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CONDUCTIVE PASTE BASED ON NANO-HYBRID MATERIALS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of and priority to U.S. Provisional Application
Serial No. 62/747,944 filed on October 19, 2018, the disclosure of which is expressly
incorporated herein by reference in its entirety.

BACKGROUND

Silver paste is highly conductive and generally consists of silver particles, a
thermoplastic resin, and a dispersant. The conventional silver paste, however, is very
expensive due to the high cost of silver and scarcity of the materials. Pastes containing
copper or nickel have been developed and show appreciable conductivity but loses stability
over time. Graphene and silver containing pastes have been found to have high conductivity
and better stability.

There is a need for conductive pastes comprising materials that are cost effective
and have good compatibility, conductivity, stability, adhesion, and corrosion resistance. The
materials and methods disclosed herein address these and other needs.

SUMMARY

In accordance with the purposes of the disclosed materials and methods, as
embodied and broadly described herein, the disclosed subject matter, in one aspect, relates
to hybrid particles having improved electrical conductivity and thermal and chemical
stabilities. The disclosed hybrid particles can be used in a conductive paste, a sensor
application, for sunlight control, catalytic activity, non-linear optical effect, antibacterial
activity, or stretchable electronics applications. In some examples, the hybrid particles can
be used in conductive pastes, preferably as a partial or complete replacement of silver in
silver conducting pastes.

In some aspects, the hybrid particles are in the form of core-shell particles. The
hybrid core-shell particles can comprise a nanoparticle core selected from a graphene-
containing material, a dichalcogenide material, a conducting polymer, or a combination
thereof and a shell at least partially surrounding the nanoparticle core, wherein the shell
comprises a conducting metal. In other aspects, the hybrid core-shell particles can comprise
a nanoparticle selected from a graphene-containing material, a dichalcogenide material, or a
combination thereof encapsulated in a conducting polymer. Suitable graphene-containing
materials include graphene, graphene oxide, carbon nanoparticles including carbon

nanotubes, or a combination thereof. Suitable dichalcogenide materials include
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molybdenum disulphide, molybdenum diselenide, molybdenum ditelluride, tungsten
disulphide, tungsten diselenide, tungsten ditelluride, titanium diselenide, titanium
disulphide, titanium ditelluride, zirconium disulphide, zirconium diselenide, zirconium
ditelluride, tin disulphide, tin diselenide, tantalum disulphide, tantalum diselenide,
vanadium tantalum ditelluride, or a combination thereof. Suitable conducting metals include
nickel, silver, or combinations thereof. Suitable conducting polymers include polyaniline,
polypyrrole, polythiophene, poly(ortho-anisidine), poly(methyl aniline), poly(o-
ethoxyaniline), poly (o-toluidine) (POT), poly (ethoxy-aniline), substituted polyaniline,
substituted polypyrrole, polyindole, polyethylenedioxythiophene (PEDOT), polycarbazole,
substituted polycarbazole, polyaniline-polypyrrole copolymers, polyaniline-polythiophene
copolymers, blends thereof, or copolymers thereof.

In certain embodiments, the nanoparticle core is selected from a graphene-
containing material or a dichalcogenide material. Accordingly, the hybrid core-shell
particles can include a nanoparticle core selected from a graphene-containing material or a
dichalcogenide material and a shell comprising a conducting metal. In these examples, the
hybrid core-shell particles can further include a conducting polymer layer on an outer
surface of the shell.

Representative examples of hybrid core-shell particles disclosed herein include
graphene oxide-nickel particles, graphene-nickel particles, molybdenum disulphide-nickel
particles, graphene oxide-silver particles, graphene-silver particles, molybdenum
disulphide-silver particles, graphene oxide-nickel-conducting polymer particles, graphene-
nickel-conducting polymer particles, molybdenum disulphide-nickel-conducting polymer
particles, graphene oxide-silver-conducting polymer particles, graphene-silver-conducting
polymer particles, and molybdenum disulphide-silver-conducting polymer particles.

In the hybrid core-shell particles, the core can comprise from 20-80 wt%, from 30-
70 wt%, or from 30-60 wt%, of the particle; and/or the shell comprises from 20-80 wt%,
from 30-70 wt%, or from 30-60 wt%, of the particle. The particles can have an average
particle size of from 50 nm to 10 microns, from 100 nm to 5 microns, or from 100 nm to 2
microns.

As described herein, the hybrid core-shell particles can be used in conducting pastes.
The hybrid core-shell particles can be present in an amount of 50 wt% or greater, from 50-
90 wt%, or from 70-85 wt%, of the composition. In addition to the hybrid core-shell
particles, the conducting pastes can further include a dispersant or surfactant (for example,

propylene carbonate, polyoxy ethylene-p-(1,1,3 3-tetramethylbutyl) phenyl ethers, X-triton,
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n-methyl pyrrolidinone, ionic liquid, diethylene glycol monobutyl ether, polyvinyl alcohol,
and such the like), an adhesive material, or a combination thereof. Suitable adhesive
materials include an epoxy resin, a vinyl ester resin, a polystyrene resin, an acrylic resin, a
polyamide resin, a polyamide-amine resin, a carboxyl group-containing resin, or a
combination thereof. The adhesive can be present in an amount of 50 wt% or less, from 10-
50 wt%, or from 15-30 wt%, of the composition.

As described herein, the conductive pastes described herein provides a cost effective
paste with good compatibility, conductivity, stability, adhesion, and corrosion resistance
compared to conventional silver pastes. In some embodiments, the conductive pastes
disclosed herein comprise less than 10 wt% of silver, or is substantially free of silver.

Methods of making the hybrid core-shell particles are also disclosed. The method
can include depositing a conducting metal and/or a conducting polymer on a surface of the
nanoparticle. Deposition of the conducting metal or conducting polymer can be by
electrochemical deposition or by other methods known to those skilled in the art.

