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A Gum-Like Lithium-lon Battery Based on a Novel

Arched Structure

Wei Weng, Qian Sun, Ye Zhang, Sisi He, Qingging Wu, Jue Deng, Xin Fang,
Guozhen Guan, Jing Ren, and Huisheng Peng*

Emerging electronic devices that can be integrated with clothes,
mounted on the skin, and implanted into organs have attracted
intensive attention.l% In contrast to the well-developed rigid
format, an unconventional configuration is required to make
these devices have intimate, conformal contact with soft and
curvilinear interfaces. In addition, stable performance is greatly
desired as they are preferentially used in a kinetic environ-
ment, experiencing bending, compressing, twisting, and even
stretching.['®] Therefore, they need to be elastic as well as
flexible.

Lithium-ion batteries (LIBs) represent one of the most
studied powering systems for the above electronic devices
because of their combined high energy density, long life, and
low self-discharge loss.”1 A few methods have been developed
to fabricate stretchable LIBs, for example, serpentine inter-
connects,!'% origami,'!l and formation of spring-like struc-
tures.'2l However, all of these LIBs could only achieve a device-
level stretchability, where the components such as electrodes
remained rigid, resulting in limited stability under stretching.
Generally, an electrode is a composite composed of electro-
chemically active materials, conductive additives, and binders.
The first two are made of hard inorganic moieties.

Inspiringly, in contrast to their intrinsic non-stretchable char-
acter, inorganic silicon and aluminum oxide films/belts exhibit
good stretchability by forming a wavy configuration, which has
prevailed in microelectronics.['>1! Similarly, carbon nanotubes
(CNTs) or graphenes have been assembled into stretchable
wavy conductors.'*718] Moreover, double-layer supercapacitors
that store energy by means of ion adsorption on conductive sur-
faces have realized stretchability by directly using these wavy
CNT or graphene conductors as electrodes.'®2!l The above
wavy conductors, when attached to an elastic polymer substrate,
can stretch by being extended by an external force and contract
by the internal recovery of the substrate when released. How-
ever, this is not sufficient in order to be able to prepare stretch-
able LIB electrodes since the waves as they currently exist can
stably contain only a single component. In contrast, workable
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LIB electrodes are required to consist of three kinds of com-
ponents to simultaneously create mechanical, electrical, and
electrochemical properties that are inaccessible in their con-
stituents singly. Until now the anchoring of functional guests
on the waves has not been demonstrated; in other words, it has
not been possible to achieve a wavy composite with combined
functions. Consequently, stretchable LIBs have not been real-
ized based on the wavy technology.

Here, we report a novel arched structure, which is used to
form electrodes with high stretchability and stability under
stretching. The resulting arched electrodes can bear a 400%
strain and exhibit stable electrochemical performance after
undergoing 500 stretching cycles. When the elastic electrodes
were used to fabricate LIBs, they reached a high stretchability
of 400%, which is nearly three times the maximal value of the
stretchable devices based on the previous wavy technology. To
the best of our knowledge, it also represents the highest stretch-
ability of the reported stretchable LIBs. Moreover, the electro-
chemical performance remains stable under stretching even at
a large strain of 400% and a high stretching speed of 3 cm s7'.
Compared with the widely explored device-level stretchability,
the arched design for the component-level stretchability is the
key to the high stability.

A schematic illustration and an exploded view of the
multilayer construction of the stretchable battery appear in
Figure 1a,b. The battery consists of an arched anode, a gel elec-
trolyte, and an arched cathode, which is finally packaged by an
elastic polymer. The extension of the waves of the electrodes
crucially leads to the stretchability of the battery (Figure 1a). As
for electrodes (Figure 1b), two aligned CNT sheets act as the
skeleton and the current collector. Lithium manganese oxide
(LMO) and lithium titanium oxide (LTO) nanoparticles are
used as cathode and anode active materials, respectively.
Random CNTs that are blended with LMO or LTO nanopar-
ticles are applied to create a conductive network and then
the blend is inserted between the two CNT sheets, forming a
sandwich structure. Also an elastic polymer, polydimethylsi-
loxane (PDMS), is introduced as a binder. For convenience, the
resulting sandwich composites are labeled CNT/LTO-CNT and
CNT/LMO-CNT, respectively. Finally, an arched structure was
designed for the stretchable electrodes.

