Figure 4. The wrinkled structures on the surface

extended and recovered with the loading and release of the strain. No structural failure was
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present in the biaxially pre-strained CNT/LTO electrode after 2,000 tensile cycles at 0-150%
strain. Similar phenomena were observed in the CNT/NCM electrode before and after tensile
cycles at 0-150% strain in the X axis (Figure S1). The continuous and conductive CNT
network in the composite electrodes remained intact after the cyclic tensile test because of the
excellent mechanical properties of the CNT film and the reversible extension of the wrinkled
structures, which resulted in stable resistances of the CNT/LTO and CNT/NCM electrodes
during the 2,000 tensile cycles at strain in the X, Y, and 45° axes, as shown in Figure 2c.
These results indicate that stretchable CNT composite electrodes can be fabricated using the
biaxial prestrain process with almost constant resistance during long-term tensile cycles in

different axes, which is of great value for use in high-performance stretchable batteries.

2.2 Electrochemical properties of CNT composite electrodes

The electrochemical properties of the stretchable CNT/LTO anode were characterized using
half-cells with lithium foil as the counter electrode. Galvanostatic tests were carried out in a
voltage window of 1.0-2.5V versus Li/Li". The cycling performances of the CNT/LTO anode
at zero strain and at 150% strain in different axes at a current density of 0.1 C are shown in
Figure 5a. The biaxially pre-strained CNT/LTO anode presented excellent cycling
performance. At zero strain, the initial specific capacity was 150 mAh/g, which is the same
level as other CNT/LTO anodes reported in the literature®™ > 32 It delivered a specific
capacity of 146 mAh/g after 100 cycles, corresponding to a capacity retention of 97.3%,
indicating excellent reversibility. Strains as high as 150% in different axes had little effect on
the cycling performance of the biaxially pre-strained CNT/LTO anodes. The initial specific
capacities slightly decreased to 149, 147, and 148 mAh/g when 150% strains were loaded in
the X, Y, and 45° axes. After 100 cycles at 0.1 C, the reversible capacities of the stretchable

anode at 150% strains were still as high as 140 (X axis), 138 (Y axis), and 143 (45° axis)
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mAbh/g, corresponding to capacity retentions of 93.9%, 93.8%, and 96.9%. The CNT/LTO

electrode at strain in the 45° axis exhibited the highest specific capacity and retention rate.

CNT/LTO electrodes with different areal densities of LTO were characterized at zero strain
and at 150% strain. As shown in Figure S3, at zero strain, the initial specific capacity of the
CNT/LTO electrode remained stable at around 150 mAh/g with areal density of LTO below 5
mg/cm®. It gradually decreased to 120 mAh/g as the areal density increased to 10 mg/cm?. At
150% strain, the initial specific capacity also maintained stable but decreased quickly when
the areal density of LTO became larger than Smg/cm?”. As the areal density of LTO increased,
the specific contact area between the LTO powders and the CNT film decreased, and both
stretchability and conductivity of the CNT/LTO electrode were degraded, resulting in the
decrease of the specific capacity. Samples with an areal density of LTO at 5 mg/cm’
demonstrated a combination of high energy density and excellent stretchability, thus are more
suitable for developing stretchable energy devices. The experiments and analyses below are

all based on samples with an areal density of active electrode material at 5 mg/cm’.

The rate performances of the CNT/LTO anode were characterized at a constant discharge rate
of 0.1 C and varied charge rates (Figure 5b). At zero strain, the reversible capacities reached
148, 146, 145, 144, 143, and 142 mAh/g at charge current densities of 0.1 C, 0.2 C,0.5C, 1 C,
2 C, and 5 C, respectively, which are much higher than those of the stretchable anodes
reported in the literature’”. The good rate performance of the CNT/LTO anodes is ascribed to
the efficient electron and ion transfers in the sandwich structured electrodes and the excellent
mechanical properties of the CNT network*. When the discharge current density was reverted
to 0.1 C, the CNT/LTO electrode delivered a specific capacity of 146 mAh/g, indicating

excellent reversibility of the electrode. The CNT/LTO electrodes were able to maintain
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excellent rate performances when 150% strain was applied in different axes. The specific
capacities of the CNT/LTO electrode at 5 C were 137, 136, and 139 mAh/g at 150% strains in
the X, Y, and 45° axes, with high capacity retentions of 91.9%, 93.2%, and 94.2%,
respectively, compared with their value at 0.1 C. Because the wrinkled structures extended
along the strain axes to protect the CNT conductive network from fracture, the CNT/LTO

anodes retained remarkable cycle and rate performances at 150% strains in different axes.