Additional advantages will be set forth in part in the description that follows, and in
part will be obvious from the description, or may be learned by practice of the aspects
described below. The advantages described below will be realized and attained by means of
the elements and combinations particularly pointed out in the appended claims. It is to be
understood that both the foregoing general description and the following detailed
description are exemplary and explanatory only and are not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows schematic drawings showing the structure of polyaniline (PANI),
graphene oxide, and molybdenum disulfide (MoS2) nanomaterials coated with nickel or
silver.

Figure 2 shows schematic drawings showing the structure of a conducting polymer
coating on Ni-coated graphene or Ni-coated MoS2 nanomaterials.

Figure 3 shows the structure of nanomaterials used in the present disclosure.

Figure 4 shows polystyrene sulfonate (PSS) treatment of the nanomaterials,
graphene oxide and MoS,.

DETAILED DESCRIPTION

The materials, compounds, compositions, and methods described herein may be

understood more readily by reference to the following detailed description of specific

aspects of the disclosed subject matter, the Figures, and the Examples included therein.
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Before the present materials, compounds, compositions, and methods are disclosed
and described, it is to be understood that the aspects described below are not limited to
specific synthetic methods or specific reagents, as such may, of course, vary. It is also to be
understood that the terminology used herein is for the purpose of describing particular
aspects only and is not intended to be limiting.

Also, throughout this specification, various publications are referenced. The
disclosures of these publications in their entireties are hereby incorporated by reference into
this application in order to more fully describe the state of the art to which the disclosed
matter pertains. The references disclosed are also individually and specifically incorporated
by reference herein for the material contained in them that is discussed in the sentence in
which the reference is relied upon.

General Definitions

In this specification and in the claims that follow, reference will be made to a
number of terms, which shall be defined to have the following meanings:

Throughout the specification and claims the word “comprise” and other forms of the
word, such as “comprising” and “comprises,” means including but not limited to, and is not
intended to exclude, for example, other additives, components, integers, or steps.

As used in the description and the appended claims, the singular forms “a,” “an,”
and “the” include plural referents unless the context clearly dictates otherwise. Thus, for
example, reference to “a polymer” includes mixtures of two or more such polymers, and the
like.

“Optional” or “optionally” means that the subsequently described event or
circumstance can or cannot occur, and that the description includes instances where the
event or circumstance occurs and instances where it does not.

Notwithstanding that the numerical ranges and parameters setting forth the broad
scope of the disclosure are approximations, the numerical values set forth in the specific
examples are reported as precisely as possible. Any numerical value, however, inherently
contain certain errors necessarily resulting from the standard deviation found in their
respective testing measurements. Furthermore, when numerical ranges of varying scope are
set forth herein, it is contemplated that any combination of these values inclusive of the
recited values may be used. Further, ranges can be expressed herein as from “about” one
particular value, and/or to “about” another particular value. When such a range is expressed,
another aspect includes from the one particular value and/or to the other particular value.

Similarly, when values are expressed as approximations, by use of the antecedent “about,” it
4
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will be understood that the particular value forms another aspect. It will be further
understood that the endpoints of each of the ranges are significant both in relation to the
other endpoint, and independently of the other endpoint. Unless stated otherwise, the term
“about” means within 5% (e.g., within 2% or 1%) of the particular value modified by the
term “about.”

As used herein, the term “composition” is intended to encompass a product
comprising the specified ingredients in the specified amounts, as well as any product which
results, directly or indirectly, from combination of the specified ingredients in the specified
amounts.

References in the specification and concluding claims to parts by weight of a
particular element or component in a composition denotes the weight relationship between
the element or component and any other elements or components in the composition or
article for which a part by weight is expressed. Thus, in a mixture containing 2 parts by
weight of component X and 5 parts by weight component Y, X and Y are present at a
weight ratio of 2:5 and are present in such ratio regardless of whether additional
components are contained in the mixture.

Compositions

Hybrid particles having enhanced electrical conductivity, corrosion resistance, and
thermal and chemical stabilities are disclosed herein. The term “hybrid” as used herein
refers to a particle comprising at least two components. Suitable components include two or
more materials selected from a nanoparticle, a conducting metal, or a conducting polymer
as described herein. Compositions containing the hybrid particles are also disclosed. The
hybrid particles can be used as a replacement for silver in conventional silver conducting
pastes.

In some aspects, the hybrid particles include a nanoparticle encapsulated within a
conducting metal. In other aspects, the hybrid particles include a nanoparticle encapsulated
within a conducting polymer. The term “encapsulated” as used herein refers to the
nanoparticle (core) being partially or completely surrounded by the conducting metal or
conducting polymer (shell) in which it is encapsulated. The nanoparticle preferably includes
a 2-dimensional (2D) layered structure and is also a conducting material. The term
“nanoparticle” as used herein refers to any structure whose primary average particle size is
less than 1 micron, preferably less than 500 nm, such as less than 350 nm in one dimension.
For example, a nanoparticles can comprise a nanowire, nanotube, nanorod, spherical

