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HIGH SPECIFIC CAPACITANCE SOLID STATE
SUPERCAPACITOR AND METHOD OF
MANUFACTURE

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority 1o co-pending U.S. Provisional Patent Application 62/567 425,
filed Oclober 3, 2017 and entilled “High Specific Capacitance in Solid Stale Supercapacitor”,

which is herein incorporated by reference in its entirety.
BACKGROUND OF INVENTION

Supercapacitors have been one of the emerging energy storage technologies with potential
applications in small electronics, hybrid vehicles, solar and wind farms. The key factors in a
supercapacitor are specific capacitance, specific power, and specific energy which are all
largely dependent upon the nature of elecirode materials. To obtain high performance in a
supercapacitor, the electrodes of the device have to be porous with high surface to volume
ratio and high conductivity. Also, for employing the pseudocapacitive effect for enhancing a
device capacitance, the electrode material should present an excellent electrochemical redox
stability at a wide potential window. High specific capacitances have been reported in devices
made of nanocomposites of a conducting polymer with graphene, MoS:z, and carbon
nanoiubes.

A practical method 1o enhance the porosity of the electrodes is o coat the composite
malerials on the surface of a cellulose or sponge sitructure, such as a solid-state
supercapacitor fabricated with large surface area based carbon nanotubes on bacterial
nanocellulose in  poly(styrene-block-ethylene  oxide-block-styrene) based lonic  liquid
elecirolvte. The electrodes based on carbon nanotubes on bacterial nanoceliulose had a
specific capacitance of (80 F o). Porous nitrogen doped carbon fibers showed a specific
capacitance of 202 Fg'. A volumslric capacilance of 2.5 F om?® in a solid-siate
supercapacitor based on carbon fiber and manganese oxide core-shell fiber electrode have
also been demonstrated. Graphene meso and microporous asrogels-based supercapacitor
showed a specific capacitance of 325 F g in a sulfuric-based electrolyte. A supercapacitor
fabricated on a 3D sponge like nano-structure coaled with funclionalized multi-walled carbon
nanoiubes had an energy density of 7.1 Wh kg! and a power density of 48 kW kgt in an ionic
liguid-based slectrolyte. A power density of 83 kKWW kgt and energy density of 31 Wh kg with

a manganese oxide and carbon nanotube sponge-based supercapacitor has also been
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reported. H is also known to fabricate supercapacitors by coating graphene oxide on

polyurethane based sponge, resulting in an energy density of 89 W h kg,

The common approach with aerogel or sponge-based substrates is to dip the substrate in a
conductive ink or fo mechanically press a conductive powder {e.g. carbon nanociubes or
graphene) to the substrate io make conductive porous electrodes. Despite the simplicity of
the process, the electrode conductivity may differ in various parts of the substrate, thereby

negatively influencing the properties of a supercapacitor made by such a process,

Accordingly, what is needed in the art s an improved solid-state supercapaciior and

associated method for manufacturing a solid-state supercapacitor.

SUMMARY OF THE INVENTION

In varicus embodiments, the present invention provides an improved supercapacior
comprising a common sponge which provides a large surface area upon which {o fabricate a
solid-state  supercapaciior. The supercapaciior includes iwo subsiantially symmetric
elecirodes separated by a polyvinyl (PVAY laver. The two electrodes are provided by
depositing conducting polypyrrole (PPy) and polyaniline {(PANI) on the surface of sponge
using in-situ self-assembled polymerization technique, wherein the PPY and PANI layers
establish conductivity within the sponge. Subseguently, elecirochemical PANI and
molybdenurm disulfide (MoS2)-PANI are deposited by electrochemical technigues to form the
electrodes. The polyvinyl alcohol (PVA) gel is then synthesized and further, polvaniline,
polvaniline-graphene and polypyrrole, polvpyrrole graphene are polymerized in PVA gel fo

obtain highly conducting electrolvie to fabricate the solid-state supercapacitor,

in one embodiment, an electrode of the present invention includes, a porous structure having
absorbed polystyrene sulfonate (PSS), a self-assembled polypyrole (PPy) layer adjacent {o
the PSS absorbed porous struciure, a self-assembled polyaniline (PANI layer adjacent o the
PPy laver, an electrochemically deposited PANI layer adjacent 1o the PPy layer and an
electrochemically deposited PANE-molybdenum disulfide (PANI-MoS:) layer adjacent to the

electrochemically deposited PAN] layer.

The porous structure may be selected from a sponge, an organic sponge, open-cell
polyurethane form polystyreng, wood, foam, hongycomb ceramics, coral, pumice, porous

ceramics and aerogel

Additionally, the PANI layers may include one or more of, PANI-dichalcogenide, polyaniline
derivatives  (poly-toluidine,  poly{ortho-anisiding),  poly(methyl  aniline),  poly(ortho-

ethoxyaniline) and its derivatives, polythiophene ‘PTh', polvethylenedioxythiophene (PEDROT),
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polyhexyithiophene (PHTh), conduclting methyl substituted polyaniline, conducting polymer
copolymer {(poly{aniline-pyrrole) conducting polyimer nanocomposite films with graphene (G},
carbon nanotubes tin oxide, titanium oxide (TiO;), tungsten oxide (WOs), nanodiamond, zinc

oxide over polyaniline film.

in ancther embodiment, the present invention provides a supercapaciior inciuding a first
electrode and a second electrode separated by polyvinyl alcohol (PVA) layer and a separator.
The first elecirode and the second elecirode including a porous structure having absorbed
polystyrene sulfonale (PSS), a self-assembled polypyrole (PPy) layer adjacent io the PSS
absorbed porous struclure, a self-assembled polyaniline (PAND laver adjacent to the PPy
layer, an electrochemically deposited PANI layer adjacent to the PPy layer and an
elecirochemically deposited PANI-molybdenum disulfide (PANI-MoS:2) layer adjacent to the

elecirochemically deposited FANI layer.