The preparation of the arched electrodes is shown schemati-
cally in Figure S1 in the Supporting Information. Spinnable
CNT arrays were synthesized by chemical vapor deposition. The
details can be found elsewhere.l??l Aligned CNT sheets that had
been dry-drawn from the spinnable CNT array were stacked
on a Cu foil, reaching a thickness of ca. 100 nm. LMO or LTO
nanoparticles blended with CNT powders were then coated on
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Figure 1. Schematic illustration of a super-stretchy battery (a) and its multilayered structure (b).
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the CNT sheet, followed by stacking another CNT sheet of ca.
100 nm to form a sandwich structure. Afterwards, an un-curing
PDMS fluid was introduced into the sandwich structure, which
was then placed onto a prestretched PDMS substrate. In the
work reported here, a prestrain of 450% was used. After curing,
close adherence of the substrate to the sandwich composite was
achieved. After removal of the Cu foil and release of the pre-
stretched substrate, the designed arched electrodes were pro-
duced, enabling a super-stretchy behavior.

Figure 2a shows a typical scanning electron microscopy
(SEM) image of the stacked CNT sheets on the Cu foil, with the
CNTs highly aligned along the drawing direction during prepa-
ration. Here the CNTs exhibited a multi-walled structure with
an average diameter of 10 nm (Figure S2, Supporting Informa-
tion). Prior to the preparation of the arched electrodes, rippled
conductors were synthesized by the same method, illustrated in
Figure S1. However, here the blend of CNT powders with LMO
or LTO nanoparticles was not used. Without the prestretching
treatment, no buckling structures occurred (Figure S3a, Sup-
porting Information). The buckling resulting from a prestrain
of 450% could be clearly observed (a top view in Figure 2b and
a cross-sectional view in Figure S3b). Also no delamination was
found, indicating a stable contact between the CNT sheet and
PDMS substrate.

Synthesis of LTO and LMO nanoparticles is described in the
Supporting Information. Both of them exhibited a spinel struc-
ture, Li TisO;, and LiMn,0,, respectively (Figure S4, Supporting
Information).”l LTO and LMO nanoparticles were first blended
with CNT powders with a uniform distribution (Figure S5a,c,
Supporting Information), and then coated onto CNT sheets
before the sandwich structure was formed (Figure S5b,d). It
can be seen that the alignment of the underlying CNT sheets
was retained. Since the morphology and properties of CNT/
LTO-CNT and CNT/LMO-CNT composites are similar, here

} Arched anode

} Arched cathode

. Gel electrolyte
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only of CNT/LTO-CNT composites are listed.
The counterparts for CNT/LMO-CNT com-
posites are shown in the Supporting Infor-
mation. Buckling structures were generated
for CNT/LTO-CNT composites by releasing a
PDMS substrate with a prestrain of 450% to
the natural state (Figure 2c—f). The depend-
ence of the buckling structure on the areal
mass density of LTO was investigated.
Figures 2c—f correspond to areal mass densi-
ties of 0.5, 1.0, 2.0, and 5.0 mg cm™2, respec-
tively. Interestingly, a novel arched struc-
ture was gradually formed when the mass
density was increased. These arches can be
clearly observed in Figure 2g, in which the
sandwich composites are believed to deform
as a whole (Figure S6, Supporting Informa-
tion). When the mass density of LTO was
increased, the composites became stiffer,
which makes it more difficult for the com-
posites to buckle.?! However, fortunately,
the arched structure was formed to accom-
modate the large stress to provide high
stretchability. Moreover, the arched structure
was well retained even after 1000 stretching
cycles with a stretching strain of 400% (Figure 2h).