nanoparticle, nanopore, and the like, or combinations thereof. As such, the term
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nanoparticle can comprise, for example, a nanowire, nanotube, nanorod, spherical
nanoparticle, nanopore, or a combination thereof. The nanoparticle can be a 2D (such as a
flake) or a 3D (such as a sphere) particle. Particle size can be measured by Dynamic Light
Scattering (DLS) and Transmission Electron Microscopy (TEM). In some examples, the
nanoparticles can have an average particle size of 0.5 nm to less than 1000 nm. For
example, the nanoparticles can have an average particle size of from 0.5 nm to 500 nm,
from 0.5 nm to 300 nm, from 0.5 nm to 200 nm, from 0.5 nm to 100 nm, from 0.5 nm to 75
nm, from 0.5 nm to 50 nm, from 0.5 nm to 40 nm, from 0.5 nm to 30 nm, from 0.5 nm to 15
nm, from 0.5 nm to 10 nm, from 0.5 nm to 5 nm, 1 nm to 500 nm, from 1 nm to 300 nm,
from 1 nm to 200 nm, from 1 nm to 50 nm, from 1 nm to 40 nm, from 1 nm to 30 nm, from
1 nm to 15 nm, from 1 nm to 10 nm, from 1 nm to 5 nm, 2 nm to 500 nm, from 2 nm to 300
nm, from 2 nm to 200 nm, from 2 nm to 50 nm, from 2 nm to 40 nm, from 2 nm to 30 nm,
from 2 nm to 15 nm, from 2 nm to 10 nm, or from 2 nm to 5 nm.

In preferred examples, the nanoparticle can include a graphene-containing material,
a dichalcogenide material, or a conducting polymer. Graphene is a two-dimensional
hexagonal lattice honeycomb structure and includes sp? carbon atoms. Graphene has
excellent electrical conductivity and mechanical properties. Graphene also has excellent
chemical and thermal properties, high electrical conductivity, high surface area, and high
mechanical strength properties. The graphene-containing material can include graphene
nanoparticles, graphene oxide nanoparticles, or a combination thereof.

The graphene nanoparticles can include both single-atom-thick planar sheets of sp?
hybridized carbon as well as materials comprising two or more stacked layers of such
sheets. The planar sheets of sp? hybridized carbon may form an essentially hexagonal
lattice. Similarly, the graphene oxide nanoparticles can include single-atom thick planar
sheets of graphite oxide as well as materials comprising two or more stacked layers of such
sheets. In some embodiments, the graphene nanoparticles or the graphene oxide
nanoparticles can comprise single sheets, two sheets, three sheets, four sheets, five sheets,
six sheets, seven sheets, eight sheets, nine sheets, and/or ten sheets of the single-atom thick
planar sheet. The graphene oxide nanoparticles can be derived from oxidizing carbonaceous
materials having small (nanometer scale) graphite crystalline domains. Examples of
carbonaceous materials include mesoporous carbons, graphitized mesoporous carbons,

carbon black, conductive carbon black, activated carbon, black carbon (soot), and the like.
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In further examples, the nanoparticle can include carbon nanoparticles including
carbon nanotubes. Examples of carbon nanotubes include single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTSs), and combinations thereof.

As described herein, the nanoparticle can include a dichalcogenide material. U.S.
Patent Publication No. 2003/0056819 discloses conventional dichalcogenide materials
having a two-dimensional layered structure. In some embodiments, the dichalcogenide
materials can be represented by Formula A,BCs.y where 0=x=2 and 0=y<1, wherein A
comprises at least one element selected from the group consisting of Li, Na, K, Rb, Cs, Mg,
Ca, Sr, Ba, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, Hf, Ta, W,
Re, Ir, Pt, Au, Sc, Y, and a rare earth element, B comprises at least one element selected
from the group consisting of Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Ir, and Sn, and C comprises
one of S, Se, and Te. In some examples, the dichalcogenide material can include
molybdenum disulphide, molybdenum diselenide, molybdenum ditelluride, tungsten
disulphide, tungsten diselenide, tungsten ditelluride, titanium diselenide, titanium
disulphide, titanium ditelluride, zirconium disulphide, zirconium diselenide, zirconium
ditelluride, tin disulphide, tin diselenide, tantalum disulphide, tantalum diselenide,
vanadium tantalum ditelluride, or a combination thereof.

As further described herein, the nanoparticle can include a conducting polymer. The
conducting polymer can include a conjugated polymer whose electrical and optical
properties can be controllably varied. Through a chemical “doping” process, it is possible to
systematically vary the electrical conductivity of these materials from the insulating state to
the conducting state. Representative conducting polymers can include polyacetylene (for
example, trans-polyacetylene, cis-type polyacetylene, polydiacetylene), polyaniline,
polypyrrole (for example, polypyrrole, poly-3-methylpyrrole and poly-3-octyl pyrrole),
polythiophene (for example, polythiophene, poly(3-alkylthiophene), poly(3-thiophene-[3-
ethane sulfonic acid, polyalkylene dioxythiophene (such as polyethylenedioxythiophene),
and complexes thereof with polystyrene sulfonate), poly(phenylene) (for example, poly(p-
phenylene), poly(m-phenylene), poly(phenylene sulfide), and poly(phenylenevinylene)),
poly(ortho-anisidine), poly (o-toluidine) (POT), polyindole, polycarbazole, substituted
polyanilines (for example, poly(methyl aniline), poly(methoxy aniline), and poly(ethoxy
aniline)), substituted polypyrrole, substituted polycarbazole, polyaniline-polypyrrole
copolymers, polyaniline-polythiophene copolymers, poly(vinyl sulfide) (for example,
poly(p-phenylene sulfide) and poly(thienylene vinylene), blends thereof, or copolymers

thereof.
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Conducting metals are known in the art and can be selected from gold, silver,
copper, platinum, palladium, nickel, aluminum, or an alloy consisting of two or more
metals. Preferably, the conducting metal includes silver or nickel. In some examples, the
conducting metal does not include silver.

The hybrid particles disclosed herein can have a core-shell structure.

The term “core-shell” as used herein refers to particles comprising a core material (for
example a nanoparticle selected from a graphene-containing nanoparticle, a dichalcogenide
material, or a conducting polymer) and shell material (for example a conducting material
selected from a conducting metal, a conducting polymer, or a combination thereof). In some
embodiments, the shell material can include one or more layers. For example, the shell
material can include a layer comprising the conducting metal only, a layer comprising the
conducting polymer only, or an inner shell layer comprising the conducting metal and an
outer shell layer comprising the conducting polymer.