The supercapacitor may further include a graphite sheelt/copper tape layer adjacent {o the

PSS porous structure of the first electrode and the second electrode.

in ancther embodiment, the present invention provides a method for manufacturing an
glectrode which includes, contacling a porous structure with a polyanion solution of
polystyrene sulfonate (PS8) 1o form a porous structure/PSS substrate, performing in-situ seif-
assembly polymerization of pyirole (PPy) on the porous structure/PSS subsirate to form a
porous structure/PSS/PPy substrate, performing in-situ self-assembly polymerization of
polyaniline (PAND on the porous structure/PSS/PPy substrate to form a porous
structure/P3S/PRPY/PANI substrate, electrochemically depositing a layer of PAN! on the
porous structure /PSS/PPY/PAN! substrate 1o form a porous struciure/PSS/PPY/PANIPANI
subsirate and electrochemically depositing a polyaniline molybdenum disulfide (PANI-MoS2)
layer over the porous stucture/PSS/PRY/PANI/PANI substrate to form a porous
structure/P3S/PRy/PANIPANIPANIE-MoS: electrode.

A method for manufacturing a supercapacitor is additionally provided which includes,
manufaciuring a first slectrode and a second electrode by the process inciuding, contacting a
porous structure with a polyvanion solution of polysiyrene sulfonate (P3S8) {o form a porous
structure/P3SS subsirate, performing in-situ self-assemidy polymerization of pyirole (PPy) on
the porous structure/P3SS substrate to form a porous structure/PSS/PPy substrate, performing
in-situ self-assembly polymerization of polyaniling (PANID on the porous structure/PSS/PPy
subsirale o form a porous structure/PSS/PPY/FPANI substrate, slectrochemically depositing a
layer of PANI on the porous siructure /PSS/PPRPy/PANI subsitrate to form a porous
structure/PSS/PRY/PANI/PANT substrate and electrochemically depositing a polyaniline
molyhdenum disuifide (PANI-MoB2) layer over the porous structure/PSS/PRyPANIFANI
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subistrate o form a porous structure/PSS/PRPY/PANIPANIPANI-MoS: electrode. The method
further includes, applving a first polyvinyl {(PVA) gel layer to the PANI-M0S: layer of the
porous structure/PSS/PRPY/RPANIPANIPANI-Mo S, first electrode, positioning a separator on
the PVA gel layer, applving a second PVA gel layer between the separator and the PANI-
MoS: laver of the porous structure/PSS/PPY/RPANIPANIPANI-MoS, second electrode,
positioning a first graphite sheet covered with copper tape on an exterior side of the first
elecirode and positioning a second graphite sheet covered with copper tape on an exterior
side of the second electrode o form the supercapacitor.

in a pariicular embodiment, the supercapacitor can be a large surface area based
sponge/polystyrene sulfonate (PSS)/polypyrrole (PPY)/polvaniline (PAND/FPANI-molybdenum
disulfide (MoSz)-poly{vinyl alcoholy (PVA)~ PANI-MoSZ/PANIPPY/PSS Sponge based solid

state supercapacitor.

in an additional embodiment, the supercapaciior can be large surface area based
sponge/polystyrene sulfonate (PSSY/polypyrrole (PPY)Ypolyaniline (PANID/ PANI-molvbdenum
disulfide (MoS;)- (PVA-gel & graphene) polymerized with PANE- poly{vinyl alcohol) (PVA) —~gel
~ PAN-MoS2/PANIPRY/! PSSSponge based solid state supercapacitor.

in another embodiment, the supercapacitor can be a large surface arca based
sponge/polystyrens sulfonate (PS3)/polypyrrole (PPY)Y polyaniline (PANIY/ PANI-molvbdenum
disulfide (MoS8z)- (PVA-gel & graphene} polymerized with PPY- P AN
MoS2/PANIPPY/PSS/sponge conlaining  based elecitrolyle and assembly of solid state
supercapacior.

in a particular embodiment, the poly(vinyl alcoholy (PFVA) gel may be synihesized in acid. The
PVA-gel may be mixed with aniline monomer, graphene and lafer, added with solution
containing ammonium perdisulphate dissolved in 1 M HCL The aniline may be polymerized
over PVA-gel and graphene and resulis tino a gel of PYA-PANI-graphene. Similarly, PVA-
PPY-graphene, PVA-polythiophene-graphene, gel can be prepared. The gel can be prepared
from one or mixtures of polyvinyl alcohol, poly {vinyt acetats, poly (vinyl alcohol co-vinyl
acetate), poly (methyi methacrylate, poly (vinyl alcohol-co-ethylene ethviene), poly (vinyl
butyral-co-vinyl alcohob-co-vinyl aceiate), polyvinyl butyral, polyvinyl chioride, polysiyrene.
The combination of each polymer at different proportions can also be used for fabrication of
PVA-gel used for making supercapaciior. The gel mixed polvaniline, polyaniline-grapheng and
polypyirole, polypyirole graphene may be polymerized in PVA gel io obtain highly conducting

electrolyte io fabricate the solid state supercapacitor.

