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STRETCHABLE SUPERCAPACITORS WITH
VERTICALLY-ALIGNED EMBEDDED
CARBON NANOTUBES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 62/500,041 filed May 2, 2017,
the entire disclosure of which is incorporated herein by
reference.

FIELD OF THE INVENTION

[0002] The present invention relates to the field of super-
capacitors and methods of making supercapacitors, and,
more specifically, to flexible and stretchable supercapacitors
that include carbon nanostructures.

BACKGROUND OF THE INVENTION

[0003] The increasing depletion of fossil fuels and the
environmental problems caused by those fossil fuels have
motivated researchers to develop new types of clean energy,
such as solar, wind, and water energy. As these new energy
sources are limited by time or location (water, wind, and
solar power), energy storage devices are required to ensure
continued power supply. Supercapac tors, as one type of
energy storage device, have received intensive attention
owing to their high power density, fast charge/discharge, and
long charge/discharge cycles.

[0004] Flexible electronics have a wide range of applica-
tions in wearable and multifunctional electronics, including
flexible displays, electronic skins, and implantable medical
devices. Flexible supercapacitors, with good mechanical
compliance, can meet the requirements for light-weight,
portable and flexible devices.

[0005] Carbon nanotubes are a promising electrode mate-
rial for flexible supercapacitors owing to their excellent
properties. However, the fabrication of flexible supercapaci-
tors in large quantities can be a complicated process. For
example, to apply electrode materials onto flexible sub-
strates, researchers have used direct-coating methods which
rely heavily relies on the physical adhesion of the electrode
materials on the substrate, or stacking the electrode and
electrolyte. It has been found, however, that the electrode/
substrate interface resulting from such fabrication methods
can delaminate under large strain, thereby limiting the
flexibility of the supercapacitors produced thereby and con-
sequently deteriorating their performance.

SUMMARY OF THE INVENTION

[0006] In one embodiment, a method according to the
present invention enables the facile fabrication of flexible
supercapacitors using polydimethylsiloxane (PDMS) to
infiltrate between an array of carbon nanotubes, thereby
achieving strong adhesion between the PDMS and the
vertically aligned carbon nanotubes (VACNTs) due to the
viscoelastic property of PDMS which promotes the adhesion
between the VACNTs and PDMS. In accordance with this
embodiment, the present invention enables facile fabrication
of flexible supercapacitors at a high rate of throughput,

[0007] In accordance with another embodiment of the
present invention, a flexible and stretchable supercapacitor
includes VACNTs in a curable polymer (e.g., PDMS), with
the VACNTs/PDMS composite structure functioning as an
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electrode for flexible supercapacitors. After assembling the
electrode with liquid or solid electrolyte, the flexible super-
capacitors, acting as energy storage devices, can be inte-
grated into flexible electronics. In such applications of the
present invention, the VACNTs/PDMS composite structures
produced in accordance with the present invention maintain
their structural integrity under tensile strains over 1000
charge/discharge cycles without major degradation of their
functionality.

BRIEF DESCRIPTION OF THE FIGURES

[0008] For a better understanding of the present invention,
reference is made to the following detailed description of
various exemplary embodiments considered in conjunction
with the accompanying Figures, in which like structures are
referred to by the like reference numerals throughout the
several Figures, and in which:

[0009] FIGS. 1(a)-(c) represent a sequence of schematic
illustrations depicting one example of a process that can be
employed to construct a VACNT/PDMS stack for use in
flexible supercapacitors fabricated according to an embodi-
ment of the present invention;

[0010] FIGS. 2(a)-(d) represent a set of SEM images of
CVD-grown VACNTs on a silicon dioxide (SiO,) substrate
(see FIG. 2(a) and FIG. 2(b)), and VACNTs successfully
transferred on PDMS (see FIG. 2(¢) and FIG. 2(d)), in which
the structure shown in the SEM images was obtained by
delaminating the VACNT/PDMS stack from the SiO, sub-
strate during a fabrication process according to an embodi-
ment of the present invention;

[0011] FIGS. 3(a)-(d) represent a group of charts illustrat-
ing an electrochemical characterization of a VACNTs/
PDMS stack under tensile strain and bending, and more
particularly, showing: in FIG. 3(a), a chart of cyclic volta-
mmetry data at a scan rate of 1 V/s; in FIG. 3(b), a chart of
capacitances at scan rates ranging from 50 mV/s to 1 V/s; in
FIG. 3(c), a chart of capacitances under strains of up to
200% at the scan rates of 100 mV/s and 1 V/s; and in FIG.
3(d), a chart of capacitances under bending, the angles of
bending ranging from 0 to 180 degrees.

DETAILED DESCRIPTION OF THE
INVENTION

[0012] With initial and general reference to FIGS. 1-3 and
the accompanying text which follows, it is noted that terms
indicating position, orientation or direction of motion are
used throughout the discussion of FIGS. 1-3 for the purpose
of facilitating discussion only, and not to limit the disclosed
embodiments to the particular terms described herein. Nor
do they limit the physical orientation in actual use to any
particular coordinate system (e.g., horizontal, vertical and
front, back and side).