In some examples, the hybrid core-shell particles can include a nanoparticle core
comprising a graphene-containing nanoparticle, a dichalcogenide material, or a conducting
polymer and a shell comprising a conducting metal. In other examples, the hybrid core-shell
particles can include a nanoparticle core comprising a graphene-containing nanoparticle, a
dichalcogenide material, an inner shell layer comprising a conducting metal, and an outer
shell layer comprising a conducting polymer. Without wishing to be bound by theory, the
conducting polymer in the outer shell facilitates dispersion of the particles, thereby allowing
the particles to be easily and well dispersed in a binder, such as in an epoxy resin. The
conducting polymer also allows the particles to be easily applied to surfaces and provides
corrosion resistance in compositions comprising the same.

In the hybrid core-shell particles, the core can comprise 20% by weight or greater of
the particle (e.g., 20% by weight or greater, 25% by weight or greater, 30% by weight or
greater, 35% by weight or greater, 40% by weight or greater, 45% by weight or greater,
50% by weight or greater, 55% by weight or greater, 60% by weight or greater, 65% by
weight or greater, 70% by weight or greater, 75% by weight or greater, 80% by weight or
greater, or 85% by weight or greater, by weight of the particle.) In some embodiments of
the hybrid core-shell particles, the core can comprise 80% by weight or less of the particle
(e.g., 80% by weight or less, 75% by weight or less, 70% by weight or less, 65% by weight
or less, 60% by weight or less, 55% by weight or less, 50% by weight or less, 45% by
weight or less, 40% by weight or less, 35% by weight or less, 30% by weight or less, 25%

by weight or less, 20% by weight or less, or 15% by weight or less, by weight of the
8
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particle.) In some embodiments of the hybrid core-shell particles, the core can comprise
from 10-90 wt%, of the particle (e.g., from 20-90 wt%, from 20-85 wt%, from 20-80 wt%,
from 30-85 wt%, from 30-80 wt%, from 30-75 wt%, from 30-70 wt%, from 20-60 wt%,
from 30-60 wt%, from 30-50 wt%, from 20-50 wt%, by weight of the particle.)

In the hybrid core-shell particles, the shell can comprise 20% by weight or greater of
the particle (e.g., 20% by weight or greater, 25% by weight or greater, 30% by weight or
greater, 35% by weight or greater, 40% by weight or greater, 45% by weight or greater,
50% by weight or greater, 55% by weight or greater, 60% by weight or greater, 65% by
weight or greater, 70% by weight or greater, 75% by weight or greater, 80% by weight or
greater, or 85% by weight or greater, by weight of the particle.) In some embodiments of
the hybrid core-shell particles, the shell can comprise 80% by weight or less of the particle
(e.g., 80% by weight or less, 75% by weight or less, 70% by weight or less, 65% by weight
or less, 60% by weight or less, 55% by weight or less, 50% by weight or less, 45% by
weight or less, 40% by weight or less, 35% by weight or less, 30% by weight or less, 25%
by weight or less, 20% by weight or less, or 15% by weight or less, by weight of the
particle.) In some embodiments of the hybrid core-shell particles, the shell can comprise
from 10-90 wt%, of the particle (e.g., from 20-90 wt%, from 20-85 wt%, from 20-80 wt%,
from 30-85 wt%, from 30-80 wt%, from 30-75 wt%, from 30-70 wt%, from 20-60 wt%,
from 30-60 wt%, from 30-50 wt%, from 20-50 wt%, by weight of the particle.)

Representative examples of the hybrid core-shell particles disclosed herein can
include graphene oxide (core)-nickel (shell) particles, graphene (core)-nickel (shell)
particles, molybdenum disulphide (core)-nickel (shell) particles, graphene oxide (core)-
silver (shell) particles, graphene (core)-silver (shell) particles, molybdenum disulphide
(core)-silver (shell) particles, graphene oxide (core)-nickel (inner shell)-conducting polymer
(outer shell) particles, graphene (core)-nickel (inner shell)-conducting polymer (outer shell)
particles, molybdenum disulphide (core)-nickel (inner shell)-conducting polymer (outer
shell) particles, graphene oxide (core)-silver (inner shell)-conducting polymer (outer shell)
particles, graphene (core)-silver (inner shell)-conducting polymer (outer shell) particles, or
molybdenum disulphide (core)-silver (inner shell)-conducting polymer (outer shell)
particles.

The hybrid core-shell particles can be sized as nanoparticles or microparticles. In
some examples, the hybrid core-shell particles can have an average particle size of 50 nm or
greater, 70 nm or greater, 80 nm or greater, 100 nm or greater, 150 nm or greater, 200 nm or