In a specific embodiment, wherein the porous structure is a sponge, the electrode can be
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fabricated for such structures as sponge/FPSS/PRYPANIPPY-MoS,,

sponge/PSS/PPY/PPY/PANI-MoS:, sponge/PSS/PRY/PRPY /polythiophene-MoS,,
sponge/PSS/PPY/PPY/poly(o-anisidine}-MoS:z, sponge/PESS/PPY/PPY/poly(o-toluidine)-MoS,,
sponge/PSS/PPY/PPY/PRY-MoS:, sponge/PSS/PPY/RPRY/poly{o-sthoxyaniline)-MoS;,
sponge/PSS/PPY/FPPY/substituted -MoSz, sponge/PSS/PRPY/PPY/PPY-PANI-M0S:,

sponge/PSS/ PPY/ PPY/ PPY-Mo3:, sponge/PSS/PRY/PANIY PPY-MoS,,
sponge/PSS/PPY/RPANsubstituted  PPY-MoS:  spongs/ PSS/ PPY/ PANUPPY-WS,,
sponge/PSS/PPY/PANI/substituted PAMNI-WS;, sponge/PSS/PRY/ PANIPPY-WS,,
sponge/PSS/PPY/PANsubstituied PPRY-graphene, sponge/PSS/IPPY/PANY PPRY-graphene,
sponge/PSS/PPY/PANsubstituted PANI-Carbon nanciube (CNTs),
sponge/PSS/PPY/PANsubstituted PPY-CNTs, the mixed PPY, PANI and polythiophene or

mixture layers can be fabricated.

Additionally, sponge/PSS/PRYIPANI/PRY-MoS:- PVA-gel -MoS~PANIPPRY PANIPPY/PSS/
sponge symmelric or sponge/PSS/PRY/PANIPFY-M0S- PVA-gel ~ MoS: —PPY/PPYIPSS/
sponge supercapacitor may be formed. The combinations can be made from the gel mixiures
described above. The PVA-gel consisting of polyaniling and graphene can also be used as

eleciroivte.

Accordingly, in various embodiments the present invention provides for improved electrodes
and associated supercapacitors formed from said inventive electrodes, thereby providing a

device exhibiting improved capacitance over other structures known in the ari.
BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference should be made to the following detailed

description, taken in connection with the accompanying drawings, in which:

FIG. 1 is g series of images depicting the steps of elecirode fabrication in which PPY, PANI
and PANI-MoS. are deposited over sponge, in accordance with an embodiment of the

prasent invention.

FIG. 2 is an image depicting the formation of a PVA based gel electrolyte, in accordance with

an embodiment of the present invention.

FIG. 3 is a series of images depicting the fabrication sieps of a sponge-based solid

supercapacitor, in accordance with an embodiment of the present invention.

FIG. 4 is a schematic of the sponge-based supercapacitor using copper lape/graphite
sheel/sponge/PSS/PRY/PANIPANIPANI-MoS/PVA gel/sponge/PSS/PRPY/PANIPANY
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PANI-MoS,/graphite sheet/copper sheet, in accordance with an embodiment of the present

invention.

FIG. 5Ais an SEM image of a pure sponge, in accordance with an embodiment of the present

invention.

FIG. 8B is a magnified image of the SEM image of the pure sponge of FIG. 5A, in accordance

10 with an embodiment of the present invention.

FIG. 8C is an SEM image of a pure sponge/PPy, in accordance with an embodiment of the

present invention.

FIG. 50 is a magnified image of the SEM image of the pure sponge/PPy substrate of FIG. 8C,

in accordance with an embodiment of the present invention.

(v

FIG. 5E is an SEM image of a pure sponge/PPy/FPANI substrate (via in-situ self-assembly), in

accordance with an embodiment of the present invention.

FIG. 5F is a magnified image of the SEM image of the pure sponge/PPy/PAN! subsirate of
FIG. BE, in accordance with an embodiment of the present invention.

FIG. 5G is an SEM image of a pure sponge/PPyPANI/PANI-MoS: substrate (via
20 electrochemical deposition), in accordance with an embodiment of the present invention.

FIG. 8H is a magnified image of the SEM image of the pure sponge/PPRy/PANI PANI-MoS:

substrate substrate of FIG. 8G, in accordance with an embodiment of the present invention.

FIG. 8A is g graphical illustration of the X-ray diffraction of PPY/PANI/MoS:, in accordance

with an embodiment of the preseant invention.

23 FIG. 6B is a graphical Hustration of the FTIR specira of PPY, PPY/PAN! and PPY/PANIMoS:
deposited on sponges from 800-2000 cm?, in accordance with an embodiment of the present

invention.

FIG. 7A Is g graphical Hlustration of the OV as a function of scan rates at (1) 5 mV/s (2) 10
my/s (3 20 mV/s (4) 50 mV/s and (5) 100 mV/s, in accordance with an embodiment of the

supercapacitor of the present invention.

