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The present disclosure provides for an exemplary energy
storage device and methods of forming thereof, comprising
an exemplary conductive graphene ink on exemplary sub-
strates to form durable, flexible, and facile graphene films
and energy storage devices for use with and within a variety
of electronics and devices.
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METHODS AND APPLICATIONS FOR
CONDUCTIVE GRAPHENE INKS

PRIORITY CLAIMS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/488,350, filed Apr. 21, 2017, U.S.
Provisional Application No. 62/509,227, filed May 22, 2017,
and U.S. Provisional Application No. 62/593,397, filed Dec.
1, 2017, which applications are hereby incorporated herein
by reference in their entireties.

BACKGROUND

[0002] As a result of the rapidly growing energy needs of
modern life, the development of high-performance electrical
energy storage devices has gained significant attention. As
such, energy storage devices have been employed with and
within a variety of electronics and devices. Some such
devices are designed to be flexible for increased durability.
Thus, the future growth of this technology depends on
further improving the performance of energy storage mate-
rials and methods, and the development of devices and
methods to better integrate technology within the wide array
of products.

SUMMARY

[0003] The present disclosure provides a solution to the
need for higher performance electrical energy storage
devices. Provided herein are graphene materials, composi-
tions of matter, fabrication processes, and devices with
improved performance. Features of the subject matter
described herein provide for high power density and excel-
lent low-temperature performance including, but not limited
to, applications for inkjet printing, screen printing, printed
circuit boards, radio frequency identification device chips,
smart fabrics, conductive coatings, gravure printing, flexo-
graphic printing, batteries, supercapacitors, capacitors, elec-
trodes, electromagnetic interference shielding, printed tran-
sistors, memory, sensors, membranes, anti-static coatings,
and large area heaters. The applications described herein
provide for improvements in the areas of electronics and
energy storage systems with high storage capabilities, flex-
ibility, and a high cycling capability. Many conventional
supercapacitors, capacitors, and other energy storage
devices exhibit low energy and power densities and low
cycling and capacitive capabilities. While normal electronic
devices have seen very rapid progress following Moore’s
law, electrical energy storage devices have advanced only
slightly because of the lack of new materials with high-
charge storage capacity.

[0004] A first aspect provided herein is a conductive
graphene ink comprising: a binder solution comprising: a
binder and a first solvent; a reduced graphene oxide disper-
sion comprising reduced graphene oxide, and a second
solvent; a third solvent; a conductive additive; a surfactant;
and a defoamer.

[0005] Optionally, in some embodiments, at least one of
the first solvent, the second solvent, and the third solvent
comprises water and an organic solvent. Optionally, in some
embodiments, the organic solvent comprises ethanol, iso-
propyl alcohol, N-methyl-2-pyrrolidone, cyclohexanone,
terpineol, 3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-
methyl-pentan-2-one, methyl isobutyl ketone, or any com-
bination thereof.
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[0006] Optionally, in some embodiments, a percentage by
mass of at least one of the first solvent, the second solvent,
and the third solvent in the conductive graphene ink is about
1% to about 99%. Optionally, in some embodiments, a
percentage by mass of at least one of the first solvent, the
second solvent, and the third solvent in the conductive
graphene ink is at least about 1%. Optionally, in some
embodiments, a percentage by mass of at least one of the
first solvent, the second solvent, and the third solvent in the
conductive graphene ink is at most about 99%. Optionally,
in some embodiments, a percentage by mass of at least one
of the first solvent, the second solvent, and the third solvent
in the conductive graphene ink is about 1% to about 2%,
about 1% to about 5%, about 1% to about 10%, about 1% to
about 20%, about 1% to about 30%, about 1% to about 40%,
about 1% to about 50%, about 1% to about 60%, about 1%
to about 70%, about 1% to about 80%, about 1% to about
99%, about 2% to about 5%, about 2% to about 10%, about
2% to about 20%, about 2% to about 30%, about 2% to about
40%, about 2% to about 50%, about 2% to about 60%, about
2% to about 70%, about 2% to about 80%, about 2% to about
99%, about 5% to about 10%, about 5% to about 20%, about
5% to about 30%, about 5% to about 40%, about 5% to about
50%, about 5% to about 60%, about 5% to about 70%, about
5% to about 80%, about 5% to about 99%, about 10% to
about 20%, about 10% to about 30%, about 10% to about
40%, about 10% to about 50%, about 10% to about 60%,
about 10% to about 70%, about 10% to about 80%, about
10% to about 99%, about 20% to about 30%, about 20% to
about 40%, about 20% to about 50%, about 20% to about
60%, about 20% to about 70%, about 20% to about 80%,
about 20% to about 99%, about 30% to about 40%, about
30% to about 50%, about 30% to about 60%, about 30% to
about 70%, about 30% to about 80%, about 30% to about
99%, about 40% to about 50%, about 40% to about 60%,
about 40% to about 70%, about 40% to about 80%, about
40% to about 99%, about 50% to about 60%, about 50% to
about 70%, about 50% to about 80%, about 50% to about
99%, about 60% to about 70%, about 60% to about 80%,
about 60% to about 99%, about 70% to about 80%, about
70% to about 99%, or about 80% to about 99%. Optionally,
in some embodiments, a percentage by mass of at least one
of the first solvent, the second solvent, and the third solvent
in the conductive graphene ink is about 1%, about 2%, about
5%, about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, or about 99%.
Optionally, in some embodiments, a percentage by mass of
at least one of the first solvent, the second solvent, and the
third solvent in the conductive graphene ink is at least about
1%, about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, or
about 80%. Optionally, in some embodiments, a percentage
by mass of at least one of the first solvent, the second
solvent, and the third solvent in the conductive graphene ink
is at most about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about
80%, or about 99%.

[0007] Optionally, in some embodiments, the binder solu-
tion comprises a binder and a first solvent. Optionally, in
some embodiments, the binder comprises a polymer.
Optionally, in some embodiments, the polymer comprises a
synthetic polymer. Optionally, in some embodiments, the
synthetic polymer comprises carboxymethyl cellulose, poly-
vinylidene fluoride, poly(vinyl alcohol), poly(vinyl pyrroli-
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done), poly(ethylene oxide), ethyl cellulose, or any combi-
nation thereof. Optionally, in some embodiments, the binder
is a dispersant. Optionally, in some embodiments, the binder
comprises carboxymethyl cellulose, polyvinylidene fluo-
ride, poly(vinyl alcohol), poly(vinyl pyrrolidone), poly(eth-
ylene oxide), ethyl cellulose, or any combination thereof.

[0008] Optionally, in some embodiments, a percentage by
mass of the binder solution in the conductive graphene ink
is about 0.5% to about 99%. Optionally, in some embodi-
ments, a percentage by mass of the binder solution in the
conductive graphene ink is at least about 0.5%. Optionally,
in some embodiments, a percentage by mass of the binder
solution in the conductive graphene ink is at most about
99%. Optionally, in some embodiments, a percentage by
mass of the binder solution in the conductive graphene ink
is about 0.5% to about 1%, about 0.5% to about 2%, about
0.5% to about 5%, about 0.5% to about 10%, about 0.5% to
about 20%, about 0.5% to about 30%, about 0.5% to about
40%, about 0.5% to about 50%, about 0.5% to about 70%,
about 0.5% to about 90%, about 0.5% to about 99%, about
1% to about 2%, about 1% to about 5%, about 1% to about
10%, about 1% to about 20%, about 1% to about 30%, about
1% to about 40%, about 1% to about 50%, about 1% to about
70%, about 1% to about 90%, about 1% to about 99%, about
2% to about 5%, about 2% to about 10%, about 2% to about
20%, about 2% to about 30%, about 2% to about 40%, about
2% to about 50%, about 2% to about 70%, about 2% to about
90%, about 2% to about 99%, about 5% to about 10%, about
5% to about 20%, about 5% to about 30%, about 5% to about
40%, about 5% to about 50%, about 5% to about 70%, about
5% to about 90%, about 5% to about 99%, about 10% to
about 20%, about 10% to about 30%, about 10% to about
40%, about 10% to about 50%, about 10% to about 70%,
about 10% to about 90%, about 10% to about 99%, about
20% to about 30%, about 20% to about 40%, about 20% to
about 50%, about 20% to about 70%, about 20% to about
90%, about 20% to about 99%, about 30% to about 40%,
about 30% to about 50%, about 30% to about 70%, about
30% to about 90%, about 30% to about 99%, about 40% to
about 50%, about 40% to about 70%, about 40% to about
90%, about 40% to about 99%, about 50% to about 70%,
about 50% to about 90%, about 50% to about 99%, about
70% to about 90%, about 70% to about 99%, or about 90%
to about 99%. Optionally, in some embodiments, a percent-
age by mass of the binder solution in the conductive gra-
phene ink is at most about 99%. Optionally, in some
embodiments, a percentage by mass of the binder solution in
the conductive graphene ink is about 0.5%, about 1%, about
2%, about 5%, about 10%, about 20%, about 30%, about
40%, about 50%, about 70%, about 90%, or about 99%.
Optionally, in some embodiments, a percentage by mass of
the binder solution in the conductive graphene ink is at least
about 0.5%, about 1%, about 2%, about 5%, about 10%,
about 20%, about 30%, about 40%, about 50%, about 60%,
about 70%, about 80%, about 90%, about 95%, or about
99%. Alternatively or in combination, in some embodi-
ments, a percentage by mass of the binder solution in the
conductive graphene ink is no more than about 0.5%, about
1%, about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about
80%, about 90%, about 95%, or about 99%.

[0009] Optionally, in some embodiments, a concentration
of'the binder solution is about 0.5% to about 2%. Optionally,
in some embodiments, a concentration of the binder solution

Oct. 25, 2018

is at least about 0.5%. Optionally, in some embodiments, a
concentration of the binder solution is at most about 2%.
Optionally, in some embodiments, a concentration of the
binder solution is about 0.5% to about 0.625%, about 0.5%
to about 0.75%, about 0.5% to about 0.875%, about 0.5% to
about 1%, about 0.5% to about 1.25%, about 0.5% to about
1.5%, about 0.5% to about 1.75%, about 0.5% to about 2%,
about 0.625% to about 0.75%, about 0.625% to about
0.875%, about 0.625% to about 1%, about 0.625% to about
1.25%, about 0.625% to about 1.5%, about 0.625% to about
1.75%, about 0.625% to about 2%, about 0.75% to about
0.875%, about 0.75% to about 1%, about 0.75% to about
1.25%, about 0.75% to about 1.5%, about 0.75% to about
1.75%, about 0.75% to about 2%, about 0.875% to about
1%, about 0.875% to about 1.25%, about 0.875% to about
1.5%, about 0.875% to about 1.75%, about 0.875% to about
2%, about 1% to about 1.25%, about 1% to about 1.5%,
about 1% to about 1.75%, about 1% to about 2%, about
1.25% to about 1.5%, about 1.25% to about 1.75%, about
1.25% to about 2%, about 1.5% to about 1.75%, about 1.5%
to about 2%, or about 1.75% to about 2%. Optionally, in
some embodiments, a concentration of the binder solution is
about 0.5%, about 0.625%, about 0.75%, about 0.875%,
about 1%, about 1.25%, about 1.5%, about 1.75%, or about
2%. Optionally, in some embodiments, a concentration of
the binder solution is at least about 0.5%, about 0.625%,
about 0.75%, about 0.875%, about 1%, about 1.25%, about
1.5%, about 1.75%, or about 2%. Optionally, in some
embodiments, a concentration of the binder solution is no
more than about 0.5%, about 0.625%, about 0.75%, about
0.875%, about 1%, about 1.25%, about 1.5%, about 1.75%,
or about 2%.

[0010] Optionally, in some embodiments, the reduced
graphene oxide dispersion comprises reduced graphene
oxide (RGO) and a second solvent.

[0011] Optionally, in some embodiments, a percentage by
mass of the RGO dispersion in the conductive graphene ink
is about 0.25% to about 1%. Optionally, in some embodi-
ments, a percentage by mass of the RGO dispersion in the
conductive graphene ink is at least about 0.25%. Optionally,
in some embodiments, a percentage by mass of the RGO
dispersion in the conductive graphene ink is at most about
1%. Optionally, in some embodiments, a percentage by mass
of the RGO dispersion in the conductive graphene ink is
about 0.25% to about 0.375%, about 0.25% to about 0.5%,
about 0.25% to about 0.625%, about 0.25% to about 0.75%,
about 0.25% to about 1%, about 0.375% to about 0.5%,
about 0.375% to about 0.625%, about 0.375% to about
0.75%, about 0.375% to about 1%, about 0.5% to about
0.625%, about 0.5% to about 0.75%, about 0.5% to about
1%, about 0.625% to about 0.75%, about 0.625% to about
1%, or about 0.75% to about 1%. Optionally, in some
embodiments, a percentage by mass of the RGO dispersion
in the conductive graphene ink is about 0.25%, about
0.375%, about 0.5%, about 0.625%, about 0.75%, or about
1%. Optionally, in some embodiments, a percentage by mass
of the RGO dispersion in the conductive graphene ink is at
least about 0.25%, about 0.375%, about 0.5%, about
0.625%, about 0.75%, or about 1%. Optionally, in some
embodiments, a percentage by mass of the RGO dispersion
in the conductive graphene ink is no more than about 0.25%,
about 0.375%, about 0.5%, about 0.625%, about 0.75%, or
about 1%.
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[0012] Optionally, in some embodiments, a concentration
by mass of the RGO in the RGO dispersion is about 3% to
about 12%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is at least
about 3%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is at most
about 12%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is about 3%
to about 4%, about 3% to about 5%, about 3% to about 6%,
about 3% to about 7%, about 3% to about 8%, about 3% to
about 9%, about 3% to about 10%, about 3% to about 11%,
about 3% to about 12%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 4% to
about 11%, about 4% to about 12%, about 5% to about 6%,
about 5% to about 7%, about 5% to about 8%, about 5% to
about 9%, about 5% to about 10%, about 5% to about 11%,
about 5% to about 12%, about 6% to about 7%, about 6% to
about 8%, about 6% to about 9%, about 6% to about 10%,
about 6% to about 11%, about 6% to about 12%, about 7%
to about 8%, about 7% to about 9%, about 7% to about 10%,
about 7% to about 11%, about 7% to about 12%, about 8%
to about 9%, about 8% to about 10%, about 8% to about
11%, about 8% to about 12%, about 9% to about 10%, about
9% to about 11%, about 9% to about 12%, about 10% to
about 11%, about 10% to about 12%, or about 11% to about
12%. Optionally, in some embodiments, a concentration by
mass of the RGO in the RGO dispersion is about 3%, about
4%, about 5%, about 6%, about 7%, about 8%, about 9%,
about 10%, about 11%, or about 12%. Optionally, in some
embodiments, a concentration by mass of the RGO in the
RGO dispersion is at least about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, about 10%, about
11%, or about 12%. Optionally, in some embodiments, a
concentration by mass of the RGO in the RGO dispersion is
no more than about 3%, about 4%, about 5%, about 6%,
about 7%, about 8%, about 9%, about 10%, about 11%, or
about 12%.

[0013] Optionally, in some embodiments, a percentage by
mass of the RGO in the conductive graphene ink is about
0.1% to about 99%. Optionally, in some embodiments, a
percentage by mass of the RGO in the conductive graphene
ink is at least about 0.1%. Optionally, in some embodiments,
apercentage by mass of the RGO in the conductive graphene
ink is at most about 99%. Optionally, in some embodiments,
apercentage by mass of the RGO in the conductive graphene
ink is about 0.1% to about 0.2%, about 0.1% to about 0.5%,
about 0.1% to about 1%, about 0.1% to about 10%, about
0.1% to about 20%, about 0.1% to about 40%, about 0.1%
to about 60%, about 0.1% to about 80%, about 0.1% to about
90%, about 0.1% to about 99%, about 0.2% to about 0.5%,
about 0.2% to about 1%, about 0.2% to about 10%, about
0.2% to about 20%, about 0.2% to about 40%, about 0.2%
to about 60%, about 0.2% to about 80%, about 0.2% to about
90%, about 0.2% to about 99%, about 0.5% to about 1%,
about 0.5% to about 10%, about 0.5% to about 20%, about
0.5% to about 40%, about 0.5% to about 60%, about 0.5%
to about 80%, about 0.5% to about 90%, about 0.5% to about
99%, about 1% to about 10%, about 1% to about 20%, about
1% to about 40%, about 1% to about 60%, about 1% to about
80%, about 1% to about 90%, about 1% to about 99%, about
10% to about 20%, about 10% to about 40%, about 10% to
about 60%, about 10% to about 80%, about 10% to about
90%, about 10% to about 99%, about 20% to about 40%,
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about 20% to about 60%, about 20% to about 80%, about
20% to about 90%, about 20% to about 99%, about 40% to
about 60%, about 40% to about 80%, about 40% to about
90%, about 40% to about 99%, about 60% to about 80%,
about 60% to about 90%, about 60% to about 99%, about
80% to about 90%, about 80% to about 99%, or about 90%
to about 99%. Optionally, in some embodiments, a percent-
age by mass of the RGO in the conductive graphene ink is
about 0.1%, about 0.2%, about 0.5%, about 1%, about 10%,
about 20%, about 40%, about 60%, about 80%, about 90%,
or about 99%. Optionally, in some embodiments, a percent-
age by mass of the RGO in the conductive graphene ink is
at least about 0.1%, about 0.2%, about 0.5%, about 1%,
about 10%, about 20%, about 40%, about 60%, about 80%,
about 90%, or about 99%. Optionally, in some embodi-
ments, a percentage by mass of the RGO in the conductive
graphene ink is no more than about 0.1%, about 0.2%, about
0.5%, about 1%, about 10%, about 20%, about 40%, about
60%, about 80%, about 90%, or about 99%.

[0014] Optionally, in some embodiments, the conductive
additive comprises a carbon-based material. Optionally, in
some embodiments, the carbon-based material comprises a
paracrystalline carbon. Optionally, in some embodiments,
the paracrystalline carbon comprises carbon black, acetylene
black, channel black, furnace black, lamp black, thermal
black, or any combination thereof.