To demonstrate the electrochemical properties of the CNT composite electrodes after repeated
tensile cycles, the dependence of the electrochemical stability of the CNT/LTO anode on the
number of tensile cycles was investigated (Figure 5c). Only a slight capacity decay was
observed during the tensile cycles. The capacity retentions of the CNT/LTO anode after 2,000
tensile cycles at 0-150% strain in the X, Y, and 45° axes were 92.7%, 91.3%, and 96.0%,
respectively. The charge-discharge curves of the CNT/LTO anode after 2,000 tensile cycles at
0-150% strain in the X, Y, and 45° axes at 0.1 C are shown in Figure 5d. The charge-discharge
curves almost coincide with the curves before the tensile cycles. The specific capacities after
2,000 tensile cycles at 0-150% strain in the X, Y, and 45° axes were 140, 137, and 145 mAh/g,
respectively. The cyclic tensile strain had little effect on the charge/discharge processes of the

CNT/LTO electrode, demonstrating its excellent strain durability.

The CNT/NCM electrodes also possessed excellent electrochemical properties at high and
repeated strains. At zero strain, it showed an initial specific capacity of 147 mAh/g at 0.1 C
with a capacity retention of 97.3% after 100 charge-discharge cycles (Figure S4). As the
charge current increased to 5 C, its specific capacity decreased to 132mAh/g. At 150% strain
in different axes, the specific capacities of the CNT/NCM electrode were still higher than 144

mAbh/g at 0.1 C and 128 mAh/g at 5 C (Figure S4a and b). After 2,000 tensile cycles at 0-150%
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strain in different axes, it delivered a reversible capacity of 134 mAh/g (Figure S4c and d).
The high electrochemical stability of both CNT/LTO and CNT/NCM electrodes during the
2,000 tensile cycles at 0-150% strain demonstrated that they were able to maintain stable
structures at high and cyclic strain conditions, due to the reversible extension of the wrinkled

structures that formed during the biaxial pre-strain process.

2.3 Electrochemical properties of the stretchable full batteries

Ultra-stretchable full batteries with CNT/LTO anodes, CNT/NCM cathodes, and gel
electrolyte were assembled, as schematically shown in Figure 6, and were cycled at 0.1 Cin a
voltage window of 1.6-2.8V. At zero strain, the initial specific capacity of the full battery was
0.52 mAh/cm? (Figure 7a). After 50 charge-discharge cycles, it delivered a reversible capacity
of 0.47 mAh/cm?, showing a capacity retention of 90.3%. At 150% strain in the X, Y, and 45°
axes, the initial specific capacities were almost unchanged and delivered reversible capacities
of 0.41, 0.37, and 0.40 mAh/ cm’ respectively after 50 charge-discharge cycles. The
electrochemical properties of stretchable full batteries can be affected by many factors such as
the deformation of the gel electrolyte. Capacity retention rates were similar for full NCM/LTO
batteries at strains in the X, Y, and 45° axes, compared to the highest capacity and retention
rate in the 45° axes for the CNT/LTO electrode. The high capacity retentions at strain in

different axes demonstrated the ultra-stretchability of the full batteries.

The ultra-stretchable full batteries also had excellent durability. The voltage profiles of the
full battery after 2,000 tensile cycles at 0-150% strain in the X, Y, and 45° axes are shown in
Figure 7b. Its reversible capacities were still as high as 0.47, 0.49, and 0.50 mAh/cm?,
respectively, after 2,000 tensile cycles at strain in the X, Y, and 45° axes, demonstrating

excellent durability of the full battery. The high durability is attributed to the highly reversible
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morphological changes of both CNT/LTO and CNT/NCM electrodes during the tensile cycles
and the excellent mechanical properties of the CNT films. Therefore, full batteries based on
the CNT composite electrodes could withstand strain as high as 150% in different axes
without any evident decay in their electrochemical properties and presented stable

electrochemical performance after 2,000 tensile cycles at 0-150% strain in different axes.