FIG. 7B is a graphical #lustration of the CV of the supercapaciior at 10 mV/s, in accordance

with an embodiment of the present invention.

FIG. 7C is a graphical illustration of the specific capacitance of the supercapacitor, estimated
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using CV studies, in accordance with an embodiment of the present invention.

FIG. 7D is a graphical illustration of the charge/discharge cyoling performance of the

supercapacitor at 30 mA, in accordance with an embodiment of the present invention.

FIG. 8 is a graphical image depicting CV cydling performance at 20 my/s for 1600 cycles
(inset) CV curves collected at the 15 and the 1000 cycle, in accordance with an embodiment

of the supercapacitor of the present invention.

FIG. 9 is a graph depicting leakage current when charging with constant voltage of 1V overa
duration of 500 seconds, in accordance with an embodiment of the supercapacitor of the

present invention.

FIG. 10A is a graphical image depicting OVs curves as a function of scan rate 5, 10, 20, 50
and 100 mVisec of 2 vyears old symmetric  supercapacitor based on
sponge/PSS/PRPY/PPYPPY-MoS: electrode materials, in accordance with an embaodiment of

the supercapacitor of the present invention.

FIG. 10B is a graphical illustration of and PVA-~gel as an electrolyte sec (inset) at 10 mV/s, in

accordance with an embodiment of the supercapacitor of the present invention.

FIG. 11 is a graph depicling Nyguist plois (inset) of the applied equivalent circuit of the
sponge supercapacitor, in accordance with an embodiment of the supercapacitor of the

present invenltion.
DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description of the preferred embodiments, reference is made to the
accompanying drawings, which form a part hereof, and within which are shown by way of
illustration specific embodimenis by which the invention may be practiced. It is 1o be
undersiood that other embodiments by which the invention may be practiced. It is o be
undersiood that other embodiments may be utilized, and structural changes may be made

without departing from the scope of the invention.

Yhile organic sponge, polyurethane and foam-based polystyrene based porous materials are
inexpensive, they are also naturally insulating. The present invention fransforms a sponge
into a nearly metallic conductivity through the deposition of conducting polymer, utilizing both
in~situ and electrochemical technigues. In addition to providing the subsirate, the sponge also
contains the hybrid network within ifs large surface area. which enables fabrication of a high

specific capacitance based supercapacitor. As such, in varicus embodiments, porous
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materials, such as wood, foam malerial, honeycomb ceramics, coral, pumice, porous
ceramics, open-cell polyurethane foam, aerogel, etc. can be used to make an inexpensive

conducting and solid-state supercapacitor.

in various embodiments, the present invention provides a multilayer structure electrode built
an a sponge substrate and a solid-state supercapacitor having a polyvinyl alcohol (PVA) gel-
based electrolvie, which ulilizes the novel electrode. To bulld the elecirode in-situ, self-
assembled polymerization of both PPy and PANI were used to establish a conductive surface
for the subsequeni electrochemical polymerization of molybdenum disulfide {(MoSz)-FANI
nanocomposite to oblain the supercapacitor elecirodes. The electrochemical study results are
promising toward practical application of the multilayer electrode structure for high power and

high energy density supercapaciiors.

With reference to FIG. 1, in one embodiment the electrode fabrication steps 188, utilizing a
commercial kitchen sponge are illustrated. In this embodiment, the sponge was washed in
deionized water and then dipped in a polyanion solution of polystyrene sulfonate (PSS) 2
mg/mi) for 24 hours 1o form a sponge/PSS substrate 105, In a specific embodiment, the
sponge may be a high-densily foam. The PSS freatment allowed the sponge surface o

absorb negative charges of anions.

Nexd, pyirole (PPy) was polymerized by in-situ self-assembly polymerization over the PSS
ireated sponge 188 resulling i a sponge/PSS/PPy substrate 116, In a particular
embodiment, 0.1 M pyrrole and 0.1M para-toluene sulfonic acid were added 1o a 1M HCI
solution, followed by 0.05M iron chloride, which was then stirred for a few seconds. The
sponga/PSS subsirale was then dipped in the resulting solution and held for 3 hours. The

sponge/PSS/PPy was then cleanad and kept in 1M HC! solution.

A layer of polyalanine (PAND was then deposited on the sponge/PSS/PPy subsirate 140 {o
form a sponge/PSS/PRPY/PANI substrate 118, In a particular embodiment, the PANI was
deposited by in-situ self-assembied technigue using a solution of 0.2M aniling, 0.1M of an
oxidizing agent (ammonium persulfate, APS) in 1M HCI for a duration of 3 hours.

The second layer of PANI was then deposited on the sponge/PSS/PRPy/PANI substrale 115 {0
form a sponge/PSS/PPyPANIPANT substrate 120, In a particular embodiment, the second
layer of PANI was deposited by an electrochemical technigue in 0.2 aniline in 1 M HCl at a

potential of 1.5 V for a duration of 2 hours, for each side of the sponge.