[0015] Optionally, in some embodiments, the conductive
additive comprises silver. Optionally, in some embodiments,
the silver comprises silver nanoparticles, silver nanorods,
silver nanowires, silver nanoflowers, silver nanofibers, silver
nanoplatelets, silver nanoribbons, silver nanocubes, silver
bipyramids, or any combination thereof.

[0016] Optionally, in some embodiments, a percentage by
mass of the conductive additive in the conductive graphene
ink is about 2% to about 99%. Optionally, in some embodi-
ments, a percentage by mass of the conductive additive in
the conductive graphene ink is at least about 2%. Optionally,
in some embodiments, a percentage by mass of the conduc-
tive additive in the conductive graphene ink is at most about
99%. Optionally, in some embodiments, a percentage by
mass of the conductive additive in the conductive graphene
ink is about 2% to about 5%, about 2% to about 10%, about
2% to about 20%, about 2% to about 30%, about 2% to about
40%, about 2% to about 50%, about 2% to about 60%, about
2% to about 70%, about 2% to about 80%, about 2% to about
90%, about 2% to about 99%, about 5% to about 10%, about
5% to about 20%, about 5% to about 30%, about 5% to about
40%, about 5% to about 50%, about 5% to about 60%, about
5% to about 70%, about 5% to about 80%, about 5% to about
90%, about 5% to about 99%, about 10% to about 20%,
about 10% to about 30%, about 10% to about 40%, about
10% to about 50%, about 10% to about 60%, about 10% to
about 70%, about 10% to about 80%, about 10% to about
90%, about 10% to about 99%, about 20% to about 30%,
about 20% to about 40%, about 20% to about 50%, about
20% to about 60%, about 20% to about 70%, about 20% to
about 80%, about 20% to about 90%, about 20% to about
99%, about 30% to about 40%, about 30% to about 50%,
about 30% to about 60%, about 30% to about 70%, about
30% to about 80%, about 30% to about 90%, about 30% to
about 99%, about 40% to about 50%, about 40% to about
60%, about 40% to about 70%, about 40% to about 80%,
about 40% to about 90%, about 40% to about 99%, about
50% to about 60%, about 50% to about 70%, about 50% to
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about 80%, about 50% to about 90%, about 50% to about
99%, about 60% to about 70%, about 60% to about 80%,
about 60% to about 90%, about 60% to about 99%, about
70% to about 80%, about 70% to about 90%, about 70% to
about 99%, about 80% to about 90%, about 80% to about
99%, or about 90% to about 99%. Optionally, in some
embodiments, a percentage by mass of the conductive
additive in the conductive graphene ink is about 2%, about
5%, about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, about 90%, or
about 99%. Optionally, in some embodiments, a percentage
by mass of the conductive additive in the conductive gra-
phene ink is at least about 2%, about 5%, about 10%, about
20%, about 30%, about 40%, about 50%, about 60%, about
70%, about 80%, about 90%, or about 99%. Optionally, in
some embodiments, a percentage by mass of the conductive
additive in the conductive graphene ink is no more than
about 2%, about 5%, about 10%, about 20%, about 30%,
about 40%, about 50%, about 60%, about 70%, about 80%,
about 90%, or about 99%.

[0017] Some embodiments further comprise a surfactant.
Optionally, in some embodiments, the surfactant comprises
an acid, a nonionic surfactant, or any combination thereof.
Optionally, in some embodiments, the acid comprises per-
fluorooctanoic acid, perfluorooctane sulfonate, perfluoro-
hexane sulfonic acid, perfluorononanoic acid, pertluorode-
canoic acid, or any combination thereof. Optionally, in some
embodiments, the nonionic surfactant comprises a polyeth-
ylene glycol alkyl ether, a octacthylene glycol monododecyl
ether, a pentaethylene glycol monododecyl ether, a polypro-
pylene glycol alkyl ether, a glucoside alkyl ether, decyl
glucoside, lauryl glucoside, octyl glucoside, a polyethylene
glycol octylphenyl ether, dodecyldimethylamine oxide, a
polyethylene glycol alkylphenyl ether, a polyethylene glycol
octylphenyl ether, Triton X-100, polyethylene glycol alky-
Iphenyl ether, nonoxynol-9, a glycerol alkyl ester polysor-
bate, sorbitan alkyl ester, polyethoxylated tallow amine,
Dynol 604, or any combination thereof.

[0018] Optionally, in some embodiments, high quantities
of water in water-based conductive graphene inks increase
the surface tension of the ink. In some applications, such as
in inkjet printing, however, a low, controlled surface tension
and viscosity is required to maintain consistent jetting
through the print head nozzles. Optionally, in some embodi-
ments, the addition of a surfactant reduces the surface
tension of an ink because as the surfactant units move to the
water/air interface, their relative force of attraction weakens
as the non-polar surfactant heads become exposed.

[0019] Optionally, in some embodiments, a percentage by
mass of the surfactant in the conductive graphene ink is
about 0.5% to about 10%. Optionally, in some embodiments,
a percentage by mass of the surfactant in the conductive
graphene ink is at least about 0.5%. Optionally, in some
embodiments, a percentage by mass of the surfactant in the
conductive graphene ink is at most about 10%. Optionally,
in some embodiments, a percentage by mass of the surfac-
tant in the conductive graphene ink is about 0.5% to about
1%, about 0.5% to about 2%, about 0.5% to about 3%, about
0.5% to about 4%, about 0.5% to about 5%, about 0.5% to
about 6%, about 0.5% to about 7%, about 0.5% to about 8%,
about 0.5% to about 9%, about 0.5% to about 10%, about
1% to about 2%, about 1% to about 3%, about 1% to about
4%, about 1% to about 5%, about 1% to about 6%, about 1%
to about 7%, about 1% to about 8%, about 1% to about 9%,
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about 1% to about 10%, about 2% to about 3%, about 2% to
about 4%, about 2% to about 5%, about 2% to about 6%,
about 2% to about 7%, about 2% to about 8%, about 2% to
about 9%, about 2% to about 10%, about 3% to about 4%,
about 3% to about 5%, about 3% to about 6%, about 3% to
about 7%, about 3% to about 8%, about 3% to about 9%,
about 3% to about 10%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 5% to
about 6%, about 5% to about 7%, about 5% to about 8%,
about 5% to about 9%, about 5% to about 10%, about 6% to
about 7%, about 6% to about 8%, about 6% to about 9%,
about 6% to about 10%, about 7% to about 8%, about 7% to
about 9%, about 7% to about 10%, about 8% to about 9%,
about 8% to about 10%, or about 9% to about 10%.
Optionally, in some embodiments, a percentage by mass of
the surfactant in the conductive graphene ink is about 0.5%,
about 1%, about 2%, about 3%, about 4%, about 5%, about
6%, about 7%, about 8%, about 9%, or about 10%. Option-
ally, in some embodiments, a percentage by mass of the
surfactant in the conductive graphene ink is at least about
0.5%, about 1%, about 2%, about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, or about 10%.
Optionally, in some embodiments, a percentage by mass of
the surfactant in the conductive graphene ink is no more than
about 0.5%, about 1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, or about
10%.

[0020] Some embodiments further comprise a defoamer,
wherein the defoamer comprises an insoluble oil, a silicone,
a glycol, a stearate, an organic solvent, Surfynol DF-1100,
alkyl polyacrylate, or any combination thereof. Optionally,
in some embodiments, the insoluble oil comprises mineral
oil, vegetable oil, white oil, or any combination thereof.
Optionally, in some embodiments, the silicone comprises
polydimethylsiloxane, silicone glycol, a fluorosilicone, or
any combination thereof. Optionally, in some embodiments,
the glycol comprises polyethylene glycol, ethylene glycol,
propylene glycol, or any combination thereof. Optionally, in
some embodiments, the stearate comprises glycol stearate,
stearin, or any combination thereof. Optionally, in some
embodiments, the organic solvent comprises ethanol, iso-
propyl alcohol, N-methyl-2-pyrrolidone, cyclohexanone,
terpineol, 3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-
methyl-pentan-2-one, methyl isobutyl ketone, or any com-
bination thereof.

[0021] Optionally, in some embodiments, a percentage by
mass of the defoamer in the conductive graphene ink is
about 0.5% to about 10%. Optionally, in some embodiments,
a percentage by mass of the defoamer in the conductive
graphene ink is at least about 0.5%. Optionally, in some
embodiments, a percentage by mass of the defoamer in the
conductive graphene ink is at most about 10%. Optionally,
in some embodiments, a percentage by mass of the defoamer
in the conductive graphene ink is about 0.5% to about 1%,
about 0.5% to about 2%, about 0.5% to about 3%, about
0.5% to about 4%, about 0.5% to about 5%, about 0.5% to
about 6%, about 0.5% to about 7%, about 0.5% to about 8%,
about 0.5% to about 9%, about 0.5% to about 10%, about
1% to about 2%, about 1% to about 3%, about 1% to about
4%, about 1% to about 5%, about 1% to about 6%, about 1%
to about 7%, about 1% to about 8%, about 1% to about 9%,
about 1% to about 10%, about 2% to about 3%, about 2% to
about 4%, about 2% to about 5%, about 2% to about 6%,
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about 2% to about 7%, about 2% to about 8%, about 2% to
about 9%, about 2% to about 10%, about 3% to about 4%,
about 3% to about 5%, about 3% to about 6%, about 3% to
about 7%, about 3% to about 8%, about 3% to about 9%,
about 3% to about 10%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 5% to
about 6%, about 5% to about 7%, about 5% to about 8%,
about 5% to about 9%, about 5% to about 10%, about 6% to
about 7%, about 6% to about 8%, about 6% to about 9%,
about 6% to about 10%, about 7% to about 8%, about 7% to
about 9%, about 7% to about 10%, about 8% to about 9%,
about 8% to about 10%, or about 9% to about 10%.
Optionally, in some embodiments, a percentage by mass of
the defoamer in the conductive graphene ink is about 0.5%,
about 1%, about 2%, about 3%, about 4%, about 5%, about
6%, about 7%, about 8%, about 9%, or about 10%. Option-
ally, in some embodiments, a percentage by mass of the
defoamer in the conductive graphene ink is at least about
0.5%, about 1%, about 2%, about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, or about 10%.
Optionally, in some embodiments, a percentage by mass of
the defoamer in the conductive graphene ink is no more than
about 0.5%, about 1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, or about
10%.

[0022] Optionally, in some embodiments, the solid matter
content by mass of the conductive graphene ink is about
2.5% to about 10.5%. Optionally, in some embodiments, the
solid matter content by mass of the conductive graphene ink
is at least about 2.5%. Optionally, in some embodiments, the
solid matter content by mass of the conductive graphene ink
is at most about 10.5%. Optionally, in some embodiments,
the solid matter content by mass of the conductive graphene
ink is about 2.5% to about 3.5%, about 2.5% to about 4.5%,
about 2.5% to about 5.5%, about 2.5% to about 6.5%, about
2.5% to about 7.5%, about 2.5% to about 8.5%, about 2.5%
to about 9.5%, about 2.5% to about 10.5%, about 3.5% to
about 4.5%, about 3.5% to about 5.5%, about 3.5% to about
6.5%, about 3.5% to about 7.5%, about 3.5% to about 8.5%,
about 3.5% to about 9.5%, about 3.5% to about 10.5%, about
4.5% to about 5.5%, about 4.5% to about 6.5%, about 4.5%
to about 7.5%, about 4.5% to about 8.5%, about 4.5% to
about 9.5%, about 4.5% to about 10.5%, about 5.5% to about
6.5%, about 5.5% to about 7.5%, about 5.5% to about 8.5%,
about 5.5% to about 9.5%, about 5.5% to about 10.5%, about
6.5% to about 7.5%, about 6.5% to about 8.5%, about 6.5%
to about 9.5%, about 6.5% to about 10.5%, about 7.5% to
about 8.5%, about 7.5% to about 9.5%, about 7.5% to about
10.5%, about 8.5% to about 9.5%, about 8.5% to about
10.5%, or about 9.5% to about 10.5%. Optionally, in some
embodiments, the solid matter content by mass of the
conductive graphene ink is about 2.5%, about 3.5%, about
4.5%, about 5.5%, about 6.5%, about 7.5%, about 8.5%,
about 9.5%, or about 10.5%. Optionally, in some embodi-
ments, the solid matter content by mass of the conductive
graphene ink is at least about 2.5%, about 3.5%, about 4.5%,
about 5.5%, about 6.5%, about 7.5%, about 8.5%, about
9.5%, or about 10.5%. Optionally, in some embodiments,
the solid matter content by mass of the conductive graphene
ink is no more than about 2.5%, about 3.5%, about 4.5%,
about 5.5%, about 6.5%, about 7.5%, about 8.5%, about
9.5%, or about 10.5%.
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[0023] Optionally, in some embodiments, the viscosity of
the conductive graphene ink is about 10 centipoise to about
10,000 centipoise. Optionally, in some embodiments, the
viscosity of the conductive graphene ink is at least about 10
centipoise. Optionally, in some embodiments, the viscosity
of the conductive graphene ink is at most about 10,000
centipoise. Optionally, in some embodiments, the viscosity
of the conductive graphene ink is about 10 centipoise to
about 20 centipoise, about 10 centipoise to about 50 centi-
poise, about 10 centipoise to about 100 centipoise, about 10
centipoise to about 200 centipoise, about 10 centipoise to
about 500 centipoise, about 10 centipoise to about 1,000
centipoise, about 10 centipoise to about 2,000 centipoise,
about 10 centipoise to about 5,000 centipoise, about 10
centipoise to about 10,000 centipoise, about 20 centipoise to
about 50 centipoise, about 20 centipoise to about 100
centipoise, about 20 centipoise to about 200 centipoise,
about 20 centipoise to about 500 centipoise, about 20
centipoise to about 1,000 centipoise, about 20 centipoise to
about 2,000 centipoise, about 20 centipoise to about 5,000
centipoise, about 20 centipoise to about 10,000 centipoise,
about 50 centipoise to about 100 centipoise, about 50
centipoise to about 200 centipoise, about 50 centipoise to
about 500 centipoise, about 50 centipoise to about 1,000
centipoise, about 50 centipoise to about 2,000 centipoise,
about 50 centipoise to about 5,000 centipoise, about 50
centipoise to about 10,000 centipoise, about 100 centipoise
to about 200 centipoise, about 100 centipoise to about 500
centipoise, about 100 centipoise to about 1,000 centipoise,
about 100 centipoise to about 2,000 centipoise, about 100
centipoise to about 5,000 centipoise, about 100 centipoise to
about 10,000 centipoise, about 200 centipoise to about 500
centipoise, about 200 centipoise to about 1,000 centipoise,
about 200 centipoise to about 2,000 centipoise, about 200
centipoise to about 5,000 centipoise, about 200 centipoise to
about 10,000 centipoise, about 500 centipoise to about 1,000
centipoise, about 500 centipoise to about 2,000 centipoise,
about 500 centipoise to about 5,000 centipoise, about 500
centipoise to about 10,000 centipoise, about 1,000 centi-
poise to about 2,000 centipoise, about 1,000 centipoise to
about 5,000 centipoise, about 1,000 centipoise to about
10,000 centipoise, about 2,000 centipoise to about 5,000
centipoise, about 2,000 centipoise to about 10,000 centi-
poise, or about 5,000 centipoise to about 10,000 centipoise.
Optionally, in some embodiments, the viscosity of the
conductive graphene ink is about 10 centipoise, about 20
centipoise, about 50 centipoise, about 100 centipoise, about
200 centipoise, about 500 centipoise, about 1,000 centi-
poise, about 2,000 centipoise, about 5,000 centipoise, or
about 10,000 centipoise. Optionally, in some embodiments,
the viscosity of the conductive graphene ink is at least about
10 centipoise, about 20 centipoise, about 50 centipoise,
about 100 centipoise, about 200 centipoise, about 500 cen-
tipoise, about 1,000 centipoise, about 2,000 centipoise,
about 5,000 centipoise, or about 10,000 centipoise. Option-
ally, in some embodiments, the viscosity of the conductive
graphene ink is no more than about 10 centipoise, about 20
centipoise, about 50 centipoise, about 100 centipoise, about
200 centipoise, about 500 centipoise, about 1,000 centi-
poise, about 2,000 centipoise, about 5,000 centipoise, or
about 10,000 centipoise.

[0024] Optionally, in some embodiments, the conductive
graphene ink has a viscosity of about 2,300 centipoise to
about 2,400 centipoise. Optionally, in some embodiments,
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the conductive graphene ink has a viscosity of at least about
2,300 centipoise. Optionally, in some embodiments, the
conductive graphene ink has a viscosity of at most about
2,400 centipoise. Optionally, in some embodiments, the
conductive graphene ink has a viscosity of about 2,300
centipoise to about 2,310 centipoise, about 2,300 centipoise
to about 2,320 centipoise, about 2,300 centipoise to about
2,330 centipoise, about 2,300 centipoise to about 2,340
centipoise, about 2,300 centipoise to about 2,350 centipoise,
about 2,300 centipoise to about 2,360 centipoise, about
2,300 centipoise to about 2,370 centipoise, about 2,300
centipoise to about 2,380 centipoise, about 2,300 centipoise
to about 2,390 centipoise, about 2,300 centipoise to about
2,400 centipoise, about 2,310 centipoise to about 2,320
centipoise, about 2,310 centipoise to about 2,330 centipoise,
about 2,310 centipoise to about 2,340 centipoise, about
2,310 centipoise to about 2,350 centipoise, about 2,310
centipoise to about 2,360 centipoise, about 2,310 centipoise
to about 2,370 centipoise, about 2,310 centipoise to about
2,380 centipoise, about 2,310 centipoise to about 2,390
centipoise, about 2,310 centipoise to about 2,400 centipoise,
about 2,320 centipoise to about 2,330 centipoise, about
2,320 centipoise to about 2,340 centipoise, about 2,320
centipoise to about 2,350 centipoise, about 2,320 centipoise
to about 2,360 centipoise, about 2,320 centipoise to about
2,370 centipoise, about 2,320 centipoise to about 2,380
centipoise, about 2,320 centipoise to about 2,390 centipoise,
about 2,320 centipoise to about 2,400 centipoise, about
2,330 centipoise to about 2,340 centipoise, about 2,330
centipoise to about 2,350 centipoise, about 2,330 centipoise
to about 2,360 centipoise, about 2,330 centipoise to about
2,370 centipoise, about 2,330 centipoise to about 2,380
centipoise, about 2,330 centipoise to about 2,390 centipoise,
about 2,330 centipoise to about 2,400 centipoise, about
2,340 centipoise to about 2,350 centipoise, about 2,340
centipoise to about 2,360 centipoise, about 2,340 centipoise
to about 2,370 centipoise, about 2,340 centipoise to about
2,380 centipoise, about 2,340 centipoise to about 2,390
centipoise, about 2,340 centipoise to about 2,400 centipoise,
about 2,350 centipoise to about 2,360 centipoise, about
2,350 centipoise to about 2,370 centipoise, about 2,350
centipoise to about 2,380 centipoise, about 2,350 centipoise
to about 2,390 centipoise, about 2,350 centipoise to about
2,400 centipoise, about 2,360 centipoise to about 2,370
centipoise, about 2,360 centipoise to about 2,380 centipoise,
about 2,360 centipoise to about 2,390 centipoise, about
2,360 centipoise to about 2,400 centipoise, about 2,370
centipoise to about 2,380 centipoise, about 2,370 centipoise
to about 2,390 centipoise, about 2,370 centipoise to about
2,400 centipoise, about 2,380 centipoise to about 2,390
centipoise, about 2,380 centipoise to about 2,400 centipoise,
or about 2,390 centipoise to about 2,400 centipoise. Option-
ally, in some embodiments, the conductive graphene ink has
aviscosity of about 2,300 centipoise, about 2,310 centipoise,
about 2,320 centipoise, about 2,330 centipoise, about 2,340
centipoise, about 2,350 centipoise, about 2,360 centipoise,
about 2,370 centipoise, about 2,380 centipoise, about 2,390
centipoise, or about 2,400 centipoise.