[0013] It should also be noted that the following disclosure
is presented to provide an illustration of the general prin-
ciples of the present invention and is not meant to limit, in
any way, the inventive concepts disclosed and claimed
herein. All terms defined herein should be afforded their
broadest possible interpretation, including any implied
meanings as dictated by a reading of the specification as well
as any words that a person having skill in the art and/or a
dictionary, treatise, or similar authority would assign
thereto.
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[0014] Further, it should be noted that, as recited herein,
the singular forms “a”, “an”, and “the” include the plural
referents unless otherwise stated. Additionally, the terms
“comprises”, “comprising”, “includes”, “including”, “has”
and the like, when used herein specify that certain features
are present in that embodiment, however, such terms should
not be interpreted to preclude the presence or addition of
additional steps, operations, features, components, and/or

groups thereof.

[0015] With the foregoing prefatory comments in mind,
embodiments of the present invention include a facile fab-
rication method utilizing VACNT carpets. Such a method
enables high-throughput fabrication of supercapacitors that
are flexible and stretchable. The inventive method provides
a strong adhesion between VACNT carpets and PDMS,
which facilitates a stable charge/discharge cycle under vari-
ous tensile strain conditions. Such performance character-
istics enhance the practicality of including the VACNTs/
PDMS structures of the present invention in flexible
supercapacitors. The VACNTs/PDMS structures possess a
very high surface area, which contributes to the unexpect-
edly high capacitance of the flexible supercapacitors pro-
duced in accordance with the present invention.

[0016] Referring initially to FIGS. 1(a)-(c), the first step of
an exemplary embodiment of a fabrication method accord-
ing to the present invention involves growing a dense
carpet-like structure of VACNTs 10 on a wafer-like SiO,/Si
substrate 12 using atmospheric pressure chemical vapor
deposition (APCVD). More particularly, the SiO,/Si sub-
strate 12 illustrated schematically in FIGS. 1(a)-(c) is a
Si0,/Si wafer with 5 nm thick Al and 3 nm thick Fe as
catalyst deposited on its surface by physical vapor deposi-
tion (PVD). After placing the SiO,/Si substrate 12 in an
APCVD chamber (not shown), its furnace temperature is
increased to 750° C. with 500 sccm Ar flow. VACNTs are
grown in the APCVD chamber at 750° C. for 15 minutes ith
60 scem H, and 100 scem C,H,. The APCVD chamber is
then cooled down to room temperature while keeping the Ar
flowing. The resulting dense carpet-like structure of
VACNTs 10 (see FIGS. 2(a)-(d)) formed by this exemplary
method are aligned vertically relative to the surface of the
Si0,/Si substrate 12, which substrate 12 is considered for
the purpose of the present example to be horizontal, thereby
forming a composite structure 14 consisting essentially of
the carpet-like structure of VACNTs 10 and the SiO,/Si
substrate 12. In embodiments of the present invention, other
methods of forming VACNTs may be used in place of the
exemplary method discussed above.

[0017] The next step of the exemplary method is to
transfer the carpet-like structure of VACNTs 10 onto PDMS
or another polymer before the polymer fully cures. To form
a suitable PDMS structure 16, a PDMS base and a suitable
curing agent (e.g., Sylgard 184 Silicone Elastomer, Dow
Corning) are mixed in a ratio of 10:1 (PDMS base:curing
agent), and degassed under reduced pressure in a vacuum
pump to remove bubbles from the liquid mixture. The liquid
mixture is then heated on a hot plate at 65° C. for about 30
minutes. The previously formed composite structure 14 (i.e.,
the carpet-like structure of VACNTs 10 and the SiO,/Si
substrate 12) is placed face-to-face onto the PDMS structure
16 before the PDMS is fully cured. Once the PDMS is fully
cured, the result is a VACNTs/PDMS composite structure 18
that can be peeled off (i.e., delaminated) from the SiO,/Si
substrate 12.

Jan. 7, 2021

[0018] In embodiments of the present invention, the
VACNTs/PDMS composite structure 18 functions as an
electrode for flexible supercapacitors, with the electrolyte S
for such flexible supercapacitors being either an ionic-liquid
or a solid. In an exemplary embodiment of the present
invention, a solid electrolyte can be fabricated by mixing
polyvinyl alcohol powder and potassium hydroxide (KOH)
in deionized water, while also evaporating the excess water
to obtain a gel electrolyte. To create all-solid-state flexible
supercapacitors according to embodiments of the present
invention, the gel electrolyte is sandwiched between a pair
of the VACNTs/PDMS composite structures 18.

[0019] Referring to FIGS. 3(a)-(d), the electrochemical
properties of the VACNTs/PDMS composite structures 18
made using methods according to the present invention were
measured in 30% KOH using cyclic voltammetry (CV) in a
three electrode configuration. Platinum (Pt) foil was used as
a counter electrode and Ag/AgCl (saturated KCl) as the
reference electrode. CV measurements were performed
within the potential range of 0.0V-0.5V at scan rates of
50-1000 mV/s. The capacitances of the electrodes were
calculated as a capacitance per area (F/cm?). The average
capacitance was normalized per area of the samples and was
estimated according to the following equation.