Sheet resistance of the rippled conductor that contains a
CNT sheet of ca. 200 nm was tested to be 146 €/sq. This rela-
tively high conductivity results from the aligned arrangement
of CNTs, which makes the CNT sheet able to serve as a cur-
rent collector.”>?”] For CNT/LTO-CNT composite with an areal
mass density of 5 mg cm™ for LTO and 45 wt% PDMS, the
sheet resistance was 136 /sq, indicating that the good con-
ductive network was maintained. The resistance can be further
decreased to tens of or even several ohms per square after opti-
mization, for example by solvent post-treatments. The resist-
ance change on stretching strain was monitored, as shown
in Figure 3a. It increases by less than 20% when the strain
is less than 400%, after which it experienced a fast growth.
More importantly, the resistance change is reversible when
the strain is not larger than 400%, which verifies that a super
stretchability was achieved, as high as 400%. Furthermore,
the resistance was enlarged by less than 15% even after 1000
stretching cycles(Figure 3b) with a stretching strain of 400%,
which is consistent with the stable arched structure under
stretching shown in Figure 2h. Moreover, the effect of the areal
mass density of LTO on the stretchability was investigated by
tracing the resistance change under stretching (Figure 3c). The
stretchability could be stable up to 400% when the mass density
did not exceed 6 mg cm™2. Therefore, a prestrain of 450%, a
stretching strain of 400%, and areal mass densities of no more
than 6 mg cm™2 were studied below unless specifically noted.
The achieved combined high stretchability and highly stable
conductivity under stretching are, to the best of our knowledge,
the best among the available stretchable conductors (Figure S7,
Supporting Information).

Electrochemical properties were investigated in half cells
with the arched composites as an electrode and lithium foil as
the counter electrode. The tested voltage window of 1.0-2.5 V
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Figure 2. SEM images. a) CNT sheet on Cu foil. b) Rippled conductor with a prestrain of 450%.
c—f) CNT/LTO-CNT composites with LTO areal mass densities of 0.5, 1.0, 2.0 and 5.0 mg cm?,
respectively. The prestrains are all 450%. g,h) Enlarged views of the arched structure before
(g) and after (h) 1000 stretching cycles at a strain of 400%, respectively.

vs Li/Li* was used for CNT/LTO-CNT composites. The depend-
ence of electrochemical stability on the number of stretching
cycles was first investigated in Figure 3d, from which almost
no capacity decays were observed even after 500 stretching
cycles with a strain of 400%. It demonstrates the stable inte-
gration of the arched electrodes under stretching. Here, the
effect of the sandwich structure was probed. The preparation of
a sample used as a control experiment is shown schematically
in Figure S8 (Supporting Information). A blend of CNT pow-
ders and LTO nanoparticles was coated on a CNT sheet with a
thickness of ca. 200 nm. Then an un-curing PDMS fluid was
introduced to form a composite, which was afterward spread
on a prestretched PDMS substrate. After curing and release of
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the prestretched substrate, another type of
stretchable electrodes was formed. The com-
posites are referred to as CNT-LTO. The LTO
nanoparticles were attached to the surface
of the rippled CNT sheets and no obvious
aggregates were visible (Figure S9a, Sup-
porting Information). However, only 24%
of the capacity could be maintained after
500 stretching cycles for CNT-LTO compos-
ites (Figure 3d). The reason is that the LTO
nanoparticles either aggregated or detached
from the rippled CNT sheet under stretching
(Figure S9b). Also it can be learned that the
CNT-LTO composites without a sandwich
structure do not deform as a whole under
stretching, leading to a poor stability. There-
fore, the sandwich structure is crucial to a
stable performance under stretching. Note:
the areal mass densities of LTO for the
CNT/LTO-CNT and CNT-LTO composites in
Figure 3d were 1 mg cm~2 in both cases.