[0025] Optionally, in some embodiments, the density of
the conductive graphene ink at a temperature of about 20° C.
is about 2.5 g/cm? to about 10.5 g/cm®. Optionally, in some
embodiments, the density of the conductive graphene ink at
a temperature of about 20° C. is at least about 2.5 g/cm®.
Optionally, in some embodiments, the density of the con-
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ductive graphene ink at a temperature of about 20° C. is at
most about 10.5 g/cm®. Optionally, in some embodiments,
the density of the conductive graphene ink at a temperature
of about 20° C. is about 2.5 g/cm? to about 3.5 g/cm?, about
2.5 g/cm® to about 4.5 g/cm®, about 2.5 g/em® to about 5.5
g/cm®, about 2.5 g/cm® to about 6.5 g/cm?, about 2.5 g/cm’
to about 7.5 g/cm?, about 2.5 g/cm® to about 8.5 g/em®,
about 2.5 g/cm’ to about 9.5 g/cm®, about 2.5 g/cm?> to about
10.5 g/cm®, about 3.5 g/cm® to about 4.5 g/cm?, about 3.5
g/cm® to about 5.5 g/cm®, about 3.5 g/cm® to about 6.5
g/em?, about 3.5 g/cm? to about 7.5 g/cm?, about 3.5 g/cm’®
to about 8.5 g/em®, about 3.5 g/em’® to about 9.5 g/em®,
about 3.5 g/em® to about 10.5 g/cm®, about 4.5 g/em?® to
about 5.5 g/cm?, about 4.5 g/cm? to about 6.5 g/cm?, about
4.5 g/cm® to about 7.5 g/cm®, about 4.5 g/cm® to about 8.5
g/em?, about 4.5 g/cm® to about 9.5 g/cm?, about 4.5 g/cm’®
to about 10.5 g/cm?, about 5.5 g/cm® to about 6.5 g/cm?,
about 5.5 g/cm’ to about 7.5 g/cm?, about 5.5 g/cm? to about
8.5 g/cm?®, about 5.5 g/cm® to about 9.5 g/cm?®, about 5.5
g/cm’® to about 10.5 g/cm®, about 6.5 g/cm® to about 7.5
g/em?, about 6.5 g/cm? to about 8.5 g/cm?, about 6.5 g/cm®
to about 9.5 g/cm®, about 6.5 g/cm® to about 10.5 g/cm®,
about 7.5 g/cm?® to about 8.5 g/cm?, about 7.5 g/cm? to about
9.5 g/ecm®, about 7.5 g/cm® to about 10.5 g/cm?®, about 8.5
g/cm’® to about 9.5 g/em?®, about 8.5 g/cm® to about 10.5
g/em?, or about 9.5 g/cm’® to about 10.5 g/cm®. Optionally,
in some embodiments, the density of the conductive gra-
phene ink at a temperature of about 20° C. is at most about
10.5 g/cm®. Optionally, in some embodiments, the density of
the conductive graphene ink at a temperature of about 20° C.
is about 2.5 g/cm>, about 3.5 g/cm?, about 4.5 g/cm?, about
5.5 glem®, about 6.5 g/cm?®, about 7.5 g/ecm’, about 8.5
g/em?, about 9.5 g/cm?®, or about 10.5 g/cm>. Optionally, in
some embodiments, the density of the conductive graphene
ink at a temperature of at least about 20° C. is about 2.5
g/cm?, about 3.5 g/cm®, about 4.5 g/cm?®, about 5.5 g/em®,
about 6.5 g/cm?, about 7.5 g/cm?, about 8.5 g/cm?, about 9.5
g/cm®, or about 10.5 g/cm>. Optionally, in some embodi-
ments, the density of the conductive graphene ink at a
temperature of no more than about 20° C. is about 2.5 g/cm®,
about 3.5 g/cm’, about 4.5 g/cm®, about 5.5 g/cm?, about 6.5
g/em?, about 7.5 g/em?, about 8.5 g/cm?, about 9.5 g/cm?, or
about 10.5 g/cm®.

[0026] Optionally, in some embodiments the conductive
graphene ink has a surface area of about 40 m*/g to about
2,400 m*/g. Optionally, in some embodiments the conduc-
tive graphene ink has a surface area of at least about 40 m*/g.
Optionally, in some embodiments the conductive graphene
ink has a surface area of at most about 2,400 m*/g. Option-
ally, in some embodiments the conductive graphene ink has
a surface area of about 40 m*/g to about 80 m?/g, about 40
m?/g to about 120 m*g, about 40 m*/g to about 240 m*/g,
about 40 m*/g to about 480 m?/g, about 40 m*/g to about
1,000 m*/g, about 40 m*/g to about 1,400 m*g, about 40
m?/g to about 1,800 m*/g, about 40 m*/g to about 2,200
m?/g, about 40 m*/g to about 2,400 m*/g, about 80 m*/g to
about 120 m?/g, about 80 m*/g to about 240 m*/g, about 80
m?/g to about 480 m*/g, about 80 m*/g to about 1,000 m*/g,
about 80 m*/g to about 1,400 m*/g, about 80 m*/g to about
1,800 m*/g, about 80 m?*/g to about 2,200 m?g, about 80
m?/g to about 2,400 m*/g, about 120 m*/g to about 240 m*/g,
about 120 m*/g to about 480 m*/g, about 120 m*/g to about
1,000 m*/g, about 120 m*/g to about 1,400 m?/g, about 120
m?/g to about 1,800 m*/g, about 120 m*/g to about 2,200
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m?/g, about 120 m*/g to about 2,400 m*/g, about 240 m?/g
to about 480 m?/g, about 240 m?*/g to about 1,000 m*/g,
about 240 m*/g to about 1,400 m*/g, about 240 m*/g to about
1,800 m*/g, about 240 m*/g to about 2,200 m*/g, about 240
m?/g to about 2,400 m*/g, about 480 m*/g to about 1,000
m?/g, about 480 m*/g to about 1,400 m*/g, about 480 m?/g
to about 1,800 m?/g, about 480 m*/g to about 2,200 m*/g,
about 480 m*/g to about 2,400 m*/g, about 1,000 m?*/g to
about 1,400 m*/g, about 1,000 m*/g to about 1,800 m%/g,
about 1,000 m*/g to about 2,200 m*/g, about 1,000 m*/g to
about 2,400 m*/g, about 1,400 m*/g to about 1,800 m%/g,
about 1,400 m*/g to about 2,200 m*/g, about 1,400 m*/g to
about 2,400 m*/g, about 1,800 m*/g to about 2,200 m*/g,
about 1,800 m*/g to about 2,400 m*/g, or about 2,200 m*/g
to about 2,400 m*/g. Optionally, in some embodiments the
conductive graphene ink has a surface area of about 40 m*/g,
about 80 m*/g, about 120 m*/g, about 240 m*/g, about 480
m?/g, about 1,000 m*/g, about 1,400 m*/g, about 1,800 m*/g,
about 2,200 m*/g, or about 2,400 m*/g. Optionally, in some
embodiments the conductive graphene ink has a surface area
of at least about 40 m*/g, about 80 m*/g, about 120 m*/g,
about 240 m*/g, about 480 m*/g, about 1,000 m*/g, about
1,400 m*/g, about 1,800 m*/g, about 2,200 m?/g, or about
2,400 m*/g. Optionally, in some embodiments the conduc-
tive graphene ink has a surface area of no more than about
40 m*/g, about 80 m?/g, about 120 m*/g, about 240 m*/g,
about 480 m?/g, about 1,000 m*/g, about 1,400 m*/g, about
1,800 m?/g, about 2,200 m?/g, or about 2,400 m?/g.

[0027] Optionally, in some embodiments the conductive
graphene ink has a conductivity of about 400 S/m to about
1,600 S/m. Optionally, in some embodiments the conductive
graphene ink has a conductivity of at least about 400 S/m.
Optionally, in some embodiments the conductive graphene
ink has a conductivity of at most about 1,600 S/m. Option-
ally, in some embodiments the conductive graphene ink has
a conductivity of about 400 S/m to about 500 S/m, about 400
S/m to about 600 S/m, about 400 S/m to about 700 S/m,
about 400 S/m to about 800 S/m, about 400 S/m to about 900
S/m, about 400 S/m to about 1,000 S/m, about 400 S/m to
about 1,200 S/m, about 400 S/m to about 1,400 S/m, about
400 S/m to about 1,600 S/m, about 500 S/m to about 600
S/m, about 500 S/m to about 700 S/m, about 500 S/m to
about 800 S/m, about 500 S/m to about 900 S/m, about 500
S/m to about 1,000 S/m, about 500 S/m to about 1,200 S/m,
about 500 S/m to about 1,400 S/m, about 500 S/m to about
1,600 S/m, about 600 S/m to about 700 S/m, about 600 S/m
to about 800 S/m, about 600 S/m to about 900 S/m, about
600 S/m to about 1,000 S/m, about 600 S/m to about 1,200
S/m, about 600 S/m to about 1,400 S/m, about 600 S/m to
about 1,600 S/m, about 700 S/m to about 800 S/m, about 700
S/m to about 900 S/m, about 700 S/m to about 1,000 S/m,
about 700 S/m to about 1,200 S/m, about 700 S/m to about
1,400 S/m, about 700 S/m to about 1,600 S/m, about 800
S/m to about 900 S/m, about 800 S/m to about 1,000 S/m,
about 800 S/m to about 1,200 S/m, about 800 S/m to about
1,400 S/m, about 800 S/m to about 1,600 S/m, about 900
S/m to about 1,000 S/m, about 900 S/m to about 1,200 S/m,
about 900 S/m to about 1,400 S/m, about 900 S/m to about
1,600 S/m, about 1,000 S/m to about 1,200 S/m, about 1,000
S/m to about 1,400 S/m, about 1,000 S/m to about 1,600
S/m, about 1,200 S/m to about 1,400 S/m, about 1,200 S/m
to about 1,600 S/m, or about 1,400 S/m to about 1,600 S/m.
Optionally, in some embodiments the conductive graphene
ink has a conductivity of about 400 S/m, about 500 S/m,
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about 600 S/m, about 700 S/m, about 800 S/m, about 900
S/m, about 1,000 S/m, about 1,200 S/m, about 1,400 S/m, or
about 1,600 S/m. Optionally, in some embodiments the
conductive graphene ink has a conductivity of at least about
400 S/m, about 500 S/m, about 600 S/m, about 700 S/m,
about 800 S/m, about 900 S/m, about 1,000 S/m, about 1,200
S/m, about 1,400 S/m, or about 1,600 S/m. Optionally, in
some embodiments the conductive graphene ink has a
conductivity of no more than about 400 S/m, about 500 S/m,
about 600 S/m, about 700 S/m, about 800 S/m, about 900
S/m, about 1,000 S/m, about 1,200 S/m, about 1,400 S/m, or
about 1,600 S/m.

[0028] Optionally, in some embodiments the conductive
graphene ink has a C:O mass ratio of about 2:1 to about 40:1.
Optionally, in some embodiments the conductive graphene
ink has a C:O mass ratio of at least about 2:1. Optionally, in
some embodiments the conductive graphene ink has a C:O
mass ratio of at most about 40:1. Optionally, in some
embodiments the conductive graphene ink has a C:O mass
ratio of about 2:1 to about 4:1, about 2:1 to about 6:1, about
2:1 to about 8:1, about 2:1 to about 10:1, about 2:1 to about
15:1, about 2:1 to about 20:1, about 2:1 to about 25:1, about
2:1 to about 30:1, about 2:1 to about 34:1, about 2:1 to about
40:1, about 4:1 to about 6:1, about 4:1 to about 8:1, about 4:1
to about 10:1, about 4:1 to about 15:1, about 4:1 to about
20:1, about 4:1 to about 25:1, about 4:1 to about 30:1, about
4:1 to about 34:1, about 4:1 to about 40:1, about 6:1 to about
8:1, about 6:1 to about 10:1, about 6:1 to about 15:1, about
6:1 to about 20:1, about 6:1 to about 25:1, about 6:1 to about
30:1, about 6:1 to about 34:1, about 6:1 to about 40:1, about
8:1 to about 10:1, about 8:1 to about 15:1, about 8:1 to about
20:1, about 8:1 to about 25:1, about 8:1 to about 30:1, about
8:1 to about 34:1, about 8:1 to about 40:1, about 10:1 to
about 15:1, about 10:1 to about 20:1, about 10:1 to about
25:1, about 10:1 to about 30:1, about 10:1 to about 34:1,
about 10:1 to about 40:1, about 15:1 to about 20:1, about
15:1 to about 25:1, about 15:1 to about 30:1, about 15:1 to
about 34:1, about 15:1 to about 40:1, about 20:1 to about
25:1, about 20:1 to about 30:1, about 20:1 to about 34:1,
about 20:1 to about 40:1, about 25:1 to about 30:1, about
25:1 to about 34:1, about 25:1 to about 40:1, about 30:1 to
about 34:1, about 30:1 to about 40:1, or about 34:1 to about
40:1. Optionally, in some embodiments the conductive gra-
phene ink has a C:O mass ratio of about 2:1, about 4:1, about
6:1, about 8:1, about 10:1, about 15:1, about 20:1, about
25:1, about 30:1, about 34:1, or about 40:1. Optionally, in
some embodiments, one of the conductivity, the surface
area, and the C:O ratio of the conductive graphene ink is
measured by methylene blue absorption. Optionally, in some
embodiments the conductive graphene ink has a C:O mass
ratio of at least about 2:1, about 4:1, about 6:1, about 8:1,
about 10:1, about 15:1, about 20:1, about 25:1, about 30:1,
about 34:1, or about 40:1. Optionally, in some embodiments
the conductive graphene ink has a C:O mass ratio of no more
than about 2:1, about 4:1, about 6:1, about 8:1, about 10:1,
about 15:1, about 20:1, about 25:1, about 30:1, about 34:1,
or about 40:1.

[0029] Optionally, in some embodiments, the conductive
graphene ink is a conductive graphene hydrate.