Ey
f Iav
Ey

T VxAvxA

where | is the current, A is the area of he supercapacitor, AV
is the scanning rate, E, and E, are the voltage and V=E,-E,.
[0020] To evaluate the flexibility and durability of the
VACNTs/PDMS composite structures 18, both tensile strain
measurements and bending strain measurements were per-
formed. Such measurements were made as the VACNTs/
PDMS composite structures 18 were stretched from 0% to
20% and bent from O to 180 degrees.

[0021] The VACNTs/PDMS composite structures 18
exhibited good electrochemical stability and capacitive
behaviors at scanning rates from 50 mV/s to 1 V/s. The
measured capacitance (see FIG. 3(a) and FIG. 3(5)), which
has an area of 0.54 cm?, was approximately 170 pF/cm? at
a high scan rate of 1 V/s. In addition, the strong adhesion
between the VACNTs and the PDMS enabled the VACNTs/
PDMS structures 18 to sustain various bending and tensile
strains (see FIG. 3(¢) and FIG. 3(d)). The VACNTs/PDMS
composite structures 18 could be bent up to 180 degrees, and
the capacitance under such strains was consistent under
bending angles in the range of 0 to 180 degrees. The
maximum tensile strain was 200% (see FIG. 3(c¢)). Further
tests have demonstrated that the capacitance of the VACNTs/
PDMS composite structures 18 can remain consistent under
tensile strains of at least 300%.

[0022] Flexible supercapacitors that include the VACNTs/
PDMS composite structures 18 made using methods accord-
ing to embodiments of the present invention are expected to
have applications in, for example, the fields of wearable
electronics, flexible photovoltaics (e.g., rolled-up displays),
self-powered wearable optoelectronics, and electronic skins.
[0023] It will be understood that the embodiments of the
present invention described herein are merely exemplary
and that a person skilled in the art may make many varia-
tions and modifications without departing from the spirit and



US 2021/0005400 A1

scope of the invention. All such variations and modifications
are intended to be included within the scope of the invention,
as defined in the following claims.

1-20. (canceled)
21. A method of fabricating a flexible supercapacitor,
comprising the steps of:
providing a first composite structure which includes a first
substrate and an array of carbon nanotubes arranged in
a stack on a surface of said first substrate such that said
stack of carbon nanotubes is oriented generally perpen-
dicular to said surface of said first substrate and such
that each of said carbon nanotubes has a first end
embedded in said first substrate and a second end distal
to said first substrate;
providing a second substrate which includes a curable
polymer;
partially curing said polymer;
placing said stack of carbon nanotubes into contact with
said second substrate such that said second end of each
of said carbon nanotubes is partially embedded in said
second substrate while said polymer is partially cured;
fully curing said polymer while said second end of each
of said carbon nanotubes is partially embedded in said
second substrate, whereby a second composite struc-
ture is formed which includes said first substrate, said
second substrate and said stack of carbon nanotubes
between said first and second substrates;
delaminating said first substrate from said stack of carbon
nanotubes to thereby form a third composite structure
which includes said stack of carbon nanotubes and said
second substrate; and
incorporating said third composite structure into an elec-
trode adapted for use in a flexible supercapacitor.
22. The method of claim 21, wherein said first substrate
includes silicon.
23. The method of claim 21, wherein said first substrate
includes silicon dioxide.
24. The method of claim 21, wherein said first substrate
has a wafer-like structure made from silicon or silicon
dioxide.
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25. The method of claim 24, wherein said wafer-like
structure includes a catalyst which is applied thereto by
physical vapor deposition.

26. The method of claim 25, wherein said catalyst is
selected from the group consisting of aluminum and iron.

27. The method of claim 21, wherein said stack of carbon
nanotubes is grown on said first substrate in an atmospheric
pressure chemical vapor deposition chamber.

28. The method of claim 27, wherein said stack of carbon
nanotubes is grown at a temperature of 750° C. for 15
minutes.

29. The method of claim 28, wherein said stack of carbon
nanotubes is grown into a dense carpet-like structure.

30. The method of claim 21, wherein said second sub-
strate includes a curing agent for said curable polymer.

31. The method of claim 30, wherein said polymer is
polydimethylsiloxane and said curing agent is a silicone
elastomer.

32. The method of claim 21, wherein said polymer, once
fully cured, adheres to said second ends of said carbon
nanotubes.

33. The method of claim 21, wherein said electrode is
combined with an electrolyte to form said flexible superca-
pacitor.

34. The method of claim 33, wherein said electrolyte is an
ionic liquid.

35. The method of claim 33, wherein said electrolyte is a
solid.

36. The method of claim 33, wherein said electrolyte is a
gel.

37. The method of claim 33, wherein said electrolyte
comprises polyvinyl alcohol powder, potassium hydroxide
and deionized water.

38. The method of claim 21, wherein said carbon nano-
tube structure maintains structural integrity under tensile
strains up to 300%.

39. The method of claim 21, wherein said carbon nano-
tube structure retains its functionality over 1000 charge and
discharge cycles.

40. The method of claim 21, wherein said polymer has
viscoelastic properties.
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