greater, 500 nm or greater, 750 nm or greater, 1 micron or greater, 2 microns or greater, 3
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microns or greater, or 5 microns or greater. In some examples, the hybrid core-shell
particles can have an average particle size of 10 microns or less, 9 microns or less, 8
microns or less, 7 microns or less, 6 microns or less, 5 microns or less, 4 microns or less, 3
microns or less, 2 microns or less, 1 micron or less, 900 nm or less, 800 nm or less, 700 nm
or less, 600 nm or less, 500 nm or less, 400 nm or less, 300 nm or less, 200 nm or less, or
100 nm or less. For example, the hybrid core-shell particles can have an average particle
size of from 50 nm to 10 microns, from 50 nm to 9 microns, from 50 nm to 8 microns, from
50 nm to 6 microns, from 50 nm to 5 microns, from 50 nm to 4 microns, from 50 nm to 3
microns, from 50 nm to 2 microns, from 50 nm to 1 micron, from 100 nm to 10 microns,
from 100 nm to 9 microns, from 100 nm to 8 microns, from 100 nm to 6 microns, from 100
nm to 5 microns, from 100 nm to 4 microns, from 100 nm to 3 microns, from 100 nm to 2
microns, from 100 nm to 1 micron, from 200 nm to 10 microns, from 200 nm to 9 microns,
from 200 nm to 8 microns, from 200 nm to 6 microns, from 200 nm to 5 microns, from 200
nm to 4 microns, from 200 nm to 3 microns, from 200 nm to 2 microns, from 200 nm to 1
micron, from 500 nm to 10 microns, from 500 nm to 9 microns, from 500 nm to 8 microns,
from 500 nm to 6 microns, from 500 nm to 5 microns, from 500 nm to 4 microns, from 500
nm to 3 microns, from 500 nm to 2 microns, from 500 nm to 1 micron, from 1 micron to 10
microns, from 2 micron to 10 microns, from 4 micron to 10 microns, from 5 micron to 10
microns, from 1 micron to 8 microns, from 2 microns to 8 microns, or from 2 microns to 5
microns.

Compositions comprising the hybrid particles are also disclosed herein. For
example, composition comprising the hybrid core-shell particles can be provided in a
conductive paste, a sensor application, for sunlight control, catalytic activity, non-linear
optical effect, antibacterial activity, or stretchable electronics applications.

In the compositions provided herein, the hybrid core-shell particles can be present in
an amount of 25% by weight or greater of the compositions (e.g., 30% by weight or greater,
35% by weight or greater, 40% by weight or greater, 45% by weight or greater, 50% by
weight or greater, 55% by weight or greater, 60% by weight or greater, 65% by weight or
greater, 70% by weight or greater, 75% by weight or greater, 80% by weight or greater,
85% by weight or greater, or 90% by weight or greater, by weight of the composition.) In
some embodiments, the hybrid core-shell particles can be present in an amount of 90% by
weight or less of the composition (e.g., 85% by weight or less, 80% by weight or less, 75%
by weight or less, 70% by weight or less, 65% by weight or less, 60% by weight or less,

55% by weight or less, 50% by weight or less, 45% by weight or less, 40% by weight or
10



10

15

20

25

30

WO 2020/082074 PCT/US2019/057240

less, 35% by weight or less, 30% by weight or less, 25% by weight or less, or 20% by
weight or less, by weight of the composition.) In some embodiments, the hybrid core-shell
particles can be present in an amount of from 20-90 wt%, of the composition (e.g., from 20-
85 wt%, from 30-85 wt%, from 40-85 wt%, from 40-75 wt%, from 50-90 wt%, from 50-85
wt%, from 50-80 wt%, from 60-75 wt%, from 70-90 wt%, or from 70-85 wt%, by weight of
the composition.)

In some examples, the compositions can be in the form of a conductive pastes. In
addition to the hybrid particles disclosed herein, the conductive pastes can further comprise
a dispersant or surfactant, an adhesive material, or a combination thereof. Suitable
dispersants/surfactants include propylene carbonate, polyoxy ethylene-p-(1,1,3,3-
tetramethylbatyl) phenyl ethers, X-triton, n-methyl pyrrolidinone, ionic liquid, diethylene
glycol monobutyl ether, polyvinyl alcohol, and such the like. Suitable adhesive materials
include an epoxy resin, a vinyl ester resin, a polystyrene resin, an acrylic resin, a polyamide
resin, a polyamide-amine resin, a carboxyl group-containing resin, or a combination thereof.

In the compositions provided herein, the adhesive can be present in an amount of
50% by weight or less of the composition (e.g., 45% by weight or less, 40% by weight or
less, 35% by weight or less, 30% by weight or less, 25% by weight or less, 20% by weight
or less, 15% by weight or less, or 10% by weight or less, by weight of the composition). In
some embodiments, the adhesive can be present in an amount of 5% by weight or greater of
the compositions (e.g., 10% by weight or greater, 15% by weight or greater, 18% by weight
or greater, 20% by weight or greater, 22% by weight or greater, 25% by weight or greater,
28% by weight or greater, 30% by weight or greater, 35% by weight or greater, 40% by
weight or greater, 45% by weight or greater, or 50% by weight or greater, by weight of the
composition.) In some embodiments, the adhesive can be present in an amount of from 10-
50 wt%, of the composition (e.g., from 10-40 wt%, from 10-30 wt%, from 15-50 wt%, from
15-45 wt%, from 15-40 wt%, from 15-35 wt%, from 15-30 wt%, from 20-45 wt%, from 20-
35 wt%, or from 20-30 wt%, by weight of the composition).

As described herein, the hybrid particles can be used for example in conductive
pastes for partial or complete replacement of silver in silver conducting pastes. The
conductive pastes disclosed herein can comprise less than 20% by weight silver (e.g., less
than 18% by weight, less than 15% by weight, less than 14% by weight, less than 13% by
weight, less than 12% by weight, less than 10% by weight, less than 9% by weight, less
than 8% by weight, less than 7% by weight, less than 6% by weight, less than 5% by

weight, less than 4% by weight, less than 3% by weight, less than 2% by weight, or less
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than 1% by weight, of the composition). In some examples, the conductive paste is
substantially free of silver.

The compositions exhibit high electrical resistivity, and high thermal and chemical
stabilities at room temperature. For example, the compositions described herein can exhibit
an electrical resistivity of at least 1 x 10~ ohm.cm (for example, greater than 1 x 107
ohm.cm, greater than 2 x 10~ ohm.cm, or greater than 3 x 10 ohm.cm). In some examples,
the compositions described herein can exhibit a thermal conductivity of at least 8 W/mK
(for example, greater than 8 W/mK, greater than 9 W/mK, or greater than 10 W/mK).