[0030] Optionally, in some embodiments, the graphene
ink has a resistivity when dry of about 0.01 ohm/sq/mil to
about 60 ohms/sq/mil. Optionally, in some embodiments,
the graphene ink has a resistivity when dry of at least about
0.01 ohm/sg/mil. Optionally, in some embodiments, the
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graphene ink has a resistivity when dry of at most about 60
ohms/sq/mil. Optionally, in some embodiments, the gra-
phene ink has a resistivity when dry of about 0.01 ohm/sqg/
mil to about 0.05 ohm/sq/mil, about 0.01 ohm/sq/mil to
about 0.1 ohm/sq/mil, about 0.01 ohm/sq/mil to about 0.5
ohm/sq/mil, about 0.01 ohm/sq/mil to about 1 ohm/sq/mil,
about 0.01 ohm/sq/mil to about 5 ohms/sq/mil, about 0.01
ohm/sq/mil to about 10 ohms/sq/mil, about 0.01 ohm/sq/mil
to about 20 ohms/sq/mil, about 0.01 ohm/sq/mil to about 30
ohms/sq/mil, about 0.01 ohm/sq/mil to about 40 ohms/sq/
mil, about 0.01 ohm/sg/mil to about 50 ohms/sq/mil, about
0.01 ohm/sq/mil to about 60 ohms/sq/mil, about 0.05 ohm/
sg/mil to about 0.1 ohm/sq/mil, about 0.05 ohm/sq/mil to
about 0.5 ohm/sq/mil, about 0.05 ohm/sq/mil to about 1
ohm/sq/mil, about 0.05 ohm/sq/mil to about 5 ohms/sq/mil,
about 0.05 ohm/sg/mil to about 10 ohms/sg/mil, about 0.05
ohm/sq/mil to about 20 ohms/sq/mil, about 0.05 ohm/sq/mil
to about 30 ohms/sq/mil, about 0.05 ohm/sq/mil to about 40
ohms/sq/mil, about 0.05 ohm/sq/mil to about 50 ohms/sq/
mil, about 0.05 ohm/sg/mil to about 60 ohms/sq/mil, about
0.1 ohm/sg/mil to about 0.5 ohm/sq/mil, about 0.1 ohm/sq/
mil to about 1 ohm/sq/mil, about 0.1 ohm/sq/mil to about 5
ohms/sq/mil, about 0.1 ohm/sq/mil to about 10 ohms/sq/mil,
about 0.1 ohm/sq/mil to about 20 ohms/sq/mil, about 0.1
ohm/sq/mil to about 30 ohms/sq/mil, about 0.1 ohm/sq/mil
to about 40 ohms/sq/mil, about 0.1 ohm/sq/mil to about 50
ohms/sq/mil, about 0.1 ohm/sq/mil to about 60 ohms/sq/mil,
about 0.5 ohm/sq/mil to about 1 ohm/sq/mil, about 0.5
ohm/sq/mil to about 5 ohms/sq/mil, about 0.5 ohm/sq/mil to
about 10 ohms/sq/mil, about 0.5 ohm/sq/mil to about 20
ohms/sq/mil, about 0.5 ohm/sq/mil to about 30 ohms/sq/mil,
about 0.5 ohm/sq/mil to about 40 ohms/sq/mil, about 0.5
ohm/sq/mil to about 50 ohms/sq/mil, about 0.5 ohm/sq/mil
to about 60 ohms/sq/mil, about 1 ohm/sq/mil to about 5
ohms/sq/mil, about 1 ohm/sq/mil to about 10 ohms/sq/mil,
about 1 ohm/sq/mil to about 20 ohms/sq/mil, about 1 ohm/
sq/mil to about 30 ohms/sq/mil, about 1 ohm/sq/mil to about
40 ohms/sq/mil, about 1 ohm/sq/mil to about 50 ohms/sq/
mil, about 1 ohm/sq/mil to about 60 ohms/sq/mil, about 5
ohms/sq/mil to about 10 ohms/sq/mil, about 5 ohms/sq/mil
to about 20 ohms/sq/mil, about 5 ohms/sq/mil to about 30
ohms/sq/mil, about 5 ohms/sq/mil to about 40 ohms/sq/mil,
about 5 ohms/sq/mil to about 50 ohms/sq/mil, about 5
ohms/sq/mil to about 60 ohms/sq/mil, about 10 ohms/sq/mil
to about 20 ohms/sq/mil, about 10 ohms/sq/mil to about 30
ohms/sq/mil, about 10 ohms/sq/mil to about 40 ohms/sq/mil,
about 10 ohms/sq/mil to about 50 ohms/sq/mil, about 10
ohms/sq/mil to about 60 ohms/sq/mil, about 20 ohms/sq/mil
to about 30 ohms/sq/mil, about 20 ohms/sq/mil to about 40
ohms/sq/mil, about 20 ohms/sq/mil to about 50 ohms/sq/mil,
about 20 ohms/sg/mil to about 60 ohms/sq/mil, about 30
ohms/sq/mil to about 40 ohms/sq/mil, about 30 ohms/sq/mil
to about 50 ohms/sq/mil, about 30 ohms/sq/mil to about 60
ohms/sq/mil, about 40 ohms/sq/mil to about 50 ohms/sq/mil,
about 40 ohms/sq/mil to about 60 ohms/sq/mil, or about 50
ohms/sq/mil to about 60 ohms/sq/mil. Optionally, in some
embodiments, the graphene ink has a resistivity when dry of
about 0.01 ohms/sq/mil, about 0.05 ohms/sq/mil, about 0.1
ohm/sq/mil, about 0.5 ohm/sq/mil, about 1 ohm/sq/mil,
about 5 ohms/sq/mil, about 10 ohms/sq/mil, about 20 ohms/
sq/mil, about 30 ohms/sq/mil, about 40 ohms/sq/mil, about
50 ohms/sg/mil, or about 60 ohms/sq/mil. Optionally, in
some embodiments, the graphene ink has a resistivity when
dry of at least about 0.01 ohm/sq/mil, about 0.05 ohm/sq/
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mil, about 0.1 ohm/sg/mil, about 0.5 ohm/sq/mil, about 1
ohm/sq/mil, about 5 ohm/sq/mil, about 10 ohms/sq/mil,
about 20 ohms/sq/mil, about 30 ohms/sq/mil, about 40
ohms/sq/mil, about 50 ohms/sq/mil, or about 60 ohms/sq/
mil. Optionally, in some embodiments, the graphene ink has
a resistivity when dry of at most about 0.01 ohm/sq/mil,
about 0.05 ohm/sq/mil, about 0.1 ohm/sg/mil, about 0.5
ohm/sq/mil, about 1 ohm/sg/mil, about 5 ohms/sq/mil, about
10 ohms/sq/mil, about 20 ohms/sq/mil, about 30 ohms/sq/
mil, about 40 ohms/sq/mil, about 50 ohms/sq/mil, or about
60 ohms/sq/mil.

[0031] Another aspect provided herein is a graphene film
comprising a substrate and a conductive graphene ink.
Optionally, in some embodiments, the conductive graphene
ink comprises: a binder solution comprising: a binder and a
first solvent; an RGO dispersion comprising RGO, and a
second solvent; a third solvent; a conductive additive; a
surfactant; and a defoamer.

[0032] Optionally, in some embodiments, the substrate
comprises metal, wood, glass, paper, organic material,
cloths, plastics, fiberglass, carbon cloth, carbon fiber, silicon,
or any combination thereof.

[0033] Optionally, in some embodiments, at least one of
the first solvent, the second solvent, and the third solvent
comprises water and an organic solvent. Optionally, in some
embodiments, the organic solvent comprises ethanol, iso-
propyl alcohol, N-methyl-2-pyrrolidone, cyclohexanone,
terpineol, 3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-
methyl-pentan-2-one, methyl isobutyl ketone, or any com-
bination thereof. Optionally, in some embodiments, at least
one of the first solvent, the second solvent, and the third
solvent comprises water, ethanol, isopropyl alcohol,
N-methyl-2-pyrrolidone, cyclohexanone, terpineol,
3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-methyl-pen-
tan-2-one, methyl isobutyl ketone, or any combination
thereof.

[0034] Optionally, in some embodiments, a percentage by
mass of at least one of the first solvent, the second solvent,
and the third solvent in the conductive graphene ink is about
1% to about 99%. Optionally, in some embodiments, a
percentage by mass of at least one of the first solvent, the
second solvent, and the third solvent in the conductive
graphene ink is at least about 1%. Optionally, in some
embodiments, a percentage by mass of at least one of the
first solvent, the second solvent, and the third solvent in the
conductive graphene ink is at most about 99%. Optionally,
in some embodiments, a percentage by mass of at least one
of the first solvent, the second solvent, and the third solvent
in the conductive graphene ink is about 1% to about 2%,
about 1% to about 5%, about 1% to about 10%, about 1% to
about 20%, about 1% to about 30%, about 1% to about 40%,
about 1% to about 50%, about 1% to about 60%, about 1%
to about 70%, about 1% to about 80%, about 1% to about
99%, about 2% to about 5%, about 2% to about 10%, about
2% to about 20%, about 2% to about 30%, about 2% to about
40%, about 2% to about 50%, about 2% to about 60%, about
2% to about 70%, about 2% to about 80%, about 2% to about
99%, about 5% to about 10%, about 5% to about 20%, about
5% to about 30%, about 5% to about 40%, about 5% to about
50%, about 5% to about 60%, about 5% to about 70%, about
5% to about 80%, about 5% to about 99%, about 10% to
about 20%, about 10% to about 30%, about 10% to about
40%, about 10% to about 50%, about 10% to about 60%,
about 10% to about 70%, about 10% to about 80%, about
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10% to about 99%, about 20% to about 30%, about 20% to
about 40%, about 20% to about 50%, about 20% to about
60%, about 20% to about 70%, about 20% to about 80%,
about 20% to about 99%, about 30% to about 40%, about
30% to about 50%, about 30% to about 60%, about 30% to
about 70%, about 30% to about 80%, about 30% to about
99%, about 40% to about 50%, about 40% to about 60%,
about 40% to about 70%, about 40% to about 80%, about
40% to about 99%, about 50% to about 60%, about 50% to
about 70%, about 50% to about 80%, about 50% to about
99%, about 60% to about 70%, about 60% to about 80%,
about 60% to about 99%, about 70% to about 80%, about
70% to about 99%, or about 80% to about 99%. Optionally,
in some embodiments, a percentage by mass of at least one
of the first solvent, the second solvent, and the third solvent
in the conductive graphene ink is about 1%, about 2%, about
5%, about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, or about 99%.
Optionally, in some embodiments, a percentage by mass of
at least one of the first solvent, the second solvent, and the
third solvent in the conductive graphene ink is at least about
1%, about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, or
about 80%. Optionally, in some embodiments, a percentage
by mass of at least one of the first solvent, the second
solvent, and the third solvent in the conductive graphene ink
is at most about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about
80%, or about 99%.

[0035] Optionally, in some embodiments, the binder solu-
tion comprises a binder and a first solvent. Optionally, in
some embodiments, the binder comprises a polymer.
Optionally, in some embodiments, the polymer comprises a
synthetic polymer. Optionally, in some embodiments, the
synthetic polymer comprises carboxymethyl cellulose, poly-
vinylidene fluoride, poly(vinyl alcohol), poly(vinyl pyrroli-
done), poly(ethylene oxide), ethyl cellulose, or any combi-
nation thereof. Optionally, in some embodiments, the binder
is a dispersant.

[0036] Optionally, in some embodiments, the second sol-
vent comprises water and an organic solvent. Optionally, in
some embodiments, the organic solvent comprises ethanol,
isopropyl alcohol, N-methyl-2-pyrrolidone, cyclohexanone,
terpineol, 3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-
methyl-pentan-2-one, methyl isobutyl ketone, or any com-
bination thereof.

[0037] Optionally, in some embodiments, a percentage by
mass of the binder solution in the conductive graphene ink
is about 0.5% to about 99%. Optionally, in some embodi-
ments, a percentage by mass of the binder solution in the
conductive graphene ink is at least about 0.5%. Optionally,
in some embodiments, a percentage by mass of the binder
solution in the conductive graphene ink is at most about
99%. Optionally, in some embodiments, a percentage by
mass of the binder solution in the conductive graphene ink
is about 0.5% to about 1%, about 0.5% to about 2%, about
0.5% to about 5%, about 0.5% to about 10%, about 0.5% to
about 20%, about 0.5% to about 30%, about 0.5% to about
40%, about 0.5% to about 50%, about 0.5% to about 70%,
about 0.5% to about 90%, about 0.5% to about 99%, about
1% to about 2%, about 1% to about 5%, about 1% to about
10%, about 1% to about 20%, about 1% to about 30%, about
1% to about 40%, about 1% to about 50%, about 1% to about
70%, about 1% to about 90%, about 1% to about 99%, about
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2% to about 5%, about 2% to about 10%, about 2% to about
20%, about 2% to about 30%, about 2% to about 40%, about
2% to about 50%, about 2% to about 70%, about 2% to about
90%, about 2% to about 99%, about 5% to about 10%, about
5% to about 20%, about 5% to about 30%, about 5% to about
40%, about 5% to about 50%, about 5% to about 70%, about
5% to about 90%, about 5% to about 99%, about 10% to
about 20%, about 10% to about 30%, about 10% to about
40%, about 10% to about 50%, about 10% to about 70%,
about 10% to about 90%, about 10% to about 99%, about
20% to about 30%, about 20% to about 40%, about 20% to
about 50%, about 20% to about 70%, about 20% to about
90%, about 20% to about 99%, about 30% to about 40%,
about 30% to about 50%, about 30% to about 70%, about
30% to about 90%, about 30% to about 99%, about 40% to
about 50%, about 40% to about 70%, about 40% to about
90%, about 40% to about 99%, about 50% to about 70%,
about 50% to about 90%, about 50% to about 99%, about
70% to about 90%, about 70% to about 99%, or about 90%
to about 99%. Optionally, in some embodiments, a percent-
age by mass of the binder solution in the conductive gra-
phene ink is at most about 99%. Optionally, in some
embodiments, a percentage by mass of the binder solution in
the conductive graphene ink is about 0.5%, about 1%, about
2%, about 5%, about 10%, about 20%, about 30%, about
40%, about 50%, about 70%, about 90%, or about 99%.
Optionally, in some embodiments, a percentage by mass of
the binder solution in the conductive graphene ink is at least
about 0.5%, about 1%, about 2%, about 5%, about 10%,
about 20%, about 30%, about 40%, about 50%, about 60%,
about 70%, about 80%, about 90%, about 95%, or about
99%. Alternatively or in combination, in some embodi-
ments, a percentage by mass of the binder solution in the
conductive graphene ink is no more than about 0.5%, about
1%, about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about
80%, about 90%, about 95%, or about 99%.

[0038] Optionally, in some embodiments, a concentration
of the binder solution by mass is about 0.5% to about 2%.
Optionally, in some embodiments, a concentration of the
binder solution by mass is at least about 0.5%. Optionally,
in some embodiments, a concentration of the binder solution
by mass is at most about 2%. Optionally, in some embodi-
ments, a concentration of the binder solution by mass is
about 0.5% to about 0.625%, about 0.5% to about 0.75%,
about 0.5% to about 0.875%, about 0.5% to about 1%, about
0.5% to about 1.25%, about 0.5% to about 1.5%, about 0.5%
to about 1.75%, about 0.5% to about 2%, about 0.625% to
about 0.75%, about 0.625% to about 0.875%, about 0.625%
to about 1%, about 0.625% to about 1.25%, about 0.625%
to about 1.5%, about 0.625% to about 1.75%, about 0.625%
to about 2%, about 0.75% to about 0.875%, about 0.75% to
about 1%, about 0.75% to about 1.25%, about 0.75% to
about 1.5%, about 0.75% to about 1.75%, about 0.75% to
about 2%, about 0.875% to about 1%, about 0.875% to about
1.25%, about 0.875% to about 1.5%, about 0.875% to about
1.75%, about 0.875% to about 2%, about 1% to about
1.25%, about 1% to about 1.5%, about 1% to about 1.75%,
about 1% to about 2%, about 1.25% to about 1.5%, about
1.25% to about 1.75%, about 1.25% to about 2%, about
1.5% to about 1.75%, about 1.5% to about 2%, or about
1.75% to about 2%. Optionally, in some embodiments, a
concentration of the binder solution by mass is about 0.5%,
about 0.625%, about 0.75%, about 0.875%, about 1%, about
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1.25%, about 1.5%, about 1.75%, or about 2%. Optionally,
in some embodiments, a concentration of the binder solution
by mass is at least about 0.5%, about 0.625%, about 0.75%,
about 0.875%, about 1%, about 1.25%, about 1.5%, about
1.75%, or about 2%. Optionally, in some embodiments, a
concentration of the binder solution by mass is no more than
about 0.5%, about 0.625%, about 0.75%, about 0.875%,
about 1%, about 1.25%, about 1.5%, about 1.75%, or about
2%.

[0039] Optionally, in some embodiments, the RGO dis-
persion comprises RGO and a third solvent. Optionally, in
some embodiments, the third solvent comprises water and
an organic solvent. Optionally, in some embodiments, the
organic solvent comprises ethanol, isopropyl alcohol,
N-methyl-2-pyrrolidone, cyclohexanone, terpineol,
3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-methyl-pen-
tan-2-one, methyl isobutyl ketone, or any combination
thereof.

[0040] Optionally, in some embodiments, a percentage by
mass of the RGO dispersion in the conductive graphene ink
is about 0.25% to about 1%. Optionally, in some embodi-
ments, a percentage by mass of the RGO dispersion in the
conductive graphene ink is at least about 0.25%. Optionally,
in some embodiments, a percentage by mass of the RGO
dispersion in the conductive graphene ink is at most about
1%. Optionally, in some embodiments, a percentage by mass
of the RGO dispersion in the conductive graphene ink is
about 0.25% to about 0.375%, about 0.25% to about 0.5%,
about 0.25% to about 0.625%, about 0.25% to about 0.75%,
about 0.25% to about 1%, about 0.375% to about 0.5%,
about 0.375% to about 0.625%, about 0.375% to about
0.75%, about 0.375% to about 1%, about 0.5% to about
0.625%, about 0.5% to about 0.75%, about 0.5% to about
1%, about 0.625% to about 0.75%, about 0.625% to about
1%, or about 0.75% to about 1%. Optionally, in some
embodiments, a percentage by mass of the RGO dispersion
in the conductive graphene ink is about 0.25%, about
0.375%, about 0.5%, about 0.625%, about 0.75%, or about
1%. Optionally, in some embodiments, a percentage by mass
of the RGO dispersion in the conductive graphene ink is at
least about 0.25%, about 0.375%, about 0.5%, about
0.625%, about 0.75%, or about 1%. Optionally, in some
embodiments, a percentage by mass of the RGO dispersion
in the conductive graphene ink is no more than about 0.25%,
about 0.375%, about 0.5%, about 0.625%, about 0.75%, or
about 1%.

[0041] Optionally, in some embodiments, a concentration
by mass of the RGO in the RGO dispersion is about 3% to
about 12%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is at least
about 3%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is at most
about 12%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is about 3%
to about 4%, about 3% to about 5%, about 3% to about 6%,
about 3% to about 7%, about 3% to about 8%, about 3% to
about 9%, about 3% to about 10%, about 3% to about 11%,
about 3% to about 12%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 4% to
about 11%, about 4% to about 12%, about 5% to about 6%,
about 5% to about 7%, about 5% to about 8%, about 5% to
about 9%, about 5% to about 10%, about 5% to about 11%,
about 5% to about 12%, about 6% to about 7%, about 6% to
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about 8%, about 6% to about 9%, about 6% to about 10%,
about 6% to about 11%, about 6% to about 12%, about 7%
to about 8%, about 7% to about 9%, about 7% to about 10%,
about 7% to about 11%, about 7% to about 12%, about 8%
to about 9%, about 8% to about 10%, about 8% to about
11%, about 8% to about 12%, about 9% to about 10%, about
9% to about 11%, about 9% to about 12%, about 10% to
about 11%, about 10% to about 12%, or about 11% to about
12%. Optionally, in some embodiments, a concentration by
mass of the RGO in the RGO dispersion is about 3%, about
4%, about 5%, about 6%, about 7%, about 8%, about 9%,
about 10%, about 11%, or about 12%. Optionally, in some
embodiments, a concentration by mass of the RGO in the
RGO dispersion is at least about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, about 10%, about
11%, or about 12%. Optionally, in some embodiments, a
concentration by mass of the RGO in the RGO dispersion is
no more than about 3%, about 4%, about 5%, about 6%,
about 7%, about 8%, about 9%, about 10%, about 11%, or
about 12%.