The final layer of PANI-MoS: was then electrochemically deposited over the
sponge/PSS/PPy/RPANI substrate 120 1o form a sponge/PSS/PRY/PANI-MoS: subsirate 125.

in a particular embodiment the PANI-MoS;: was deposited in an electrochemical cellat 1.5V



WO 2019/070814 PCT/US2018/054112

(V4]

10

U
(v

20

[\
(V4]

30

in a solution confaining 0.2 M aniline, 0.5 g MoS:, 1g celrimonium bromide ‘CTAB’ for a
duration of 2 hours. The sponge/PSE/PPy/PANI-MoS, substrate was made upside down, and
further deposition was also made at 1.5 V for an additional 2 hours to complete the deposition
process. These processing steps resulied inh a neardy metallic conduclivity in the
sponge/PSS/PPyRPANIPANI-MoOS, layers.

FIG. 1 illustrates the steps 100 involved in the elecirode fabrication process of the present
invention and the chemical structures of the conducting polymer and its composite materials.
Following the fabrication sieps, the sponge/PSS/PPy/PANI-MOS: was cleaned using
deionized water, and subsequently in 1 M HCI, and gently squeezed to remove the acid and
lefl 1o dry at room temperature for 24 hours. The sponge/PSS/PRPy/FANIPANI-MoS:

elecirode was subsequently used {o characterize and fabricate a solid supercapacitor,

For the preparation of the PVA-gel emploved in the solid supercapacitor, 10 g of poly{viny
alcoholy (PVA) was added to 100 mi of 1M HCI, which was then stirred, under heat at 80Ce
for a duration 24 hours. The gel was then allowed to age for one week prior to the fabrication

of the supercapacitor. FIG. 2 illustrates the structure 280 of the PVA-gel.

FIG. 3 illustrates the methods steps 300 in the fabrication of the sponge-based solid
supercapacitor of the present invention. In a first siep 305 for the preparation of the
supercapacitor, the sponge/PSS/PPYPANIPANIMOS, was used for both electrodes 310,
318 in the symmetric supercapaciior structure. The PVA gel electroiyte 320 was applied to the
elecirodes 310, 315 and a porous filter paper that was used as the separator 338. The
elecirodes 318, 318, PVA gel 320 and separaior 338 were sandwiches together in a second
siep 348, In a third step 388, a copper tape 388, 370 was used as the cument collector for
each electrode 310, 315. The completed device 360 was assembled by sandwiching two
elecirodes 310, 315 and the separaior 330 between two layers of plexiglass and tightened

with four screws.

FIG. 4 liustrates the various layers of the sponge-based solid supercapacitor 488, In this
embodiment the supercapacitor 400 includes, in order from {op (o boltom, a first copper tape
layer 408 over a first graphite sheet 410, a first sponge/ PSS/PPy/FANIPANI-MoS: elecirode
418, a first PVA gel layer 428 a separalor 435, a second PVA gel laver 430, a second
sponge/PSS/PPY/PANIPANI-MoS: electrode 420, a second graphite sheet 450 and a second
copper tape layer 440,

To analyze the physical and siructural characteristics of the solid supercapacitor, field
ernission scanning eleciron microscopy (FE-SEM, SU70, at accelerating voltage of 5kV) was

used fo image the sponge and each deposited conducting polymer, in addition {o the
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composite structure on the sponge. FIG. A and FIG. 3B illustralte an SEM image of the pure
sponge. FIG. 5C and FIG. 8D present images of the sponge/PPRy layer. FIG. 5E and FIG. 5F
present images of the sponge/PPy/RPANI (via in-situ self-assembly) layer. FiG. 5G and FIG.
5H present images of the sponge/PPy/PANUPANI-MoS: (via electrochemical deposition)
layer. The structure of the sponge before and after the PPy layer is different, as shown in
FIG. 5C and FiIG. 8D. The smaller magnification shows equally distributed PPy particles
approximately 1800 nm to 3500 nm in size. Further, the PANI deposition over PPy changed
the structure, whereby nanostructures are clearly visible over the sponge surface as shown in
FIG. 5E and FIG. 5F. The PANI-MoS:; is a clearly distinguishable structure that is different
than both PPy and PANI, following the electrochemical deposition. The MoS: plateleis are
observed in the PANI network in the SEM images of FIG. 5G and FIG. 8H.

A Philips Panalytical Xpert Pro MRD with Cu Ko radiation (wavelength = 1.5442 A) and 28
range from 5° to 45° was then used (o study the X-ray diffraction (XRD) of
sponge/PSS/PPY/PANI-MOS:. As shown in FIG. 8A, peaks for diffraction angle 20" at 6.8, 11,
14.4, 33.8, 38 and 40.7 degrees were found in the results, Generally, the emeraldine salt of
PANI is guasi crystalline and PPY is amorphous in nature. However, the composite with MoS:2

structure is ordered state than the conventional PANI as well as PPy structure.