Methods

Methods of making and using the hybrid particles are also disclosed herein. The
method of making the hybrid particles can include depositing a conducting metal on a
surface of a nanoparticle. As described herein, the nanoparticle can include a graphene-
containing material, a dichalcogenide material, a conducting polymer, or a combination
thereof. In embodiments where the nanoparticle includes a graphene-containing material or
a dichalcogenide material, the method disclosed herein can further comprise depositing a
conducting polymer on an outer surface of the conducting metal.

The graphene-containing material, dichalcogenide material, and/or conducting
polymer can be commercially obtained or synthesized. Methods for preparing the
dichalcogenide material can comprise a hydrothermal process that includes varying the
amount of solvent. In specific examples, a salt of A in the Formula AxBC».y (such as
sodium molybdate) can be mixed with a sulfur-, selenium-, or tellurium-containing
compound (such as thioacetamide) in the solvent water. The resulting solution can be heated
above at 100°C or above 150°C for a period of time (such as at 200°C for 12 hrs) to obtain
the dichalcogenide material. the dichalcogenide material can be purified by centrifugation.
In another specific examples, a salt of A in the Formula AxBCz.y (such as sodium
molybdate) can be mixed with a sulfur-, selenium-, or tellurium-containing compound (such
as thioacetamide) in a solvent mixture comprising water and ethylene glycol. The solvent
mixture can comprise water and ethylene glycol in an amount of from 1:5 to 5:1 by volume,
from 1:2 to 2:1 by volume, or from 1:2 to 1:1 by volume. The resulting solution can be
heated above at 100°C or above 150°C for a period of time (such as at 200°C for 24 hrs) to
obtain the dichalcogenide material. the dichalcogenide material can be purified by

centrifugation.
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Depositing the conducting metal or conducting polymer can be by electrochemical
deposition or by any other method known to those skilled in the art. Suitable set-up for
electrochemical deposition can include cell in which a container made of steel acts as an
anode electrode. A potential can be applied above the redox potential of the conducting
metal (for example, NiCl» or AgNO3 can be used to deposit nickel and silver, respectively)
or the conducting monomer (for example aniline can be used to deposit polyaniline). During
electrolysis, the solution can be stirred after each 1 to 2 minutes. The time period for
deposition can be optimized with scanning electron microscopy (SEM) and/or conductivity
measurements of the deposited particle. The hybrid particles (such as PANI/Ni,
MoS»/Ni/PANI, GO/Ni/PANI. MoS2/Ag, GO/Ag) can be characterized using scanning
electron microscopy, X-ray diffraction and energy-dispersive (ED) analysis.

In some embodiments, the conducting polymer can be deposited by chemical
synthesis. For example, the method can include dispersing the nanoparticle (for example
graphene oxide or MoS>) in a polyanion such as a sodium salt of polystyrene sulfonate
(PSS). The polyanion allows each particle to be functionalize which aids coating of the
conducting polymer. The MoS2/PSS and graphene oxide/PSS particle structures are shown
in Figure 4. The MoS»/PSS and graphene oxide/PSS particles can be dispersed in dodecyl
benzene sulfonic acid. A conducting polymer such as polyaniline can be polymerized over
the treated nanoparticles.

The hybrid particles can be used in conductive pastes. In some examples, the hybrid
particles can be used as a partial or complete replacement of silver in silver conducting
pastes.

EXAMPLES

The following examples are set forth below to illustrate the methods and results
according to the disclosed subject matter. These examples are not intended to be inclusive
of all aspects of the subject matter disclosed herein, but rather to illustrate representative
methods, compositions, and results. These examples are not intended to exclude equivalents
and variations of the present invention, which are apparent to one skilled in the art.

Efforts have been made to ensure accuracy with respect to numbers (e.g., amounts,
temperature, etc.) but some errors and deviations should be accounted for. Unless indicated
otherwise, parts are parts by weight, temperature is in °C or is at ambient temperature, and
pressure is at or near atmospheric. There are numerous variations and combinations of
reaction conditions, e.g., component concentrations, temperatures, pressures, and other

reaction ranges and conditions that can be used to optimize the product purity and yield
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obtained from the described process. Only reasonable and routine experimentation will be
required to optimize such process conditions.

Example 1: Conductive Paste Based on Nano-hybrid Materials

Introduction: This example provides affordable, durable, electrically conductive
coatings and material solution for silver paint replacement. The conductive materials
include a conducting-2D- polymer materials (graphene or MoS») based solution. A hybrid
core structure of the graphene-containing material and molybdenum disulfide (MoS2) was
synthesized by coating with nickel and/or a conducting polymer. Figures 1 and 2 show the
structure of a conducting polymer, graphene oxide (GO), and MoS; nanomaterial coated
with nickel or silver. The nickel or silver coating of MoS; or graphene GO can be coated
over with a conducting polymer (such as polypyrrole, polythiophene or polyaniline) to
provide corrosion resistive highly conducting paste.

The hybrid materials can be exploited for fabrication of hybrid pastes. In particular,
the synthesized composites of polymers and nanomaterials have shown enhanced
conductivity, corrosion and thermal properties. The graphene has been found to contain
high electrical conductivity as well as intrinsic thermal conductivity. For example, the
graphene-polyaniline showed conductivity with very high specific capacitance of 300-500
F g7! at a current density of 0.1 A g~!. Further, the hybrid coating materials exemplified
have shown stability between -65°F to 250°F. The commercial applications of the
developed material can be exploited in airframes, conductive pastes, and silver paints.