[0042] Optionally, in some embodiments, a percentage by
mass of the RGO in the conductive graphene ink is about
0.1% to about 99%. Optionally, in some embodiments, a
percentage by mass of the RGO in the conductive graphene
ink is at least about 0.1%. Optionally, in some embodiments,
apercentage by mass of the RGO in the conductive graphene
ink is at most about 99%. Optionally, in some embodiments,
apercentage by mass of the RGO in the conductive graphene
ink is about 0.1% to about 0.2%, about 0.1% to about 0.5%,
about 0.1% to about 1%, about 0.1% to about 10%, about
0.1% to about 20%, about 0.1% to about 40%, about 0.1%
to about 60%, about 0.1% to about 80%, about 0.1% to about
90%, about 0.1% to about 99%, about 0.2% to about 0.5%,
about 0.2% to about 1%, about 0.2% to about 10%, about
0.2% to about 20%, about 0.2% to about 40%, about 0.2%
to about 60%, about 0.2% to about 80%, about 0.2% to about
90%, about 0.2% to about 99%, about 0.5% to about 1%,
about 0.5% to about 10%, about 0.5% to about 20%, about
0.5% to about 40%, about 0.5% to about 60%, about 0.5%
to about 80%, about 0.5% to about 90%, about 0.5% to about
99%, about 1% to about 10%, about 1% to about 20%, about
1% to about 40%, about 1% to about 60%, about 1% to about
80%, about 1% to about 90%, about 1% to about 99%, about
10% to about 20%, about 10% to about 40%, about 10% to
about 60%, about 10% to about 80%, about 10% to about
90%, about 10% to about 99%, about 20% to about 40%,
about 20% to about 60%, about 20% to about 80%, about
20% to about 90%, about 20% to about 99%, about 40% to
about 60%, about 40% to about 80%, about 40% to about
90%, about 40% to about 99%, about 60% to about 80%,
about 60% to about 90%, about 60% to about 99%, about
80% to about 90%, about 80% to about 99%, or about 90%
to about 99%. Optionally, in some embodiments, a percent-
age by mass of the RGO in the conductive graphene ink is
about 0.1%, about 0.2%, about 0.5%, about 1%, about 10%,
about 20%, about 40%, about 60%, about 80%, about 90%,
or about 99%. Optionally, in some embodiments, a percent-
age by mass of the RGO in the conductive graphene ink is
at least about 0.1%, about 0.2%, about 0.5%, about 1%,
about 10%, about 20%, about 40%, about 60%, about 80%,
about 90%, or about 99%. Optionally, in some embodi-
ments, a percentage by mass of the RGO in the conductive
graphene ink is no more than about 0.1%, about 0.2%, about
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0.5%, about 1%, about 10%, about 20%, about 40%, about
60%, about 80%, about 90%, or about 99%.

[0043] Optionally, in some embodiments, the conductive
additive comprises a carbon-based material. Optionally, in
some embodiments, the carbon-based material comprises a
paracrystalline carbon. Optionally, in some embodiments,
the paracrystalline carbon comprises carbon black, acetylene
black, channel black, furnace black, lamp black, thermal
black, or any combination thereof.

[0044] Optionally, in some embodiments, the conductive
additive comprises silver. Optionally, in some embodiments,
the silver comprises silver nanoparticles, silver nanorods,
silver nanowires, silver nanoflowers, silver nanofibers, silver
nanoplatelets, silver nanoribbons, silver nanocubes, silver
bipyramids, or any combination thereof.

[0045] Optionally, in some embodiments, a percentage by
mass of the conductive additive in the conductive graphene
ink is about 2% to about 99%. Optionally, in some embodi-
ments, a percentage by mass of the conductive additive in
the conductive graphene ink is at least about 2%. Optionally,
in some embodiments, a percentage by mass of the conduc-
tive additive in the conductive graphene ink is at most about
99%. Optionally, in some embodiments, a percentage by
mass of the conductive additive in the conductive graphene
ink is about 2% to about 5%, about 2% to about 10%, about
2% to about 20%, about 2% to about 30%, about 2% to about
40%, about 2% to about 50%, about 2% to about 60%, about
2% to about 70%, about 2% to about 80%, about 2% to about
90%, about 2% to about 99%, about 5% to about 10%, about
5% to about 20%, about 5% to about 30%, about 5% to about
40%, about 5% to about 50%, about 5% to about 60%, about
5% to about 70%, about 5% to about 80%, about 5% to about
90%, about 5% to about 99%, about 10% to about 20%,
about 10% to about 30%, about 10% to about 40%, about
10% to about 50%, about 10% to about 60%, about 10% to
about 70%, about 10% to about 80%, about 10% to about
90%, about 10% to about 99%, about 20% to about 30%,
about 20% to about 40%, about 20% to about 50%, about
20% to about 60%, about 20% to about 70%, about 20% to
about 80%, about 20% to about 90%, about 20% to about
99%, about 30% to about 40%, about 30% to about 50%,
about 30% to about 60%, about 30% to about 70%, about
30% to about 80%, about 30% to about 90%, about 30% to
about 99%, about 40% to about 50%, about 40% to about
60%, about 40% to about 70%, about 40% to about 80%,
about 40% to about 90%, about 40% to about 99%, about
50% to about 60%, about 50% to about 70%, about 50% to
about 80%, about 50% to about 90%, about 50% to about
99%, about 60% to about 70%, about 60% to about 80%,
about 60% to about 90%, about 60% to about 99%, about
70% to about 80%, about 70% to about 90%, about 70% to
about 99%, about 80% to about 90%, about 80% to about
99%, or about 90% to about 99%. Optionally, in some
embodiments, a percentage by mass of the conductive
additive in the conductive graphene ink is about 2%, about
5%, about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, about 90%, or
about 99%. Optionally, in some embodiments, a percentage
by mass of the conductive additive in the conductive gra-
phene ink is at least about 2%, about 5%, about 10%, about
20%, about 30%, about 40%, about 50%, about 60%, about
70%, about 80%, about 90%, or about 99%. Optionally, in
some embodiments, a percentage by mass of the conductive
additive in the conductive graphene ink is no more than
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about 2%, about 5%, about 10%, about 20%, about 30%,
about 40%, about 50%, about 60%, about 70%, about 80%,
about 90%, or about 99%.

[0046] Some embodiments further comprise a surfactant.
Optionally, in some embodiments, the surfactant comprises
an acid, a nonionic surfactant, or any combination thereof.
Optionally, in some embodiments, the acid comprises per-
fluorooctanoic acid, perfluorooctane sulfonate, perfluoro-
hexane sulfonic acid, perfluorononanoic acid, perfluorode-
canoic acid, or any combination thereof. Optionally, in some
embodiments, the nonionic surfactant comprises a polyeth-
ylene glycol alkyl ether, a octacthylene glycol monododecyl
ether, a pentaethylene glycol monododecyl ether, a polypro-
pylene glycol alkyl ether, a glucoside alkyl ether, decyl
glucoside, lauryl glucoside, octyl glucoside, a polyethylene
glycol octylphenyl ether, dodecyldimethylamine oxide, a
polyethylene glycol alkylphenyl ether, a polyethylene glycol
octylphenyl ether, Triton X-100, polyethylene glycol alky-
Iphenyl ether, nonoxynol-9, a glycerol alkyl ester polysor-
bate, sorbitan alkyl ester, polyethoxylated tallow amine,
Dynol 604, or any combination thereof.

[0047] Optionally, in some embodiments, a percentage by
mass of the surfactant in the conductive graphene ink is
about 0.5% to about 10%. Optionally, in some embodiments,
a percentage by mass of the surfactant in the conductive
graphene ink is at least about 0.5%. Optionally, in some
embodiments, a percentage by mass of the surfactant in the
conductive graphene ink is at most about 10%. Optionally,
in some embodiments, a percentage by mass of the surfac-
tant in the conductive graphene ink is about 0.5% to about
1%, about 0.5% to about 2%, about 0.5% to about 3%, about
0.5% to about 4%, about 0.5% to about 5%, about 0.5% to
about 6%, about 0.5% to about 7%, about 0.5% to about 8%,
about 0.5% to about 9%, about 0.5% to about 10%, about
1% to about 2%, about 1% to about 3%, about 1% to about
4%, about 1% to about 5%, about 1% to about 6%, about 1%
to about 7%, about 1% to about 8%, about 1% to about 9%,
about 1% to about 10%, about 2% to about 3%, about 2% to
about 4%, about 2% to about 5%, about 2% to about 6%,
about 2% to about 7%, about 2% to about 8%, about 2% to
about 9%, about 2% to about 10%, about 3% to about 4%,
about 3% to about 5%, about 3% to about 6%, about 3% to
about 7%, about 3% to about 8%, about 3% to about 9%,
about 3% to about 10%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 5% to
about 6%, about 5% to about 7%, about 5% to about 8%,
about 5% to about 9%, about 5% to about 10%, about 6% to
about 7%, about 6% to about 8%, about 6% to about 9%,
about 6% to about 10%, about 7% to about 8%, about 7% to
about 9%, about 7% to about 10%, about 8% to about 9%,
about 8% to about 10%, or about 9% to about 10%.
Optionally, in some embodiments, a percentage by mass of
the surfactant in the conductive graphene ink is about 0.5%,
about 1%, about 2%, about 3%, about 4%, about 5%, about
6%, about 7%, about 8%, about 9%, or about 10%. Option-
ally, in some embodiments, a percentage by mass of the
surfactant in the conductive graphene ink is at least about
0.5%, about 1%, about 2%, about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, or about 10%.
Optionally, in some embodiments, a percentage by mass of
the surfactant in the conductive graphene ink is no more than
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about 0.5%, about 1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, or about
10%.

[0048] Some embodiments further comprise a defoamer,
wherein the defoamer comprises an insoluble oil, a silicone,
a glycol, a stearate, an organic solvent, Surfynol DF-1100,
alkyl polyacrylate, or any combination thereof. Optionally,
in some embodiments, the insoluble oil comprises mineral
oil, vegetable oil, white oil, or any combination thereof.
Optionally, in some embodiments, the silicone comprises
polydimethylsiloxane, silicone glycol, a fluorosilicone, or
any combination thereof. Optionally, in some embodiments,
the glycol comprises polyethylene glycol, ethylene glycol,
propylene glycol, or any combination thereof. Optionally, in
some embodiments, the stearate comprises glycol stearate,
stearin, or any combination thereof. Optionally, in some
embodiments, the organic solvent comprises ethanol, iso-
propyl alcohol, N-methyl-2-pyrrolidone, cyclohexanone,
terpineol, 3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-
methyl-pentan-2-one, methyl isobutyl ketone, or any com-
bination thereof.

[0049] Optionally, in some embodiments, a percentage by
mass of the defoamer in the conductive graphene ink is
about 0.5% to about 10%. Optionally, in some embodiments,
a percentage by mass of the defoamer in the conductive
graphene ink is at least about 0.5%. Optionally, in some
embodiments, a percentage by mass of the defoamer in the
conductive graphene ink is at most about 10%. Optionally,
in some embodiments, a percentage by mass of the defoamer
in the conductive graphene ink is about 0.5% to about 1%,
about 0.5% to about 2%, about 0.5% to about 3%, about
0.5% to about 4%, about 0.5% to about 5%, about 0.5% to
about 6%, about 0.5% to about 7%, about 0.5% to about 8%,
about 0.5% to about 9%, about 0.5% to about 10%, about
1% to about 2%, about 1% to about 3%, about 1% to about
4%, about 1% to about 5%, about 1% to about 6%, about 1%
to about 7%, about 1% to about 8%, about 1% to about 9%,
about 1% to about 10%, about 2% to about 3%, about 2% to
about 4%, about 2% to about 5%, about 2% to about 6%,
about 2% to about 7%, about 2% to about 8%, about 2% to
about 9%, about 2% to about 10%, about 3% to about 4%,
about 3% to about 5%, about 3% to about 6%, about 3% to
about 7%, about 3% to about 8%, about 3% to about 9%,
about 3% to about 10%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 5% to
about 6%, about 5% to about 7%, about 5% to about 8%,
about 5% to about 9%, about 5% to about 10%, about 6% to
about 7%, about 6% to about 8%, about 6% to about 9%,
about 6% to about 10%, about 7% to about 8%, about 7% to
about 9%, about 7% to about 10%, about 8% to about 9%,
about 8% to about 10%, or about 9% to about 10%.
Optionally, in some embodiments, a percentage by mass of
the defoamer in the conductive graphene ink is about 0.5%,
about 1%, about 2%, about 3%, about 4%, about 5%, about
6%, about 7%, about 8%, about 9%, or about 10%. Option-
ally, in some embodiments, a percentage by mass of the
defoamer in the conductive graphene ink is at least about
0.5%, about 1%, about 2%, about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, or about 10%.
Optionally, in some embodiments, a percentage by mass of
the defoamer in the conductive graphene ink is no more than
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about 0.5%, about 1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, or about
10%.

[0050] Optionally, in some embodiments, the solid matter
content by mass of the conductive graphene ink is about
2.5% to about 10.5%. Optionally, in some embodiments, the
solid matter content by mass of the conductive graphene ink
is at least about 2.5%. Optionally, in some embodiments, the
solid matter content by mass of the conductive graphene ink
is at most about 10.5%. Optionally, in some embodiments,
the solid matter content by mass of the conductive graphene
ink is about 2.5% to about 3.5%, about 2.5% to about 4.5%,
about 2.5% to about 5.5%, about 2.5% to about 6.5%, about
2.5% to about 7.5%, about 2.5% to about 8.5%, about 2.5%
to about 9.5%, about 2.5% to about 10.5%, about 3.5% to
about 4.5%, about 3.5% to about 5.5%, about 3.5% to about
6.5%, about 3.5% to about 7.5%, about 3.5% to about 8.5%,
about 3.5% to about 9.5%, about 3.5% to about 10.5%, about
4.5% to about 5.5%, about 4.5% to about 6.5%, about 4.5%
to about 7.5%, about 4.5% to about 8.5%, about 4.5% to
about 9.5%, about 4.5% to about 10.5%, about 5.5% to about
6.5%, about 5.5% to about 7.5%, about 5.5% to about 8.5%,
about 5.5% to about 9.5%, about 5.5% to about 10.5%, about
6.5% to about 7.5%, about 6.5% to about 8.5%, about 6.5%
to about 9.5%, about 6.5% to about 10.5%, about 7.5% to
about 8.5%, about 7.5% to about 9.5%, about 7.5% to about
10.5%, about 8.5% to about 9.5%, about 8.5% to about
10.5%, or about 9.5% to about 10.5%. Optionally, in some
embodiments, the solid matter content by mass of the
conductive graphene ink is about 2.5%, about 3.5%, about
4.5%, about 5.5%, about 6.5%, about 7.5%, about 8.5%,
about 9.5%, or about 10.5%. Optionally, in some embodi-
ments, the solid matter content by mass of the conductive
graphene ink is at least about 2.5%, about 3.5%, about 4.5%,
about 5.5%, about 6.5%, about 7.5%, about 8.5%, about
9.5%, or about 10.5%. Optionally, in some embodiments,
the solid matter content by mass of the conductive graphene
ink is no more than about 2.5%, about 3.5%, about 4.5%,
about 5.5%, about 6.5%, about 7.5%, about 8.5%, about
9.5%, or about 10.5%.

[0051] Optionally, in some embodiments, the viscosity of
the conductive graphene ink is about 10 centipoise to about
10,000 centipoise. Optionally, in some embodiments, the
viscosity of the conductive graphene ink is at least about 10
centipoise. Optionally, in some embodiments, the viscosity
of the conductive graphene ink is at most about 10,000
centipoise. Optionally, in some embodiments, the viscosity
of the conductive graphene ink is about 10 centipoise to
about 20 centipoise, about 10 centipoise to about 50 centi-
poise, about 10 centipoise to about 100 centipoise, about 10
centipoise to about 200 centipoise, about 10 centipoise to
about 500 centipoise, about 10 centipoise to about 1,000
centipoise, about 10 centipoise to about 2,000 centipoise,
about 10 centipoise to about 5,000 centipoise, about 10
centipoise to about 10,000 centipoise, about 20 centipoise to
about 50 centipoise, about 20 centipoise to about 100
centipoise, about 20 centipoise to about 200 centipoise,
about 20 centipoise to about 500 centipoise, about 20
centipoise to about 1,000 centipoise, about 20 centipoise to
about 2,000 centipoise, about 20 centipoise to about 5,000
centipoise, about 20 centipoise to about 10,000 centipoise,
about 50 centipoise to about 100 centipoise, about 50
centipoise to about 200 centipoise, about 50 centipoise to
about 500 centipoise, about 50 centipoise to about 1,000
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centipoise, about 50 centipoise to about 2,000 centipoise,
about 50 centipoise to about 5,000 centipoise, about 50
centipoise to about 10,000 centipoise, about 100 centipoise
to about 200 centipoise, about 100 centipoise to about 500
centipoise, about 100 centipoise to about 1,000 centipoise,
about 100 centipoise to about 2,000 centipoise, about 100
centipoise to about 5,000 centipoise, about 100 centipoise to
about 10,000 centipoise, about 200 centipoise to about 500
centipoise, about 200 centipoise to about 1,000 centipoise,
about 200 centipoise to about 2,000 centipoise, about 200
centipoise to about 5,000 centipoise, about 200 centipoise to
about 10,000 centipoise, about 500 centipoise to about 1,000
centipoise, about 500 centipoise to about 2,000 centipoise,
about 500 centipoise to about 5,000 centipoise, about 500
centipoise to about 10,000 centipoise, about 1,000 centi-
poise to about 2,000 centipoise, about 1,000 centipoise to
about 5,000 centipoise, about 1,000 centipoise to about
10,000 centipoise, about 2,000 centipoise to about 5,000
centipoise, about 2,000 centipoise to about 10,000 centi-
poise, or about 5,000 centipoise to about 10,000 centipoise.
Optionally, in some embodiments, the viscosity of the
conductive graphene ink is about 10 centipoise, about 20
centipoise, about 50 centipoise, about 100 centipoise, about
200 centipoise, about 500 centipoise, about 1,000 centi-
poise, about 2,000 centipoise, about 5,000 centipoise, or
about 10,000 centipoise. Optionally, in some embodiments,
the viscosity of the conductive graphene ink is at least about
10 centipoise, about 20 centipoise, about 50 centipoise,
about 100 centipoise, about 200 centipoise, about 500 cen-
tipoise, about 1,000 centipoise, about 2,000 centipoise,
about 5,000 centipoise, or about 10,000 centipoise. Option-
ally, in some embodiments, the viscosity of the conductive
graphene ink is no more than about 10 centipoise, about 20
centipoise, about 50 centipoise, about 100 centipoise, about
200 centipoise, about 500 centipoise, about 1,000 centi-
poise, about 2,000 centipoise, about 5,000 centipoise, or
about 10,000 centipoise.