FTIR specira of sponge/PSS/PRY, sponge/PSS/PPY/PANI and sponge/PSS/PRYPANIPANI-
MoS: was measured using Perkin Elmer spectrometer from €00-2000 o in the reflectance
mode. In FIG. 6B, curve 1 shows the infrared peaks at 1836, 1824, 1726 ((C=N, C-N)), 1586
(C=C sireiching), 1494, 1332 (C=N, C-N) bonds, 1242 (N-H plane mode), 1114 (C-H in plane
mode), 872 (C-H waq), 833 (C-H waging), 749 and 684 ocm [28]. Curve 2 in FiG. 6B shows
the vibrational bands at 1933, 1821, 1722, 1585, 1408, 1332, 1233, 1114, 968, 824, 728, 827
cml. Curve 3 in FIG. 6B shows the infrared peaks at 1940, 1822, 1728, 1600, 1490, 1384,
1338, 1215, 1114, 982, 8486, 742, 8687, 685 and 843 cm'. As illustrated, there is a decrease in
the wavenumber in IR specira after PANI was polymerized over PPy, which could be due to
formation of some hydrogen bonds in the doped form of PANI 863 cmy! is the characteristic
shifted peak of MoS:

To assess the electrochemical characteristics of the sponge-based superconducior device,
electrochemical tests, including CV, CCCD and EIS, were conducted using the two-elecirode
configuration. FIG. 7A shows the CV curves of the device at different scan rates from 5 mV s
to 100 mV s1. Oxidation and reduction peaks are ohserved at 0.34V and -0.37V, respectively,
for the scan rate of 5 mV s'. The peaks were shifted to 0.8 V (oxidation) and -0.74V

{reduction) at 100 mV s scan rate.

FiG. 7B shows the CV plot at 10 mV s scan rate to show the redox peaks. The visibie redox
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peaks at different scan rates imply the strong charge storage via the pseudo-capacitive effect
in addition to the double layer effect. The highest specific capacitance of ~569 F g has been
calculated from the 5 mV s CV result. FIG. 7C shows the charging and discharging
behaviors of the sponge/PSS/PPy/PANE /PANI-MoS: supercapaciior with the PVA-gel
elecirolvte. The specific capacitance, specific power density and specific energy density have
been calculated to be 831.6 Fg'!, 475 W kg' and 7917 Wh kg considering the weight of
only elecirode material. In order to test the stability of the device in multiple cycles, CV resulis
of 1500 cycles were collected when the scan rate was 100 mV s, FIG. 7D shows the
Nyguist plot of sponge/PSS/PPY/PANIPANI-MoS; based supercapacitor fabricated using
PVA-gel There is a direct fitting of the Nyguist plot and the value of R1, C1, R2 and CPE1
has been eslimated 287.7 uF, 20817 Q, 5180 Q and Aw1l =3.041, P1 = 0.05 and nt =
0.5889.

FIG. 8 shows a refention of ~84 % CV for cycling performance at 1000 mV s for 1500 cycles

(inset) CV curves collected at the 18 and the 1000th cycle.

To study the leakage currant in the sponge supercapacihor, a consiant potential of 1 V was
applied for 500 seconds. By monitoring the charging currant at the end of charging cycle, #
was 4.5 mA which can been corresponding to the leakage currant in the device as shown in
FIG. 8. FIG. 10A illustrates CVs curves gs a function of scan rate 5, 10, 20, 50 and 100
mV/sec of symmetric supercapachor based on 2 vears old sponge/PPy/PANIPANI-Mo0S:
elecirode materials and PVA-gel as an electiolte. The cyclability of this 2-year-old
supercapacitor is examined under long-term charge/discharge cycling over 100 cycles, which

has shown a good cydlic performance and reversibility as evidenced by FiG. 10B.

FIG. 11 shows the Nyquist plot of sponge/PPy/RPANIPANI-MoS: based supercapacitor
fabricated using PVA-gel There is a direct fitling of the Nyquist plot and the value of R1, C1,
R2 and CPE1 has been estimated. The C1 297.7 uF, R1 2.0817, R2 =5.180, Aw1 =3.041, P1
= (.05 and n1 = 0.5888.

As described in detail, in various embodiments, the present invention provides a multilayer
electrode structure with conducting polymers and a composite material of molybdenum
disulfide (MoSy) that was designed and fabricated on a Kilchen sponge substrate 1o make

solid state supercapacitors with a high specific capacitance of 8316 F g,

In varicus embodiments, the sponge-based electrode was fabricated by in-situ self-
assembled polymerization of a layer of polypyrrole (PPy) and a layer of polyaniline (PANI on
a sponge substrate. The lavers of PPy and PANI converted the sponge surface 1o a

conductive surface that was used for the electrochemical deposition of a thicker layer of PANI
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and another faver of PANI-MoS-PAN! composite. The polyvinyl alcohol (PVA) gel was
synthesized and further, PANI, was polymerized in PVA gel to obtain highly conducting

eleciroivte.

The fabrication, characterization and resulis demonstrate that large surface area based
sponge PSS/PPy/PANIPANI-MoS: electrodes may potential use as supercapacitor elecirode
10 malerials for a promising low-cost supercapacitor which exhibils good electrochemical

performance with superior cycle durability, time stability and shelf life.

in the preceding specification, all documents, acts, or information disclosed does not
constitute an admission that the document, aci, or information of any combination thereof was
publicly available, known to the public, part of the general knowledge in the art, or was known

15 1o be relevant to solve any problem at the time of priority.

The disclosures of all publications cited above are expressly incorporated herein by
reference, each in its entirety, to the same exient as if each were incorporated by reference

individually.

it will be seen that the advantages set forth above, and those made apparent from the
0 foregoing description, are efficiently attained and since cerlain changes may be made in the
above construction without departing from the scope of the invention, it is intended that ali
matiers contained in the foregoing description or shown in the accompanying drawings shall

be interprefed as illustrative and not in g limiting sense.

it is also to be understood that the following claims are intended 1o cover all of the generic

W

and specific features of the invention hereln described, and all statements of the scope of the
invention which, as a matter of language, might be said to fali there between. Now that the

invention has been described,
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Yhat is claimed is:

1.