General Procedure: Hybrid nanomaterials were synthesized and samples prepared
for characterizations. The surface morphology, electrical conductivity, electrochemical and
corrosion properties of the samples were then made. The hybrid particles were then
combined with a thermoplastic resin and a dispersant to create paste. Electrochemical
corrosion measurements of steel with and without the paste were made. The charge transfer
resistance of paste samples was then studied through impedance spectroscopy to understand
the corrosion inhibition behavior. A model was made based on the experimental results to
understand the conductivity of the samples.

Synthesis nanomaterial, functionalization and characterization: Three
nanomaterials (polyaniline, graphene and MoS») were selected as shown Figure 3. The
graphene was procured commercially, MoS: was procured commercially or synthesized as
described herein, and the polyaniline nanoparticle were synthesized.

Synthesis of MoS: particles: The MoS; particles were prepared by varying the water

and water and ethylene glycol concentration using a hydrothermal process. In a first
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process, sodium molybdate (Na:MoQO4-2H>0; 50 mg) was added with thioacetamide
(C2H5NS; 100 mg) to 100 ml of water. The resulting solution was heated at 200°C for 12
hrs in an autoclave (Teflon lining in stainless steel based cylinder). Nanoparticles of MoS»
was obtained after cleaning by a centrifugation process.

In a process, MoS2 nanoparticles were formed by using ethylene glycol as the
primary solvent. A solution was prepared by mixing NaxMoO4-2H>0O (50 mg) and 40 mg of
CoHsNS in 40 ml of water and subsequently with 60 ml of ethylene glycol. The solution
was heated to 200°C for 24 hrs. MoS? was collected using water washing and a
centrifugation process.

Synthesis of polyaniline nanoparticles: The polyaniline was made in the presence of
a surfactant following the earlier work of Ram et al. Briefly, the monomer aniline,
dodecylbenzosulfonic acid, and ammonium persulfate (APS) were mixed at suitable
proportion using hydrochloric acid. The polyaniline nanoparticle reaction was left to stand
for 24 hrs. The nanoparticles formed were cleaned using a centrifuge and water and later,
treated with 1 M HCI to maintain the conductivity.

Chemical synthesis of conducting polymer over graphene oxide and MoS». The
nanomaterial (graphene oxide and MoS») were dispersed in a polyanion such as the sodium
salt of polystyrene sulfonate (PSS) so that each particle was functionalized which allows the
conducting polymer to be coated. The MoS»/PSS and graphene oxide/PSS particles
structures are shown in Figure 4. The MoS2/PSS and graphene oxide/PSS particles were
then dispersed in dodecyl benzene sulfonic acid. Polyaniline was polymerized over the
graphene oxide and MoS: nanoparticles.

Electrochemical deposition of metal or conducting polymer over of nanomaterial
using electrochemical technigque: A specially designed electrochemical set-up was used in
which the container was made of steel and acts as an anode electrode. A potential was
applied above the redox potential of the monomer (aniline) or metal (Ni or Ag). NiCls,
AgNOj3 or aniline were used to deposit Ni, Ag, and polyaniline, respectively, over the
nanoparticle. The solution was stirred after each 1 to 2 minutes. The time period of
deposition can be optimized with SEM and conductivity measurements of the deposited
particle.

The synthesized hybrid nanomaterials (PANI/Ni, MoS2/Ni/PANI, GO/Ni/PANI.
MoS»/Ag, GO/Ag) were characterized using scanning electron microscopy, X-ray
diffraction and energy-dispersive (ED) analysis. The conductivity measurement was studied

using the two probe method.
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Preparation of hybrid material based conducting paste: A conducting paste was
formed by mixing amino phenyl epoxy, dicyandiamide, and binder with one of PANI/Ni,
MoS»/Ni/PANI, and GO/Ni/PANI. MoS>/Ag, GO/Ag. The binder (vinyl acetate - 55 to 70%
on monomer basis and ethylene monomers — 25 to 40% on monomer basis) was adjusted by
measuring the viscosity. The samples prepared for thermal conductivity was cured at 150°C
to remove any solvent. Four point probes were used to measure the conductivity value of
the sample using the composition of binder. SEM and FTIR measurements were made to
understand the surface and infrared properties of the paste materials.

Preparation of test sample, coupon and characterization: Adhesion tests
measurement were made by coating the sample on Al>O3 substrates. The surface
morphology of the film was measured by SEM technique. However, TEM measurement
was used to understand the effect of nanomaterial size, its coating as well as dispersion of
the material in the paste on the conductivity of the sample.

Corrosion test: Corrosion tests were conducted to characterize the synthesized paste.
The paste was coated over a Cu plate by spray coating and the paste was annealed at about
150°C so that in case of GO the Cu-O bond could be formed which will act as a passivation
layer and will work as corrosion inhibitory coating material. The coated sample was studied
using cyclic voltammetry and electrochemical impedance spectroscopy (EIS) methods over
a period of time while staying in a salt solution. To accelerate the test and obtain results
similar to long term tests, a biasing voltage was applied to the sample. The Tafel equation
and impedance properties were made over the sample for corrosion properties. After the
characterization, the data was analyzed to find the corrosion rate, charge transfer rate, and
stability. The impedance results were modeled to find the circuit equivalent model of the
electrochemical interface between the paste layer and the electrolyte. The values of the
components in the model give more detail on properties of the paste for optimizing the
composite material. After, the harsh corrosion tests the morphology of the samples were
studied using scanning electron microscopy.

In depth conductivity before and after the soak test on samples were performed. The
corrosion test was performed initially at salt-fog exposures. The compatibility test of the
coated film with substrates along with theoretical model was studied.