[0052] Optionally, in some embodiments, the conductive
graphene ink has a viscosity of about 2,300 centipoise to
about 2,400 centipoise. Optionally, in some embodiments,
the conductive graphene ink has a viscosity of at least about
2,300 centipoise. Optionally, in some embodiments, the
conductive graphene ink has a viscosity of at most about
2,400 centipoise. Optionally, in some embodiments, the
conductive graphene ink has a viscosity of about 2,300
centipoise to about 2,310 centipoise, about 2,300 centipoise
to about 2,320 centipoise, about 2,300 centipoise to about
2,330 centipoise, about 2,300 centipoise to about 2,340
centipoise, about 2,300 centipoise to about 2,350 centipoise,
about 2,300 centipoise to about 2,360 centipoise, about
2,300 centipoise to about 2,370 centipoise, about 2,300
centipoise to about 2,380 centipoise, about 2,300 centipoise
to about 2,390 centipoise, about 2,300 centipoise to about
2,400 centipoise, about 2,310 centipoise to about 2,320
centipoise, about 2,310 centipoise to about 2,330 centipoise,
about 2,310 centipoise to about 2,340 centipoise, about
2,310 centipoise to about 2,350 centipoise, about 2,310
centipoise to about 2,360 centipoise, about 2,310 centipoise
to about 2,370 centipoise, about 2,310 centipoise to about
2,380 centipoise, about 2,310 centipoise to about 2,390
centipoise, about 2,310 centipoise to about 2,400 centipoise,
about 2,320 centipoise to about 2,330 centipoise, about
2,320 centipoise to about 2,340 centipoise, about 2,320
centipoise to about 2,350 centipoise, about 2,320 centipoise
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to about 2,360 centipoise, about 2,320 centipoise to about
2,370 centipoise, about 2,320 centipoise to about 2,380
centipoise, about 2,320 centipoise to about 2,390 centipoise,
about 2,320 centipoise to about 2,400 centipoise, about
2,330 centipoise to about 2,340 centipoise, about 2,330
centipoise to about 2,350 centipoise, about 2,330 centipoise
to about 2,360 centipoise, about 2,330 centipoise to about
2,370 centipoise, about 2,330 centipoise to about 2,380
centipoise, about 2,330 centipoise to about 2,390 centipoise,
about 2,330 centipoise to about 2,400 centipoise, about
2,340 centipoise to about 2,350 centipoise, about 2,340
centipoise to about 2,360 centipoise, about 2,340 centipoise
to about 2,370 centipoise, about 2,340 centipoise to about
2,380 centipoise, about 2,340 centipoise to about 2,390
centipoise, about 2,340 centipoise to about 2,400 centipoise,
about 2,350 centipoise to about 2,360 centipoise, about
2,350 centipoise to about 2,370 centipoise, about 2,350
centipoise to about 2,380 centipoise, about 2,350 centipoise
to about 2,390 centipoise, about 2,350 centipoise to about
2,400 centipoise, about 2,360 centipoise to about 2,370
centipoise, about 2,360 centipoise to about 2,380 centipoise,
about 2,360 centipoise to about 2,390 centipoise, about
2,360 centipoise to about 2,400 centipoise, about 2,370
centipoise to about 2,380 centipoise, about 2,370 centipoise
to about 2,390 centipoise, about 2,370 centipoise to about
2,400 centipoise, about 2,380 centipoise to about 2,390
centipoise, about 2,380 centipoise to about 2,400 centipoise,
or about 2,390 centipoise to about 2,400 centipoise. Option-
ally, in some embodiments, the conductive graphene ink has
aviscosity of about 2,300 centipoise, about 2,310 centipoise,
about 2,320 centipoise, about 2,330 centipoise, about 2,340
centipoise, about 2,350 centipoise, about 2,360 centipoise,
about 2,370 centipoise, about 2,380 centipoise, about 2,390
centipoise, or about 2,400 centipoise.

[0053] Optionally, in some embodiments, the density of
the conductive graphene ink at a temperature of about 20° C.
is about 2.5 g/cm® to about 10.5 g/cm?®. Optionally, in some
embodiments, the density of the conductive graphene ink at
a temperature of about 20° C. is at least about 2.5 g/cm®.
Optionally, in some embodiments, the density of the con-
ductive graphene ink at a temperature of about 20° C. is at
most about 10.5 g/cm®. Optionally, in some embodiments,
the density of the conductive graphene ink at a temperature
of about 20° C. is about 2.5 g/cm? to about 3.5 g/cm?, about
2.5 g/cm® to about 4.5 g/cm®, about 2.5 g/em® to about 5.5
g/em?, about 2.5 g/cm® to about 6.5 g/cm?, about 2.5 g/cm’®
to about 7.5 g/em®, about 2.5 g/cm’® to about 8.5 g/cm?,
about 2.5 g/cm’ to about 9.5 g/cm®, about 2.5 g/cm?> to about
10.5 g/cm®, about 3.5 g/cm® to about 4.5 g/cm?, about 3.5
g/cm® to about 5.5 g/cm®, about 3.5 g/cm® to about 6.5
g/em?, about 3.5 g/cm? to about 7.5 g/cm?, about 3.5 g/cm’®
to about 8.5 g/em®, about 3.5 g/em’® to about 9.5 g/em®,
about 3.5 g/cm® to about 10.5 g/cm?®, about 4.5 g/cm? to
about 5.5 g/cm?, about 4.5 g/cm to about 6.5 g/cm®, about
4.5 g/cm® to about 7.5 g/cm®, about 4.5 g/cm® to about 8.5
g/em?, about 4.5 g/cm® to about 9.5 g/cm?, about 4.5 g/cm’®
to about 10.5 g/cm?, about 5.5 g/cm® to about 6.5 g/cm?,
about 5.5 g/cm? to about 7.5 g/em?, about 5.5 g/cm? to about
8.5 g/em’, about 5.5 g/cm® to about 9.5 g/cm®, about 5.5
g/em® to about 10.5 g/cm?®, about 6.5 g/cm® to about 7.5
g/cm®, about 6.5 g/cm’ to about 8.5 g/cm?®, about 6.5 g/cm’
to about 9.5 g/cm®, about 6.5 g/cm® to about 10.5 g/cm®,
about 7.5 g/cm?® to about 8.5 g/cm?, about 7.5 g/cm? to about
9.5 g/cm®, about 7.5 g/cm’ to about 10.5 g/cm?®, about 8.5
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g/cm’® to about 9.5 g/em?®, about 8.5 g/cm® to about 10.5
g/em?, or about 9.5 g/cm® to about 10.5 g/cm>. Optionally,
in some embodiments, the density of the conductive gra-
phene ink at a temperature of about 20° C. is at most about
10.5 g/em®. Optionally, in some embodiments, the density of
the conductive graphene ink at a temperature of about 20° C.
is about 2.5 g/cm?, about 3.5 g/cm?, about 4.5 g/cm?, about
5.5 glem®, about 6.5 g/cm®, about 7.5 g/cm’, about 8.5
g/em?, about 9.5 g/cm?, or about 10.5 g/cm®. Optionally, in
some embodiments, the density of the conductive graphene
ink at a temperature of at least about 20° C. is about 2.5
g/cm’, about 3.5 g/cm®, about 4.5 g/em?®, about 5.5 g/cm®,
about 6.5 g/cm’, about 7.5 g/cm?, about 8.5 g/cm?, about 9.5
g/em?®, or about 10.5 g/cm?®. Optionally, in some embodi-
ments, the density of the conductive graphene ink at a
temperature of no more than about 20° C. is about 2.5 g/cm®,
about 3.5 g/cm’, about 4.5 g/cm?, about 5.5 g/cm?, about 6.5
g/cm’, about 7.5 g/cm?, about 8.5 g/cm>, about 9.5 g/cm®, or
about 10.5 g/cm®.

[0054] Optionally, in some embodiments the conductive
graphene ink has a surface area of about 40 m*/g to about
2,400 m*/g. Optionally, in some embodiments the conduc-
tive graphene ink has a surface area of at least about 40 m*/g.
Optionally, in some embodiments the conductive graphene
ink has a surface area of at most about 2,400 m*/g. Option-
ally, in some embodiments the conductive graphene ink has
a surface area of about 40 m*/g to about 80 m?/g, about 40
m?/g to about 120 m*/g, about 40 m*/g to about 240 m*/g,
about 40 m?/g to about 480 m*/g, about 40 m*/g to about
1,000 m*/g, about 40 m*/g to about 1,400 m*/g, about 40
m?/g to about 1,800 m*/g, about 40 m*/g to about 2,200
m?/g, about 40 m*/g to about 2,400 m*/g, about 80 m*/g to
about 120 m?/g, about 80 m*/g to about 240 m*/g, about 80
m?/g to about 480 m*/g, about 80 m*/g to about 1,000 m*/g,
about 80 m*/g to about 1,400 m*/g, about 80 m*/g to about
1,800 m*/g, about 80 m*g to about 2,200 m*g, about 80
m?/g to about 2,400 m*/g, about 120 m*/g to about 240 m*/g,
about 120 m?/g to about 480 m*/g, about 120 m*/g to about
1,000 m*/g, about 120 m*/g to about 1,400 m*/g, about 120
m?/g to about 1,800 m*/g, about 120 m*/g to about 2,200
m?/g, about 120 m*/g to about 2,400 m*/g, about 240 m?/g
to about 480 m?g, about 240 m*/g to about 1,000 m*/g,
about 240 m*/g to about 1,400 m*/g, about 240 m*/g to about
1,800 m*/g, about 240 m*/g to about 2,200 m*/g, about 240
m?/g to about 2,400 m*/g, about 480 m*/g to about 1,000
m?/g, about 480 m*/g to about 1,400 m*/g, about 480 m*/g
to about 1,800 m*/g, about 480 m*/g to about 2,200 m*/g,
about 480 m*/g to about 2,400 m*/g, about 1,000 m?*/g to
about 1,400 m*/g, about 1,000 m*/g to about 1,800 m%/g,
about 1,000 m*/g to about 2,200 m*/g, about 1,000 m*/g to
about 2,400 m*/g, about 1,400 m*/g to about 1,800 m%/g,
about 1,400 m*/g to about 2,200 m*/g, about 1,400 m*/g to
about 2,400 m*/g, about 1,800 m*/g to about 2,200 m*/g,
about 1,800 m*/g to about 2,400 m*/g, or about 2,200 m?/g
to about 2,400 m*/g. Optionally, in some embodiments the
conductive graphene ink has a surface area of about 40 m*/g,
about 80 m*/g, about 120 m*/g, about 240 m*/g, about 480
m?/g, about 1,000 m*/g, about 1,400 m*/g, about 1,800 m*/g,
about 2,200 m*/g, or about 2,400 m*/g. Optionally, in some
embodiments the conductive graphene ink has a surface area
of at least about 40 m*/g, about 80 m?/g, about 120 m*/g,
about 240 m*/g, about 480 m*/g, about 1,000 m*/g, about
1,400 m*/g, about 1,800 m*/g, about 2,200 m?/g, or about
2,400 m*/g. Optionally, in some embodiments the conduc-
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tive graphene ink has a surface area of no more than about
40 m*/g, about 80 m?/g, about 120 m*/g, about 240 m*/g,
about 480 m?/g, about 1,000 m*/g, about 1,400 m*/g, about
1,800 m?/g, about 2,200 m*/g, or about 2,400 m?/g.

[0055] Optionally, in some embodiments the conductive
graphene ink has a conductivity of about 400 S/m to about
1,600 S/m. Optionally, in some embodiments the conductive
graphene ink has a conductivity of at least about 400 S/m.
Optionally, in some embodiments the conductive graphene
ink has a conductivity of at most about 1,600 S/m. Option-
ally, in some embodiments the conductive graphene ink has
a conductivity of about 400 S/m to about 500 S/m, about 400
S/m to about 600 S/m, about 400 S/m to about 700 S/m,
about 400 S/m to about 800 S/m, about 400 S/m to about 900
S/m, about 400 S/m to about 1,000 S/m, about 400 S/m to
about 1,200 S/m, about 400 S/m to about 1,400 S/m, about
400 S/m to about 1,600 S/m, about 500 S/m to about 600
S/m, about 500 S/m to about 700 S/m, about 500 S/m to
about 800 S/m, about 500 S/m to about 900 S/m, about 500
S/m to about 1,000 S/m, about 500 S/m to about 1,200 S/m,
about 500 S/m to about 1,400 S/m, about 500 S/m to about
1,600 S/m, about 600 S/m to about 700 S/m, about 600 S/m
to about 800 S/m, about 600 S/m to about 900 S/m, about
600 S/m to about 1,000 S/m, about 600 S/m to about 1,200
S/m, about 600 S/m to about 1,400 S/m, about 600 S/m to
about 1,600 S/m, about 700 S/m to about 800 S/m, about 700
S/m to about 900 S/m, about 700 S/m to about 1,000 S/m,
about 700 S/m to about 1,200 S/m, about 700 S/m to about
1,400 S/m, about 700 S/m to about 1,600 S/m, about 800
S/m to about 900 S/m, about 800 S/m to about 1,000 S/m,
about 800 S/m to about 1,200 S/m, about 800 S/m to about
1,400 S/m, about 800 S/m to about 1,600 S/m, about 900
S/m to about 1,000 S/m, about 900 S/m to about 1,200 S/m,
about 900 S/m to about 1,400 S/m, about 900 S/m to about
1,600 S/m, about 1,000 S/m to about 1,200 S/m, about 1,000
S/m to about 1,400 S/m, about 1,000 S/m to about 1,600
S/m, about 1,200 S/m to about 1,400 S/m, about 1,200 S/m
to about 1,600 S/m, or about 1,400 S/m to about 1,600 S/m.
Optionally, in some embodiments the conductive graphene
ink has a conductivity of about 400 S/m, about 500 S/m,
about 600 S/m, about 700 S/m, about 800 S/m, about 900
S/m, about 1,000 S/m, about 1,200 S/m, about 1,400 S/m, or
about 1,600 S/m. Optionally, in some embodiments the
conductive graphene ink has a conductivity of at least about
400 S/m, about 500 S/m, about 600 S/m, about 700 S/m,
about 800 S/m, about 900 S/m, about 1,000 S/m, about 1,200
S/m, about 1,400 S/m, or about 1,600 S/m. Optionally, in
some embodiments the conductive graphene ink has a
conductivity of no more than about 400 S/m, about 500 S/m,
about 600 S/m, about 700 S/m, about 800 S/m, about 900
S/m, about 1,000 S/m, about 1,200 S/m, about 1,400 S/m, or
about 1,600 S/m.

[0056] Optionally, in some embodiments the conductive
graphene ink has a C:O mass ratio of about 2:1 to about 40:1.
Optionally, in some embodiments the conductive graphene
ink has a C:O mass ratio of at least about 2:1. Optionally, in
some embodiments the conductive graphene ink has a C:O
mass ratio of at most about 40:1. Optionally, in some
embodiments the conductive graphene ink has a C:O mass
ratio of about 2:1 to about 4:1, about 2:1 to about 6:1, about
2:1 to about 8:1, about 2:1 to about 10:1, about 2:1 to about
15:1, about 2:1 to about 20:1, about 2:1 to about 25:1, about
2:1 to about 30:1, about 2:1 to about 34:1, about 2:1 to about
40:1, about 4:1 to about 6:1, about 4:1 to about 8:1, about 4:1
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to about 10:1, about 4:1 to about 15:1, about 4:1 to about
20:1, about 4:1 to about 25:1, about 4:1 to about 30:1, about
4:1 to about 34:1, about 4:1 to about 40:1, about 6:1 to about
8:1, about 6:1 to about 10:1, about 6:1 to about 15:1, about
6:1 to about 20:1, about 6:1 to about 25:1, about 6:1 to about
30:1, about 6:1 to about 34:1, about 6:1 to about 40:1, about
8:1 to about 10:1, about 8:1 to about 15:1, about 8:1 to about
20:1, about 8:1 to about 25:1, about 8:1 to about 30:1, about
8:1 to about 34:1, about 8:1 to about 40:1, about 10:1 to
about 15:1, about 10:1 to about 20:1, about 10:1 to about
25:1, about 10:1 to about 30:1, about 10:1 to about 34:1,
about 10:1 to about 40:1, about 15:1 to about 20:1, about
15:1 to about 25:1, about 15:1 to about 30:1, about 15:1 to
about 34:1, about 15:1 to about 40:1, about 20:1 to about
25:1, about 20:1 to about 30:1, about 20:1 to about 34:1,
about 20:1 to about 40:1, about 25:1 to about 30:1, about
25:1 to about 34:1, about 25:1 to about 40:1, about 30:1 to
about 34:1, about 30:1 to about 40:1, or about 34:1 to about
40:1. Optionally, in some embodiments the conductive gra-
phene ink has a C:O mass ratio of about 2:1, about 4:1, about
6:1, about 8:1, about 10:1, about 15:1, about 20:1, about
25:1, about 30:1, about 34:1, or about 40:1. Optionally, in
some embodiments, one of the conductivity, the surface
area, and the C:O ratio of the conductive graphene ink is
measured by methylene blue absorption. Optionally, in some
embodiments the conductive graphene ink has a C:O mass
ratio of at least about 2:1, about 4:1, about 6:1, about 8:1,
about 10:1, about 15:1, about 20:1, about 25:1, about 30:1,
about 34:1, or about 40:1. Optionally, in some embodiments
the conductive graphene ink has a C:O mass ratio of no more
than about 2:1, about 4:1, about 6:1, about 8:1, about 10:1,
about 15:1, about 20:1, about 25:1, about 30:1, about 34:1,
or about 40:1.