An electrode comprising:

a porous structure having absorbed polystyrene sulfonate (PSS8),;

a self-assembiled polypyrole (PPy) laver adjacent {o the PSS absorbed porous

structure;

a seif-assembled polvaniiine (PANI) layer adiacent to the PPy layer,

an electrochemically deposited PANI layer adjacent to the PPy laver; and

an electrochemically deposiied PANI-molybdenum disuifide (PANI-MoS2) layer

adjacent to the electrochemically deposiied PANI layer.

The electrode of claim 1, wherein the porous structure is selected from a sponge, an
organic sponge, open-cell polyurethane form polystyrene, wood, foam, honeycomb

ceramics, coral, pumice, porous ceramics and aerogel.

The electrode of claim 1, wherein the self-assembled PANI layer further comprises
one or more of, PANIi-dichalcogenide, polyaniline dervatives (poly-toluidineg,
poly(ortho-anisidine), poly(methyl  aniline), poly(ortho-ethoxyaniline) and  its
derivatives, polythiophene PTh, polyethylenedioxythiophene (PEDOT),
polvhexylthiophene (PHTh), conducting methyl substituied polyaniline, conducting
polymer copolymer {poly{aniline-pyrrole} conducting polymer nanocomposite films
with graphene (G}, carbon nanotubes fin oxide, titanium oxide (TiO2), tungsien oxide

(WOs), nanodiamond, zinc oxide over polyaniline film.

The electrode of claim 1, wherein the electrochemically deposited PANI layer further
comprises one or more of, PANIi-dichalcogenide, polyaniline derivatives {(poly-
toluidine, poly{ortho-anisidine), poly(methyl aniline), poly{ortho-ethoxyaniling} and its
derivatives, polythiophene PTh, polyethylenedioxythiophene (PEDOT),
polvhexyfthiophene (PHTH), conducting methyl substituied polyaniling, conducting
polymer copolymer {(poly{aniline-pyrrole} conducting polymer nanocomposite films
with graphene (3}, carbon nanotubes tin oxide, titanium oxide (TiO2), tungsien oxide

(WOs), nanodiamond, zinc oxide over polyaniline film.

A supercapacitor comprising:

a first electrode comprising;
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a porous structure having absorbed polystyrene sulfonate (P38);

a self-assembled polypyrole (PPy) layer adjacent to the P38 absorbed

porous struciure;
a self-assembiled polyaniline (PAND laver adjacent {o the PPy layer,
an electrochemically deposited PANI layer adjacent to the PPy layer;

10 an electrochemically deposited PANI-molybdenum disulfide (PANI-M0S))

layer adjacent to the slectrochemically deposited PANI layer;
a second electrode comprising;
a porous structure having absorbed polystyrene sulfonate (PS3);

a seif-assembled polypyrole (PPy) layer adjacent to the PSS absorbed
is porous structure;

a self-assembled polyaniline (PAND laver adjacent to the PPy layer;
an electrochemically deposited PANI layer adjaceni o the PPy layer;

an electrochemically deposited PANI-molybdenum disulfide (PANI-MoS:2)

layer adjacent to the electrochemically deposited PANI layer,

20 a first polyvinyt alcohol (PVA) layer positioned adjacent to the PANI-MoS: laver of the
first elecirode;

a second polyvinyl alcohol (PVA) laver positioned adjacent to the PANI-MoS: layer of

the first electrode; and
a separator positioned between the first PVA layer and the second PVA layer.

5 €. The supercapacitor of claim 5, wherein the porous structure of the first electrode and
the second electrode is selecied from a sponge, an organic sponge, open-cell
polyurethane form polystyrene, wood, foam, honeycomb ceramics, coral, pumice,

porous ceramics and aerogel.

7. The supercapaciior of claim 5, wherein the self-assembled PAN! layer of the first

electrode and the second electrode further comprises ong or more of, PANI-
dichalcogenide, polyaniline derivatives  (poly-ioluidine,  poly(ortho-anisidine),
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10.

11.

t2.

13.

poly(imethyl aniline), poly(ortho-ethoxyaniling) and #ts derivatives, polythiophene
‘PThH, polyethylenedioxythiophene (PEDOT), polyhexyithiophene (PHTh)}, conducting
methyl substituted polyaniline, conducting polymer copolymer {poly(aniline-pyrrole)
conducting polymer nanoccomposite films with graphene (G), carbon nanolubes tin
oxide, titanium oxide (TiO2), tungsten oxide (WOs), nanodiamond, zinc oxide over

polyaniline film.

The supercapacitor of claim 5, wherein the electrochemically deposited PANI layer of
the first electrode and the second electrode further comprises one or more of, PANI-
dichalcogenide, polyaniline  derivatives  (poly-toluidine,  poly(ortho-anisidine),
poly(methyl aniline), poly(ortho-ethoxyaniling) and its derivatives, polythiophene
‘PTH, polyethylenedioxythiophene (PEDOT), polvhexyithiophene (PHThH), conducting
methyi substituted polyaniline, conducting polymer copolymer (poly(aniline-pyrrole)
conducting polymer nanocomposite films with graphene (G), carbon nanolubes {in
oxide, titanium oxide (TiQ0z), tungsten oxide (WOs), nanoadiamond, zinc oxide over

polyaniline film,

The supercapacitor of claim &, wherein the first electrode and the second elecirode

further comprises a copper tape layer adjacent to the PSS porous structure.