To better understand the remarkable
electrochemical properties based on the
arched structure, three different states were
compared for CNT/LTO-CNT compos-
ites, namely, without prestretching during
preparation and without stretching during
measurements, with prestretching during
preparation but without stretching during
measurements, and with both prestretching
during preparation and being stretched 500
times. Here, the areal mass densities of LTO
for all three kinds of samples were all the
same, 1 mg cm2. The voltage profiles at the
10th cycle and at 1C are shown in Figure 3e.
The prestretching and stretching treatments
have little effect on the redox reactions for
LTO material. The long-life performances at
1C are shown in Figure 3f. Interestingly, an
improved long-life performance was achieved
after 500 stretching cycles, for which the
capacity retention reached 95% after 100 lith-
iation/delithiation cycles. This high retention
may be explained by the enhanced contact
between LTO nanoparticles and CNTs after
repeated stretching. The rate capability was
also investigated after 500 stretching cycles (Figure 3g). The
delithiation capacities for CNT/LTO-CNT composites were 129,
121, 112, 98, 88, and 72 mA h g! at 0.2C, 0.5C, 1C, 2C, 3C,
and 5C, respectively. In a word, good electrochemical properties
were achieved in the arched structure.

Furthermore, the effect of areal mass density of LTO on the
electrochemical performance of CNT/LTO-CNT composites was
investigated (Figure 3h). Here, also a prestrain of 450% and a
stretching strain of 400% were used. Without stretching, the
specific capacity remained at around 115 mA h g™! and was
independent of the mass density in the range 1-10 mg cm™.
After the sample had been stretched 500 times, the specific
capacity stabilized at 112 mA h g! provided the mass density
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Figure 3. a,b) Dependence of normalized resistance of CNT/LTO-CNT composites with LTO areal mass density of 5 mg cm=2 on stretching strain
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did not exceed 6 mg cm~2. The poor capacity retentions for  stretching. This is consistent with the effect of the mass density
composites containing more than 6 mg cm™ LTO nanoparti-  on the conductivity (Figure 3c). In a word, LTO nanoparticles
cles are caused by breakdown of the conductive networks under  are strongly anchored onto the wavy CNT sheets by a sandwich
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structure and the arched structure enables a high stretchability.
Also the electrochemical properties of LTO nanoparticles are
well retained in the composites. All of these factors result in a
stable super-stretchy electrode.

A super-stretchy LIB was then produced by sequentially
stacking the aforementioned arched cathode, a gel electro-
lyte,?® and an arched anode (Figure 1b). The full battery was
galvanostatically cycled in a voltage window of 2.0-3.0 V and a
current density of 1C (175 mA g!) relative to the anode. The
full battery was designed on the basis of the capacity limited
by the anode. The CNT/LTO-CNT composite displayed a more
stable electrochemical performance than the CNT/LMO-CNT
composite, and the high voltage plateau of LTO also inhibited
the lithium deposition that usually occurs on the commercial
graphite anode.l?”! The capacity of the CNT/LMO-CNT cathode
was set to be ca. 1.5 times that of the CNT/LTO-CNT anode.
Here, the areal mass density for LTO was 1 mg cm™. The bat-
tery performances were first investigated under stretching
(Figure 4a). The output energy remained almost unchanged
after stretching to 400%, and it remained at 97% of the original
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level even after the sample had been stretched 200 times to a
strain of 400% (Figure 4b). As a sharp comparison, the stretch-
able LIBs based on serpentine interconnects could be stretched
for only a few cycles.l'% It should be mentioned that the energy
density of the full battery can reach 1.6 mW h cm™ when the
active material loading is increased to 6 mg cm™2 without sac-
rificing the stretchability and stable electrochemical perfor-
mance. The voltage profiles of the battery after 200 stretching
cycles are also shown in Figure 4c. The average voltage of
2.4 V corresponded to the potential difference between the
CNT/LMO-CNT (4.0 V vs Li/Li*) and CNT/LTO-CNT (1.6 V vs
Li/Li*) electrodes. In addition, the capacity retention reached
87% after 100 charge/discharge cycles, which shows a stable
long-life performance (Figure 4d).