[0057] Optionally, in some embodiments, one of the con-
ductivity, the surface area, and the C:O ratio, of the con-
ductive graphene ink is measured by methylene blue absorp-
tion.

[0058] Optionally, in some embodiments, the conductive
graphene ink is a conductive graphene hydrate.

[0059] Optionally, in some embodiments, the graphene
film has a thickness of about 0.2 nanometer to about 40
nanometers. Optionally, in some embodiments, the graphene
film has a thickness of at least about 0.2 nanometer. Option-
ally, in some embodiments, the graphene film has a thick-
ness of at most about 40 nanometers. Optionally, in some
embodiments, the graphene film has a thickness of about 0.2
nanometer to about 0.4 nanometers, about 0.2 nanometer to
about 0.8 nanometer, about 0.2 nanometer to about 1 nano-
meter, about 0.2 nanometer to about 2 nanometers, about 0.2
nanometer to about 5 nanometers, about 0.2 nanometer to
about 10 nanometers, about 0.2 nanometer to about 15
nanometers, about 0.2 nanometer to about 20 nanometers,
about 0.2 nanometer to about 30 nanometers, about 0.2
nanometer to about 40 nanometers, about 0.4 nanometer to
about 0.8 nanometer, about 0.4 nanometer to about 1 nano-
meter, about 0.4 nanometer to about 2 nanometers, about 0.4
nanometer to about 5 nanometers, about 0.4 nanometer to
about 10 nanometers, about 0.4 nanometer to about 15
nanometers, about 0.4 nanometer to about 20 nanometers,
about 0.4 nanometer to about 30 nanometers, about 0.4
nanometer to about 40 nanometers, about 0.8 nanometer to
about 1 nanometer, about 0.8 nanometer to about 2 nano-
meters, about 0.8 nanometer to about 5 nanometers, about
0.8 nanometer to about 10 nanometers, about 0.8 nanometer
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to about 15 nanometers, about 0.8 nanometer to about 20
nanometers, about 0.8 nanometer to about 30 nanometers,
about 0.8 nanometer to about 40 nanometers, about 1
nanometer to about 2 nanometers, about 1 nanometer to
about 5 nanometers, about 1 nanometer to about 10 nano-
meters, about 1 nanometer to about 15 nanometers, about 1
nanometer to about 20 nanometers, about 1 nanometer to
about 30 nanometers, about 1 nanometer to about 40 nano-
meters, about 2 nanometers to about 5 nanometers, about 2
nanometers to about 10 nanometers, about 2 nanometers to
about 15 nanometers, about 2 nanometers to about 20
nanometers, about 2 nanometers to about 30 nanometers,
about 2 nanometers to about 40 nanometers, about 5 nano-
meters to about 10 nanometers, about 5 nanometers to about
15 nanometers, about 5 nanometers to about 20 nanometers,
about 5 nanometers to about 30 nanometers, about 5 nano-
meters to about 40 nanometers, about 10 nanometers to
about 15 nanometers, about 10 nanometers to about 20
nanometers, about 10 nanometers to about 30 nanometers,
about 10 nanometers to about 40 nanometers, about 15
nanometers to about 20 nanometers, about 15 nanometers to
about 30 nanometers, about 15 nanometers to about 40
nanometers, about 20 nanometers to about 30 nanometers,
about 20 nanometers to about 40 nanometers, or about 30
nanometers to about 40 nanometers. Optionally, in some
embodiments, the graphene film has a thickness of about 0.2
nanometer, about 0.4 nanometer, about 0.8 nanometer, about
1 nanometer, about 2 nanometers, about 5 nanometers, about
10 nanometers, about 15 nanometers, about 20 nanometers,
about 30 nanometers, or about 40 nanometers. Optionally, in
some embodiments, the graphene film has a thickness of at
least about 0.2 nanometer, about 0.4 nanometer, about 0.8
nanometer, about 1 nanometer, about 2 nanometers, about 5
nanometers, about 10 nanometers, about 15 nanometers,
about 20 nanometers, about 30 nanometers, or about 40
nanometers. Optionally, in some embodiments, the graphene
film has a thickness of no more than about 0.2 nanometer,
about 0.4 nanometer, about 0.8 nanometer, about 1 nano-
meter, about 2 nanometers, about 5 nanometers, about 10
nanometers, about 15 nanometers, about 20 nanometers,
about 30 nanometers, or about 40 nanometers.

[0060] Optionally, in some embodiments, the graphene
film has a lateral size of about 0.05 micrometer to about 200
micrometers. Optionally, in some embodiments, the gra-
phene film has a lateral size of at least about 0.05 microm-
eter. Optionally, in some embodiments, the graphene film
has a lateral size of at most about 200 micrometers. Option-
ally, in some embodiments, the graphene film has a lateral
size of about 0.05 micrometer to about 0.1 micrometer,
about 0.05 micrometer to about 0.5 micrometer, about 0.05
micrometer to about 1 micrometer, about 0.05 micrometer to
about 5 micrometers, about 0.05 micrometer to about 10
micrometers, about 0.05 micrometer to about 50 microm-
eters, about 0.05 micrometer to about 100 micrometers,
about 0.05 micrometer to about 200 micrometers, about 0.1
micrometer to about 0.5 micrometer, about 0.1 micrometer
to about 1 micrometer, about 0.1 micrometer to about 5
micrometers, about 0.1 micrometer to about 10 micrometers,
about 0.1 micrometer to about 50 micrometers, about 0.1
micrometer to about 100 micrometers, about 0.1 micrometer
to about 200 micrometers, about 0.5 micrometer to about 1
micrometer, about 0.5 micrometer to about 5 micrometers,
about 0.5 micrometer to about 10 micrometers, about 0.5
micrometer to about 50 micrometers, about 0.5 micrometer
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to about 100 micrometers, about 0.5 micrometer to about
200 micrometers, about 1 micrometer to about 5 microm-
eters, about 1 micrometer to about 10 micrometers, about 1
micrometer to about 50 micrometers, about 1 micrometer to
about 100 micrometers, about 1 micrometer to about 200
micrometers, about 5 micrometers to about 10 micrometers,
about 5 micrometers to about 50 micrometers, about 5
micrometers to about 100 micrometers, about 5 micrometers
to about 200 micrometers, about 10 micrometers to about 50
micrometers, about 10 micrometers to about 100 microm-
eters, about 10 micrometers to about 200 micrometers, about
50 micrometers to about 100 micrometers, about 50
micrometers to about 200 micrometers, or about 100
micrometers to about 200 micrometers. Optionally, in some
embodiments, the graphene film has a lateral size of about
0.05 micrometer, about 0.1 micrometer, about 0.5 microm-
eter, about 1 micrometer, about 5 micrometers, about 10
micrometers, about 50 micrometers, about 100 micrometers,
or about 200 micrometers. Optionally, in some embodi-
ments, the graphene film has a lateral size of at least about
0.05 micrometer, about 0.1 micrometer, about 0.5 microm-
eter, about 1 micrometer, about 5 micrometers, about 10
micrometers, about 50 micrometers, about 100 micrometers,
or about 200 micrometers. Optionally, in some embodi-
ments, the graphene film has a lateral size of no more than
about 0.05 micrometer, about 0.1 micrometer, about 0.5
micrometer, about 1 micrometer, about 5 micrometers, about
10 micrometers, about 50 micrometers, about 100 microm-
eters, or about 200 micrometers.

[0061] Optionally, in some embodiments the graphene
film has a surface area of about 40 m*/g to about 2,400 m*/g.
Optionally, in some embodiments the graphene film has a
surface area of at least about 40 m*/g. Optionally, in some
embodiments the graphene film has a surface area of at most
about 2,400 m*g. Optionally, in some embodiments the
graphene film has a surface area of about 40 m*/g to about
80 m*/g, about 40 m*/g to about 120 m*/g, about 40 m*/g to
about 240 m?/g, about 40 m*/g to about 480 m*/g, about 40
m?/g to about 1,000 m*/g, about 40 m*/g to about 1,400
m?/g, about 40 m*/g to about 1,800 m*/g, about 40 m*/g to
about 2,200 m*/g, about 40 m*/g to about 2,400 m?/g, about
80 m?/g to about 120 m*/g, about 80 m*/g to about 240 m*/g,
about 80 m?/g to about 480 m*/g, about 80 m*/g to about
1,000 m*/g, about 80 m?*/g to about 1,400 m*/g, about 80
m?/g to about 1,800 m*/g, about 80 m?/g to about 2,200
m?/g, about 80 m?/g to about 2,400 m?/g, about 120 m*/g to
about 240 m*/g, about 120 m*/g to about 480 m?/g, about
120 m*/g to about 1,000 m*/g, about 120 m*/g to about 1,400
m?/g, about 120 m*/g to about 1,800 m*/g, about 120 m*/g
to about 2,200 m*/g, about 120 m*/g to about 2,400 m*/g,
about 240 m?/g to about 480 m*/g, about 240 m*/g to about
1,000 m*/g, about 240 m*/g to about 1,400 m*g, about 240
m?/g to about 1,800 m*g, about 240 m*/g to about 2,200
m?/g, about 240 m*/g to about 2,400 m*/g, about 480 m*/g
to about 1,000 m*/g, about 480 m*/g to about 1,400 m*/g,
about 480 m?/g to about 1,800 m?/g, about 480 m*/g to about
2,200 m*g, about 480 m*/g to about 2,400 m*/g, about
1,000 m*/g to about 1,400 m*/g, about 1,000 m*/g to about
1,800 m*/g, about 1,000 m*/g to about 2,200 m*/g, about
1,000 m*/g to about 2,400 m*/g, about 1,400 m*/g to about
1,800 m*/g, about 1,400 m*/g to about 2,200 m*/g, about
1,400 m*/g to about 2,400 m*/g, about 1,800 m*/g to about
2,200 m?/g, about 1,800 m?/g to about 2,400 m*/g, or about
2,200 m*/g to about 2,400 m*g. Optionally, in some
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embodiments the graphene film has a surface area of about
40 m*/g, about 80 m?/g, about 120 m*/g, about 240 m*/g,
about 480 m?/g, about 1,000 m*/g, about 1,400 m*/g, about
1,800 m*/g, about 2,200 m*/g, or about 2,400 m*/g. Option-
ally, in some embodiments the graphene film has a surface
area of at least about 40 m?/g, about 80 m*/g, about 120
m?/g, about 240 m*/g, about 480 m*/g, about 1,000 m*/g,
about 1,400 m*/g, about 1,800 m*/g, about 2,200 m*/g, or
about 2,400 m*/g. Optionally, in some embodiments the
graphene film has a surface area of no more than about 40
m?/g, about 80 m*/g, about 120 m*/g, about 240 m*/g, about
480 m*/g, about 1,000 m*/g, about 1,400 m*/g, about 1,800
m?/g, about 2,200 m*/g, or about 2,400 m?/g.

[0062] Optionally, in some embodiments, the graphene
film has a sheet resistance about 12 ohms/sq to about 240
ohms/sq. Optionally, in some embodiments, the graphene
film has a sheet resistance at least about 12 ohms/sq.
Optionally, in some embodiments, the graphene film has a
sheet resistance at most about 240 ohms/sq. Optionally, in
some embodiments, the graphene film has a sheet resistance
about 12 ohms/sq to about 24 ohms/sq, about 12 ohms/sq to
about 36 ohms/sq, about 12 ohms/sq to about 48 ohms/sq,
about 12 ohms/sq to about 60 ohms/sq, about 12 ohms/sq to
about 80 ohms/sq, about 12 ohms/sq to about 100 ohms/sq,
about 12 ohms/sq to about 120 ohms/sq, about 12 ohms/sq
to about 150 ohms/sq, about 12 ohms/sq to about 175
ohms/sq, about 12 ohms/sq to about 200 ohms/sq, about 12
ohms/sq to about 240 ohms/sq, about 24 ohms/sq to about 36
ohms/sq, about 24 ohms/sq to about 48 ohms/sq, about 24
ohms/sq to about 60 ohms/sq, about 24 ohms/sq to about 80
ohms/sq, about 24 ohms/sq to about 100 ohms/sq, about 24
ohms/sq to about 120 ohms/sq, about 24 ohms/sq to about
150 ohms/sq, about 24 ohms/sq to about 175 ohms/sq, about
24 ohms/sq to about 200 ohms/sq, about 24 ohms/sq to about
240 ohms/sq, about 36 ohms/sq to about 48 ohms/sq, about
36 ohms/sq to about 60 ohms/sq, about 36 ohms/sq to about
80 ohms/sq, about 36 ohms/sq to about 100 ohms/sq, about
36 ohms/sq to about 120 ohms/sq, about 36 ohms/sq to about
150 ohms/sq, about 36 ohms/sq to about 175 ohms/sq, about
36 ohms/sq to about 200 ohms/sq, about 36 ohms/sq to about
240 ohms/sq, about 48 ohms/sq to about 60 ohms/sq, about
48 ohms/sq to about 80 ohms/sq, about 48 ohms/sq to about
100 ohms/sq, about 48 ohms/sq to about 120 ohms/sq, about
48 ohms/sq to about 150 ohms/sq, about 48 ohms/sq to about
175 ohms/sq, about 48 ohms/sq to about 200 ohms/sq, about
48 ohms/sq to about 240 ohms/sq, about 60 ohms/sq to about
80 ohms/sq, about 60 ohms/sq to about 100 ohms/sq, about
60 ohms/sq to about 120 ohms/sq, about 60 ohms/sq to about
150 ohms/sq, about 60 ohms/sq to about 175 ohms/sq, about
60 ohms/sq to about 200 ohms/sq, about 60 ohms/sq to about
240 ohms/sq, about 80 ohms/sq to about 100 ohms/sq, about
80 ohms/sq to about 120 ohms/sq, about 80 ohms/sq to about
150 ohms/sq, about 80 ohms/sq to about 175 ohms/sq, about
80 ohms/sq to about 200 ohms/sq, about 80 ohms/sq to about
240 ohms/sq, about 100 ohms/sq to about 120 ohms/sq,
about 100 ohms/sq to about 150 ohms/sq, about 100 ohms/sq
to about 175 ohms/sq, about 100 ohms/sq to about 200
ohms/sq, about 100 ohms/sq to about 240 ohms/sq, about
120 ohms/sq to about 150 ohms/sq, about 120 ohms/sq to
about 175 ohms/sq, about 120 ohms/sq to about 200 ohms/
sq, about 120 ohms/sq to about 240 ohms/sq, about 150
ohms/sq to about 175 ohms/sq, about 150 ohms/sq to about
200 ohms/sq, about 150 ohms/sq to about 240 ohms/sq,
about 175 ohms/sq to about 200 ohms/sq, about 175 ohms/sq
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to about 240 ohms/sq, or about 200 ohms/sq to about 240
ohms/sq. Optionally, in some embodiments, the graphene
film has a sheet resistance about 12 ohms/sq, about 24
ohms/sq, about 36 ohms/sq, about 48 ohms/sq, about 60
ohms/sq, about 80 ohms/sq, about 100 ohms/sq, about 120
ohms/sq, about 150 ohms/sq, about 175 ohms/sq, about 200
ohms/sq, or about 240 ohms/sq. Optionally, in some embodi-
ments, the graphene film has a sheet resistance at least about
12 ohms/sq, about 24 ohms/sq, about 36 ohms/sq, about 48
ohms/sq, about 60 ohms/sq, about 80 ohms/sq, about 100
ohms/sq, about 120 ohms/sq, about 150 ohms/sq, about 175
ohms/sq, about 200 ohms/sq, or about 240 ohms/sq. Option-
ally, in some embodiments, the graphene film has a sheet
resistance no more than about 12 ohms/sq, about 24 ohms/
sq, about 36 ohms/sq, about 48 ohms/sq, about 60 ohms/sq,
about 80 ohms/sq, about 100 ohms/sq, about 120 ohms/sq,
about 150 ohms/sq, about 175 ohms/sq, about 200 ohms/sq,
or about 240 ohms/sq.