Finally, to directly demonstrate the stretchability of the full batteries, an LED was illuminated
by two parallel full CNT/LTO-CNT/NCM batteries, as shown in Figure 8a. The LED did not
show any noticeable luminance fluctuation when the batteries were stretched approximately
100% in both X and Y axes at the same time (Figure 8b), even after 50 strain cycles (Figure
8c). These results demonstrated that the stretchable batteries were able to withstand high

cyclic strain in different axes and held great potential for use in stretchable electronic devices.

3. Conclusions

Ultra-stretchable CNT composite electrodes were fabricated by stacking CNT films and LTO
or NCM powders on biaxially pre-strained PDMS substrates and forming disordered wrinkled
structures after the release of the pre-strain. The wrinkled structures accommodated large
strains in different axes to protect the CNT composites from fracture, resulting in their high
stretchability and durability. Both CNT/LTO and CNT/NCM electrodes had excellent
electrochemical properties and were able to withstand high and repeated strain (0-150%) in
different axes without significant performance decay. The full batteries consisting of
CNT/LTO anodes and CNT/NCM cathodes also maintained stable electrochemical
performances at 150% strain in different axes. In addition, the fabrication process is scalable
owing to the use of commercial electrode materials and the highly efficient and low-cost

pre-strain process. This biaxial pre-strain process presents an effective route in developing
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ultra-stretchable electronic devices, including photovoltaic devices and other energy storage

devices.
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= Biaxially pre-strained PDMS

Dropping suspension
and stacking CNT films

Release of pre-strain

Figure 1. (a) Schematic of the process for fabricating stretchable CNT electrodes; SEM

images of the (a) CNT/LTO and (b) CNT/NCM electrodes.
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Figure 2. Normalized resistance changes of the (a) CNT/LTO and (b) CNT/NCM electrodes

as a function of applied strain in different axes. Inset shows the strain axes. (c) Normalized

resistance changes of the pre-strained CNT/LTO and CNT/NCM electrodes during 2,000

cycles at 0-150% strain in different axes.
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Figure 3. SEM images of the CNT/LTO electrode: (a) at zero strain; morphology evolution at

150% strain in the (b) Y, (c) X, (d) 45°, (e) X and Y axes; and (f) after release of strain.

Figure 4. SEM images of the CNT/LTO electrode (a) before and (b) after 2,000 tensile cycles

at 0-150% strain in the X axis.
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Figure 5. (a) Cycling and (b) rate performances of the CNT/LTO electrodes at zero strain and
at 150% strain in different axes; (c) Capacity retention and (d) voltage profiles of the

CNT/LTO electrode after 2,000 tensile cycles at 0-150% strain in different axes.
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Figure 6. Schematic illustration of the structure of a stretchable full battery.
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Figure 7. (a) Cycling performances of the full NCM/LTO battery at 0.1 C at zero strain and at

150% strain in different axes. (b) Voltage profiles of the full NCM/LTO battery after 2,000

tensile cycles at 0-150% strain in different axes.

Figure 8. An illuminated LED powered by stretchable NCM/LTO batteries (a) at zero strain,

(b) at strain in both X and Y axes, and (c) after 50 strain cycles.
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ToC

Ultra-stretchable lithium-ion battery electrodes were fabricated by coating a carbon
nanotube (CNT) film and commercial electrode materials on a biaxially pre-strained
polydimethylsiloxane (PDMS) substrate. The wrinkled structures that formed during the
pre-straining and release process extended along the strain axis to protect the CNT composite
structures from fracture. These CNT composite electrodes and full lithium-ion batteries based
on these electrodes demonstrated ultra-stretchability, high durability, and excellent

electrochemical properties.
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