Other advantages which are obvious and which are inherent to the invention will be
evident to one skilled in the art. It will be understood that certain features and sub-
combinations are of utility and may be employed without reference to other features and

sub-combinations. This is contemplated by and is within the scope of the claims. Since
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many possible embodiments may be made of the invention without departing from the
scope thereof, it is to be understood that all matter herein set forth or shown in the

accompanying drawings is to be interpreted as illustrative and not in a limiting sense.
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CLAIMS

What is claimed is:

1. A particle comprising a nanoparticle core selected from a graphene-containing
material, a dichalcogenide material, a conducting polymer, or a combination thereof
and a shell at least partially surrounding the core, wherein the shell comprises a

conducting metal.

2. The particle of claim 1, wherein the nanoparticle core is selected from a graphene-

containing material or a dichalcogenide material.

3. The particle of claim 2, further comprising a conducting polymer layer on an outer

surface of the shell.

4. A particle comprising a nanoparticle core selected from a graphene-containing
material, a dichalcogenide material, or a combination thereof and a shell at least
partially surrounding the core, wherein the shell comprises a conducting metal

and/or a conducting polymer.

5. The particle of any one of the preceding claims, wherein the graphene-containing
material is selected from graphene, graphene oxide, carbon nanoparticle, or a

combination thereof.

6. The particle of any one of the preceding claims, wherein the core comprises the
dichalcogenide material selected from molybdenum disulphide, molybdenum
diselenide, molybdenum ditelluride, tungsten disulphide, tungsten diselenide,
tungsten ditelluride, titanium diselenide, titanium disulphide, titanium ditelluride,
zirconium disulphide, zirconium diselenide, zirconium ditelluride, tin disulphide, tin
diselenide, tantalum disulphide, tantalum diselenide, vanadium tantalum ditelluride,

or a combination thereof.

7. The particle of any one of the preceding claims, wherein the shell consists of the

conducting metal.
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8. The particle of any one of the preceding claims, wherein the conducting metal is

selected from nickel, silver, or combinations thereof.

9. The particle of any one of the preceding claims, wherein the particle comprises the
conducting polymer selected from polyaniline, polypyrrole, polythiophene,
polyethylenedioxythiophene, poly(ortho-anisidine), poly(methyl aniline), poly(o-
ethoxyaniline), poly (o-toluidine), poly (ethoxy-aniline), substituted polyaniline,
substituted polypyrrole, polyindole, polycarbazole, substituted polycarbazole,
polyaniline-polypyrrole copolymers, polyaniline-polythiophene copolymers, blends

thereof, or copolymers thereof.

10. The particle of any one of the preceding claims, wherein the particle includes
graphene oxide and nickel, graphene and nickel, molybdenum disulphide and nickel,
graphene oxide and silver, graphene and silver, molybdenum disulphide and silver,
graphene oxide, nickel, and a conducting polymer, graphene, nickel, and a
conducting polymer, molybdenum disulphide, nickel, and a conducting polymer,
graphene oxide, silver, and a conducting polymer, graphene, silver, and a conducting

polymer, or molybdenum disulphide, silver, and conducting polymer.

11. The particle according to any one of the preceding claims, wherein the core
comprises from 20-80 wt%, from 30-70 wt%, or from 30-60 wt%, of the particle;
and/or the shell comprises from 20-80 wt%, from 30-70 wt%, or from 30-60 wt%, of
the particle.

12. The particle according to any one of the preceding claims, wherein the particles have
an average particle size of from 50 nm to 10 microns, from 100 nm to 5 microns, or

from 100 nm to 2 microns.

13. A composition comprising the particle of any one of the preceding claims.

14. The composition according to any one of the preceding claims, wherein the particle
is present in an amount of 50 wt% or greater, from 50-90 wt%, or from 70-85 wt%,

of the composition.

19



WO 2020/082074 PCT/US2019/057240

15.

16.

17.

18.

19.

20.

21.

22.

23.

The composition of the preceding claim, further comprising a dispersant, an

adhesive material, or a combination thereof.

The composition of any one of the preceding claims, wherein the adhesive material
includes an epoxy resin, a vinyl ester resin, a polystyrene resin, an acrylic resin, a
polyamide resin, a polyamide-amine resin, a carboxyl group-containing resin, or a

combination thereof.

The composition according to any one of the preceding claims, wherein the
adhesive is present in an amount of 50 wt% or less, from 10-50 wt%, or from 15-30

wt%, of the composition.

The composition of any one of the preceding claims, wherein the composition is
provided in a conductive paste, a sensor application, for sunlight control, catalytic
activity, non-linear optical effect, antibacterial activity, or stretchable electronics

applications.

The composition of any one of the preceding claims, wherein the composition is a

conductive paste.

The composition according to any one of the preceding claims, wherein the
conductive paste comprises less than 10 wt% of silver, or is substantially free of

silver.

The composition of any one of the preceding claims, wherein the composition
exhibits an electrical resistivity of at least 1 x 10~ ohm.cm, a thermal conductivity of

at least 8 W/mK, and chemical stability at room temperature.

A method of making a particle comprising: depositing a conducting metal on a
surface of a nanoparticle selected from a graphene-containing material, a

dichalcogenide material, a conducting polymer, or a combination thereof.

The method of the preceding claim, wherein the nanoparticle is selected from a

graphene-containing material or a dichalcogenide material.
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24.

25.

26.

27.

28.

The method of any one of the preceding claims, further comprising: depositing a

conducting polymer on an outer surface of the conducting metal.
A method of making a particle comprising: depositing a conducting polymer on a
surface of a nanoparticle selected from a graphene-containing material, a

dichalcogenide material, or a combination thereof.

The method of the preceding claim, further comprising: depositing a conducting

metal on an outer surface of the conducting polymer.

The method of any one of the preceding claims, wherein deposition is by

electrochemical deposition.

The method of any one of the preceding claims, wherein the conducting copolymer

is formed by chemical precipitation.
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. |__—] Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 6-21, 27, 28

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:l As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest !:I The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:] The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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