A dynamic electrochemical test is shown in Figure 4e, which
was executed on a moving stage (Figure S10, Supporting Infor-
mation). The battery was cycled at a rate of 1C. The voltage pro-
files were monitored during discharging, whereby stretching/
releasing processes were introduced after the battery had
reached the discharge plateau. A stable dynamic performance
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Figure 4. a,b) Dependence of the output energy on stretching strain (a) and

stretching cycle number (b). c) Voltage profiles of the battery after 200

stretching cycles after various numbers of charge/discharge cycles. d) Long-life performance of the battery after 200 stretching cycles. e) Voltage profiles
when discharging at 1C under stretching/releasing at increasing stretching/releasing speeds.
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Figure 5. a) A gum-like LIB fixed on a moving stage. b—f)The gum-like LIB lighting up an LED
without stretching (b) and under stretching with increasing strains of 100% (c), 200% (d),
300% (e), and 400% (f).

can be verified from Figure 4e even at a high stretching speed
of 3 cm s71, for which the voltage fluctuation is nearly 1%.
Furthermore, dynamic testing was carried out within a full
charge/discharge cycle (Figure S11, Supporting Information),
which also demonstrates the highly stable performance. To
make a direct observation, a tree pattern was coated on the sur-
face of the battery (Figure 5a). The left clamp was fixed while
the right one was mobile and used to stretch the battery. The
brown strip of copper foil connected the negative pole and
the silver strip of aluminum foil connected the positive pole
(Figure 5a). Impressively, the intensity of the powered light
emitting diode remained stable when the tree was stretched
to five times its original height (Figures 5b—f). In a word, the
resulting batteries exhibit high mechanical stretchability larger
than the typical values of 300%!% and 100%!!? for stretchable
LIBs based on serpentine interconnects and spring-like struc-
tures, respectively. Also, the batteries possess stable electro-
chemical performance under stretching for hundreds of cycles
rather than dozens of cycles in existing stretchable LIBs.

To further clarify the difference between the conventional
wavy structure and the proposed arched structure, a schematic
illustration is shown in Figure S12 (Supporting Information).
For the wavy structure, the electrode and the resulting super-
capacitor can be stretched by no more than 130%. In addition,
no LIBs have ever been realized with a wavy electrode because
the active components either aggregate or become detached
under stretching with a poor stability (Figure 3d). In contrast,
the stretchability of the designed arched electrode and lithium
ion battery achieved 400%, and the active components can be
strongly anchored on the arched structure for a stable per-
formance under stretching. Although only highly stretchable
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batteries are demonstrated here, other super-
stretchy devices such as supercapacitors and
polymer solar cells can also be developed
from this arched structure. More efforts
are under way to generalize this effective
strategy.

In conclusion, a sandwich structure is an
efficient way to anchor L'TO or LMO nano-
particles onto rippled CNT sheets, leading
to a stable electrochemical performance.
The resulting arched structure can effec-
tively accommodate the large stress that
occurs when a stiff composite is buckled,
resulting in a large and stable stretchability.
Moreover, a hierarchical structure consisting
of aligned CNT sheets, CNT powders, LTO
or LMO nanoparticles, and a binder enables
effective transport of electrons and lithium
ions to achieve good electrochemical prop-
erties. In addition, the LIB can be scaled up
for commercial fabrication without com-
plicated interconnects at low cost and high
efficiency. The above strategy can also be
extended to other electronic devices such as
super-stretchy and stable supercapacitors and
photovoltaic devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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