The supercapacitor of claim 8, wherein the first elecirode and the second elecirode

further comprises a graphic sheet layer adjacent to the copper taps laysr.

The supercapacitor of claim 5, wherein the separator is a porous filter paper.

The supercapacitor of claim 5, wherein the PVA gel further comprise graphena,

A method for manufacturing an electrode, the method comprising:

contacting a porous structure with a polyanion solution of polystyrene sulfonate (PSS)

to form a porous stiucture/PSS substrate;

performing in-sity self-assembly polymerization of pyrrole (PPy) on the porous

structure/PSS substrate to form a porous struchure/PSS/PPy substrate;

performing in-situ self-assembly polymerization of polyaniline (PANI) on the porous

structure/PSS/PPy substrate to form a porous structure/PSS/PRY/PANI subsirate,;

glectrochemically depositing a layer of PANI on the porous structure /PSS/PPy/FPANI
substrate {o form a porous structure/PSS/PRY/PANIPANI substrate; and



WO 2019/070814 PCT/US2018/054112

(V4]

10

15

25

30

(98]
h

14.

15.

16.

17.

electrochemically depositing a polyaniline molybdenum disulfide (PANIMoS2) layer
over the porous structure/FPSS/PPY/FPANIPANI substrate to form a porous
structure/PSS/PPY/FPANIPANIPANIEMGS: electrode.

The method of claim 13, wherein the porous structure is selected from a sponge, an
organic sponge, open-cell polyurethane form polystyrene, wood, foam, honeycomb

ceramics, coral, pumice, porous ceramics and aerogel.

The method of claim 13, wherein the self-assembied PANI layer further comprises
cne or more of PANI-dichalcogenide, polyaniline derivatives (poly-toluidine,
poly(ortho-anisiding), poly(methyl  aniiing), poly(ortho-ethoxyaniling) and s
derivatives, polythiophene PTh, polyethylenedioxythiophene FPEDOT),
polyhexylthiophene (PHTh), conducting methyl substituted polyaniline, conducting
polymer copolymer (polvianiline-pyrrole) conducting polymer nanocomposite films
with graphene (G), carbon nanotubes tin oxide, titanium oxide (TiCy), tungsten oxide

(WOs), nancdiamond, zinc oxide over polyaniline film.

The method of claim 13, wherein the electrochemically deposited PANI laver further
comprises one or more of PANkdichalcogenide, polyaniline derivatives (poly-
toluiding, poly(ortho-anisiding), poly(methyl aniline), poly{ortho-ethoxyaniline} and iis
derivatives, polythiophene PTh, polyvethylenedioxythiophene {FPEDOT),
polyhexylthiophene (PHThH), conducting methyl substituted polvaniline, conducting
polymer copolymer {(polvianiline-pyrrole} conducting polymer nanocomposile films
with graphene (G), carbon nanotubes tin oxide, titanium oxide (TiC2), ungsten oxide

(WOs), nancdiamond, zinc oxide over polyaniline film.

A method of manufacturing a supercapacitor, the method comprising:

manufacturing a first electrode and a second electrode by the process comprising,

contacting a porous structure with a polyanion solution of polystyrene

sulfonate (PSS) to form a porous structure/PSS substrate;

performing in-situ self-assembly polymerization of pyrrole {(PPy) on the
porous structure/PSS  substrate to form a porous  structure/PSS/PPy

subsirate;

performing in-situ self-assembly polymerization of polyaniling (PAND on the
porous structure/PSS/PPy substraie io form a pOrous
structure/PSS/PRPy/PANI substrate;
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5 glectrochemically deposiling a layer of FPANI on the porous structure
PSE/PPY/PANI substrate to form a porous structure/PSS/PPY/FPANIPANI
subsirate; and
electrochemically depositing a polyaniline molybdenum disulfide (PANI-MoS2)
layer over the porous structure/PSS/PPY/PANIPANI substrate o form a

10 porous structure/PESS/PRY/PANIPANIPANI-MoS; electrode;
applying a first polyvinyl (PVA) gel layer o the PANIMoS, layer of the porous
structure/PSS/PRPY/PANIPANIPANI-MoS, first electrode;
positioning a separator on the PVA gel layer;
applying a second PVA gel layer between the separator and the PANI-MoS: layer of

15 the porous structure/PSS/PPY/PANI/PANIPANI-MoS: second electrode;
positioning a first graphite sheet covered with copper tape on an exierior side of the
first slectrode; and
positioning a second graphite sheet covered with copper tape on an exierior side of
the second electrode to form the supercapaciior.

20 18. The method of claim 17, whergin the porous siructure of the first electrode and the
second elecirode is selected from a sponge, an organic sponge, open-cell
polyurethane form polystyreng, wood, foam, honeycomb ceramics, coral, pumice,
porous ceramics and asrogel

19. The method of claim 17, wherein the separator is a porous filter paper.
5 20. The method of claim 17, wherein the PVA gel further comprise graphene.
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