[0063] Optionally, in some embodiments, the graphene
film has a thickness of about 5 micrometers and has a sheet
resistance of about 50 ohms/sq to about 240 ohms/sq.
Optionally, in some embodiments, the graphene film has a
thickness of about 5 micrometers and has a sheet resistance
of at least about 50 ohms/sq. Optionally, in some embodi-
ments, the graphene film has a thickness of about 5 microm-
eters and has a sheet resistance of at most about 240
ohms/sq. Optionally, in some embodiments, the graphene
film has a thickness of about 5 micrometers and has a sheet
resistance of about 50 ohms/sq to about 70 ohms/sq, about
50 ohms/sq to about 90 ohms/sq, about 50 ohms/sq to about
120 ohms/sq, about 50 ohms/sq to about 150 ohms/sq, about
50 ohms/sq to about 180 ohms/sq, about 50 ohms/sq to about
210 ohms/sq, about 50 ohms/sq to about 240 ohms/sq, about
70 ohms/sq to about 90 ohms/sq, about 70 ohms/sq to about
120 ohms/sq, about 70 ohms/sq to about 150 ohms/sq, about
70 ohms/sq to about 180 ohms/sq, about 70 ohms/sq to about
210 ohms/sq, about 70 ohms/sq to about 240 ohms/sq, about
90 ohms/sq to about 120 ohms/sq, about 90 ohms/sq to about
150 ohms/sq, about 90 ohms/sq to about 180 ohms/sq, about
90 ohms/sq to about 210 ohms/sq, about 90 ohms/sq to about
240 ohms/sq, about 120 ohms/sq to about 150 ohms/sq,
about 120 ohms/sq to about 180 ohms/sq, about 120 ohms/sq
to about 210 ohms/sq, about 120 ohms/sq to about 240
ohms/sq, about 150 ohms/sq to about 180 ohms/sq, about
150 ohms/sq to about 210 ohms/sq, about 150 ohms/sq to
about 240 ohms/sq, about 180 ohms/sq to about 210 ohms/
sq, about 180 ohms/sq to about 240 ohms/sq, or about 210
ohms/sq to about 240 ohms/sq. Optionally, in some embodi-
ments, the graphene film has a thickness of about 5 microm-
eters and has a sheet resistance of about 50 ohms/sq, about
70 ohms/sq, about 90 ohms/sq, about 120 ohms/sq, about
150 ohms/sq, about 180 ohms/sq, about 210 ohms/sq, or
about 240 ohms/sq. Optionally, in some embodiments, the
graphene film has a thickness of about 5 micrometers and
has a sheet resistance of at least about 50 ohms/sq, about 70
ohms/sq, about 90 ohms/sq, about 120 ohms/sq, about 150
ohms/sq, about 180 ohms/sq, about 210 ohms/sq, or about
240 ohms/sq. Optionally, in some embodiments, the gra-
phene film has a thickness of about 5 micrometers and has
a sheet resistance of no more than about 50 ohms/sq, about
70 ohms/sq, about 90 ohms/sq, about 120 ohms/sq, about
150 ohms/sq, about 180 ohms/sq, about 210 ohms/sq, or
about 240 ohms/sq.
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[0064] Optionally, in some embodiments, the graphene
film has a thickness of about 15 micrometers and has a sheet
resistance of about 25 ohms/sq to about 120 ohms/sq.
Optionally, in some embodiments, the graphene film has a
thickness of about 15 micrometers and has a sheet resistance
of at least about 25 ohms/sq. Optionally, in some embodi-
ments, the graphene film has a thickness of about 15
micrometers and has a sheet resistance of at most about 120
ohms/sq. Optionally, in some embodiments, the graphene
film has a thickness of about 15 micrometers and has a sheet
resistance of about 25 ohms/sq to about 35 ohms/sq, about
25 ohms/sq to about 45 ohms/sq, about 25 ohms/sq to about
55 ohms/sq, about 25 ohms/sq to about 70 ohms/sq, about 25
ohms/sq to about 80 ohms/sq, about 25 ohms/sq to about 90
ohms/sq, about 25 ohms/sq to about 100 ohms/sq, about 25
ohms/sq to about 120 ohms/sq, about 35 ohms/sq to about 45
ohms/sq, about 35 ohms/sq to about 55 ohms/sq, about 35
ohms/sq to about 70 ohms/sq, about 35 ohms/sq to about 80
ohms/sq, about 35 ohms/sq to about 90 ohms/sq, about 35
ohms/sq to about 100 ohms/sq, about 35 ohms/sq to about
120 ohms/sq, about 45 ohms/sq to about 55 ohms/sq, about
45 ohms/sq to about 70 ohms/sq, about 45 ohms/sq to about
80 ohms/sq, about 45 ohms/sq to about 90 ohms/sq, about 45
ohms/sq to about 100 ohms/sq, about 45 ohms/sq to about
120 ohms/sq, about 55 ohms/sq to about 70 ohms/sq, about
55 ohms/sq to about 80 ohms/sq, about 55 ohms/sq to about
90 ohms/sq, about 55 ohms/sq to about 100 ohms/sq, about
55 ohms/sq to about 120 ohms/sq, about 70 ohms/sq to about
80 ohms/sq, about 70 ohms/sq to about 90 ohms/sq, about 70
ohms/sq to about 100 ohms/sq, about 70 ohms/sq to about
120 ohms/sq, about 80 ohms/sq to about 90 ohms/sq, about
80 ohms/sq to about 100 ohms/sq, about 80 ohms/sq to about
120 ohms/sq, about 90 ohms/sq to about 100 ohms/sq, about
90 ohms/sq to about 120 ohms/sq, or about 100 ohms/sq to
about 120 ohms/sq. Optionally, in some embodiments, the
graphene film has a thickness of about 15 micrometers and
has a sheet resistance of about 25 ohms/sq, about 35
ohms/sq, about 45 ohms/sq, about 55 ohms/sq, about 70
ohms/sq, about 80 ohms/sq, about 90 ohms/sq, about 100
ohms/sq, or about 120 ohms/sq. Optionally, in some embodi-
ments, the graphene film has a thickness of about 15
micrometers and has a sheet resistance of at least about 25
ohms/sq, about 35 ohms/sq, about 45 ohms/sq, about 55
ohms/sq, about 70 ohms/sq, about 80 ohms/sq, about 90
ohms/sq, about 100 ohms/sq, or about 120 ohms/sq. Option-
ally, in some embodiments, the graphene film has a thick-
ness of about 15 micrometers and has a sheet resistance of
no more than about 25 ohms/sq, about 35 ohms/sq, about 45
ohms/sq, about 55 ohms/sq, about 70 ohms/sq, about 80
ohms/sq, about 90 ohms/sq, about 100 ohms/sq, or about
120 ohms/sq.

[0065] Optionally, in some embodiments, the graphene
film has a thickness of about 30 micrometers and has a sheet
resistance of about 15 ohms/sq to about 70 ohms/sq. Option-
ally, in some embodiments, the graphene film has a thick-
ness of about 30 micrometers and has a sheet resistance of
at least about 15 ohms/sq. Optionally, in some embodiments,
the graphene film has a thickness of about 30 micrometers
and has a sheet resistance of at most about 70 ohms/sq.
Optionally, in some embodiments, the graphene film has a
thickness of about 30 micrometers and has a sheet resistance
of'about 15 ohms/sq to about 20 ohms/sq, about 15 ohms/sq
to about 25 ohms/sq, about 15 ohms/sq to about 30 ohms/sq,
about 15 ohms/sq to about 35 ohms/sq, about 15 ohms/sq to
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about 40 ohms/sq, about 15 ohms/sq to about 45 ohms/sq,
about 15 ohms/sq to about 50 ohms/sq, about 15 ohms/sq to
about 55 ohms/sq, about 15 ohms/sq to about 60 ohms/sq,
about 15 ohms/sq to about 65 ohms/sq, about 15 ohms/sq to
about 70 ohms/sq, about 20 ohms/sq to about 25 ohms/sq,
about 20 ohms/sq to about 30 ohms/sq, about 20 ohms/sq to
about 35 ohms/sq, about 20 ohms/sq to about 40 ohms/sq,
about 20 ohms/sq to about 45 ohms/sq, about 20 ohms/sq to
about 50 ohms/sq, about 20 ohms/sq to about 55 ohms/sq,
about 20 ohms/sq to about 60 ohms/sq, about 20 ohms/sq to
about 65 ohms/sq, about 20 ohms/sq to about 70 ohms/sq,
about 25 ohms/sq to about 30 ohms/sq, about 25 ohms/sq to
about 35 ohms/sq, about 25 ohms/sq to about 40 ohms/sq,
about 25 ohms/sq to about 45 ohms/sq, about 25 ohms/sq to
about 50 ohms/sq, about 25 ohms/sq to about 55 ohms/sq,
about 25 ohms/sq to about 60 ohms/sq, about 25 ohms/sq to
about 65 ohms/sq, about 25 ohms/sq to about 70 ohms/sq,
about 30 ohms/sq to about 35 ohms/sq, about 30 ohms/sq to
about 40 ohms/sq, about 30 ohms/sq to about 45 ohms/sq,
about 30 ohms/sq to about 50 ohms/sq, about 30 ohms/sq to
about 55 ohms/sq, about 30 ohms/sq to about 60 ohms/sq,
about 30 ohms/sq to about 65 ohms/sq, about 30 ohms/sq to
about 70 ohms/sq, about 35 ohms/sq to about 40 ohms/sq,
about 35 ohms/sq to about 45 ohms/sq, about 35 ohms/sq to
about 50 ohms/sq, about 35 ohms/sq to about 55 ohms/sq,
about 35 ohms/sq to about 60 ohms/sq, about 35 ohms/sq to
about 65 ohms/sq, about 35 ohms/sq to about 70 ohms/sq,
about 40 ohms/sq to about 45 ohms/sq, about 40 ohms/sq to
about 50 ohms/sq, about 40 ohms/sq to about 55 ohms/sq,
about 40 ohms/sq to about 60 ohms/sq, about 40 ohms/sq to
about 65 ohms/sq, about 40 ohms/sq to about 70 ohms/sq,
about 45 ohms/sq to about 50 ohms/sq, about 45 ohms/sq to
about 55 ohms/sq, about 45 ohms/sq to about 60 ohms/sq,
about 45 ohms/sq to about 65 ohms/sq, about 45 ohms/sq to
about 70 ohms/sq, about 50 ohms/sq to about 55 ohms/sq,
about 50 ohms/sq to about 60 ohms/sq, about 50 ohms/sq to
about 65 ohms/sq, about 50 ohms/sq to about 70 ohms/sq,
about 55 ohms/sq to about 60 ohms/sq, about 55 ohms/sq to
about 65 ohms/sq, about 55 ohms/sq to about 70 ohms/sq,
about 60 ohms/sq to about 65 ohms/sq, about 60 ohms/sq to
about 70 ohms/sq, or about 65 ohms/sq to about 70 ohms/sq.
Optionally, in some embodiments, the graphene film has a
thickness of about 30 micrometers and has a sheet resistance
of about 15 ohms/sq, about 20 ohms/sq, about 25 ohms/sq,
about 30 ohms/sq, about 35 ohms/sq, about 40 ohms/sq,
about 45 ohms/sq, about 50 ohms/sq, about 55 ohms/sq,
about 60 ohms/sq, about 65 ohms/sq, or about 70 ohms/sq.
Optionally, in some embodiments, the graphene film has a
thickness of about 30 micrometers and has a sheet resistance
of at least about 15 ohms/sq, about 20 ohms/sq, about 25
ohms/sq, about 30 ohms/sq, about 35 ohms/sq, about 40
ohms/sq, about 45 ohms/sq, about 50 ohms/sq, about 55
ohms/sq, about 60 ohms/sq, about 65 ohms/sq, or about 70
ohms/sq. Optionally, in some embodiments, the graphene
film has a thickness of about 30 micrometers and has a sheet
resistance of no more than about 15 ohms/sq, about 20
ohms/sq, about 25 ohms/sq, about 30 ohms/sq, about 35
ohms/sq, about 40 ohms/sq, about 45 ohms/sq, about 50
ohms/sq, about 55 ohms/sq, about 60 ohms/sq, about 65
ohms/sq, or about 70 ohms/sq.

[0066] Optionally, in some embodiments, the graphene
film has a thickness of about 40 micrometers and has a sheet
resistance of about 12 ohms/sq to about 50 ohms/sq. Option-
ally, in some embodiments, the graphene film has a thick-
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ness of about 40 micrometers and has a sheet resistance of
at least about 12 ohms/sq. Optionally, in some embodiments,
the graphene film has a thickness of about 40 micrometers
and has a sheet resistance of at most about 50 ohms/sq.
Optionally, in some embodiments, the graphene film has a
thickness of about 40 micrometers and has a sheet resistance
of'about 12 ohms/sq to about 15 ohms/sq, about 12 ohms/sq
to about 20 ohms/sq, about 12 ohms/sq to about 25 ohms/sq,
about 12 ohms/sq to about 30 ohms/sq, about 12 ohms/sq to
about 35 ohms/sq, about 12 ohms/sq to about 40 ohms/sq,
about 12 ohms/sq to about 45 ohms/sq, about 12 ohms/sq to
about 50 ohms/sq, about 15 ohms/sq to about 20 ohms/sq,
about 15 ohms/sq to about 25 ohms/sq, about 15 ohms/sq to
about 30 ohms/sq, about 15 ohms/sq to about 35 ohms/sq,
about 15 ohms/sq to about 40 ohms/sq, about 15 ohms/sq to
about 45 ohms/sq, about 15 ohms/sq to about 50 ohms/sq,
about 20 ohms/sq to about 25 ohms/sq, about 20 ohms/sq to
about 30 ohms/sq, about 20 ohms/sq to about 35 ohms/sq,
about 20 ohms/sq to about 40 ohms/sq, about 20 ohms/sq to
about 45 ohms/sq, about 20 ohms/sq to about 50 ohms/sq,
about 25 ohms/sq to about 30 ohms/sq, about 25 ohms/sq to
about 35 ohms/sq, about 25 ohms/sq to about 40 ohms/sq,
about 25 ohms/sq to about 45 ohms/sq, about 25 ohms/sq to
about 50 ohms/sq, about 30 ohms/sq to about 35 ohms/sq,
about 30 ohms/sq to about 40 ohms/sq, about 30 ohms/sq to
about 45 ohms/sq, about 30 ohms/sq to about 50 ohms/sq,
about 35 ohms/sq to about 40 ohms/sq, about 35 ohms/sq to
about 45 ohms/sq, about 35 ohms/sq to about 50 ohms/sq,
about 40 ohms/sq to about 45 ohms/sq, about 40 ohms/sq to
about 50 ohms/sq, or about 45 ohms/sq to about 50 ohms/sq.
Optionally, in some embodiments, the graphene film has a
thickness of about 40 micrometers and has a sheet resistance
of about 12 ohms/sq, about 15 ohms/sq, about 20 ohms/sq,
about 25 ohms/sq, about 30 ohms/sq, about 35 ohms/sq,
about 40 ohms/sq, about 45 ohms/sq, or about 50 ohms/sq.
Optionally, in some embodiments, the graphene film has a
thickness of about 40 micrometers and has a sheet resistance
of at least about 12 ohms/sq, about 15 ohms/sq, about 20
ohms/sq, about 25 ohms/sq, about 30 ohms/sq, about 35
ohms/sq, about 40 ohms/sq, about 45 ohms/sq, or about 50
ohms/sq. Optionally, in some embodiments, the graphene
film has a thickness of about 40 micrometers and has a sheet
resistance of no more than about 12 ohms/sq, about 15
ohms/sq, about 20 ohms/sq, about 25 ohms/sq, about 30
ohms/sq, about 35 ohms/sq, about 40 ohms/sq, about 45
ohms/sq, or about 50 ohms/sq.

[0067] Optionally, in some embodiments, the binder com-
prises polyvinylidene fluoride (PVDF), wherein the solvent
comprises N-methyl-2-pyrrolidone (NMP), and wherein the
graphene film has a thickness of about 200 micrometers, the
graphene film has a sheet resistance of about 35 ohms/sq to
about 140 ohms/sq. Optionally, in some embodiments,
wherein the binder comprises PVDEF, wherein the solvent
comprises NMP, and wherein the graphene film has a
thickness of about 200 micrometers, the graphene film has
a sheet resistance of at least about 35 ohms/sq. Optionally,
in some embodiments, wherein the binder comprises PVDF,
wherein the solvent comprises NMP, and wherein the gra-
phene film has a thickness of about 200 micrometers, the
graphene film has a sheet resistance of at most about 140
ohms/sq. Optionally, in some embodiments, wherein the
binder comprises PVDF, wherein the solvent comprises
NMP, and wherein the graphene film has a thickness of
about 200 micrometers, the graphene film has a sheet
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resistance of about 35 ohms/sq to about 40 ohms/sq, about
35 ohms/sq to about 45 ohms/sq, about 35 ohms/sq to about
50 ohms/sq, about 35 ohms/sq to about 70 ohms/sq, about 35
ohms/sq to about 80 ohms/sq, about 35 ohms/sq to about 90
ohms/sq, about 35 ohms/sq to about 100 ohms/sq, about 35
ohms/sq to about 110 ohms/sq, about 35 ohms/sq to about
120 ohms/sq, about 35 ohms/sq to about 130 ohms/sq, about
35 ohms/sq to about 140 ohms/sq, about 40 ohms/sq to about
45 ohms/sq, about 40 ohms/sq to about 50 ohms/sq, about 40
ohms/sq to about 70 ohms/sq, about 40 ohms/sq to about 80
ohms/sq, about 40 ohms/sq to about 90 ohms/sq, about 40
ohms/sq to about 100 ohms/sq, about 40 ohms/sq to about
110 ohms/sq, about 40 ohms/sq to about 120 ohms/sq, about
40 ohms/sq to about 130 ohms/sq, about 40 ohms/sq to about
140 ohms/sq, about 45 ohms/sq to about 50 ohms/sq, about
45 ohms/sq to about 70 ohms/sq, about 45 ohms/sq to about
80 ohms/sq, about 45 ohms/sq to about 90 ohms/sq, about 45
ohms/sq to about 100 ohms/sq, about 45 ohms/sq to about
110 ohms/sq, about 45 ohms/sq to about 120 ohms/sq, about
45 ohms/sq to about 130 ohms/sq, about 45 ohms/sq to about
140 ohms/sq, about 50 ohms/sq to about 70 ohms/sq, about
50 ohms/sq to about 80 ohms/sq, about 50 ohms/sq to about
90 ohms/sq, about 50 ohms/sq to about 100 ohms/sq, about
50 ohms/sq to about 110 ohms/sq, about 50 ohms/sq to about
120 ohms/sq, about 50 ohms/sq to about 130 ohms/sq, about
50 ohms/sq to about 140 ohms/sq, about 70 ohms/sq to about
80 ohms/sq, about 70 ohms/sq to about 90 ohms/sq, about 70
ohms/sq to about 100 ohms/sq, about 70 ohms/sq to about
110 ohms/sq, about 70 ohms/sq to about 120 ohms/sq, about
70 ohms/sq to about 130 ohms/sq, about 70 ohms/sq to about
140 ohms/sq, about 80 ohms/sq to about 90 ohms/sq, about
80 ohms/sq to about 100 ohms/sq, about 80 ohms/sq to about
110 ohms/sq, about 80 ohms/sq to about 120 ohms/sq, about
80 ohms/sq to about 130 ohms/sq, about 80 ohms/sq to about
140 ohms/sq, about 90 ohms/sq to about 100 ohms/sq, about
90 ohms/sq to about 110 ohms/sq, about 90 ohms/sq to about
120 ohms/sq, about 90 ohms/sq to about 130 ohms/sq, about
90 ohms/sq to about 140 ohms/sq, about 100 ohms/sq to
about 110 ohms/sq, about 100 ohms/sq to about 120 ohms/
sq, about 100 ohms/sq to about 130 ohms/sq, about 100
ohms/sq to about 140 ohms/sq, about 110 ohms/sq to about
120 ohms/sq, about 110 ohms/sq to about 130 ohms/sq,
about 110 ohms/sq to about 140 ohms/sq, about 120 ohms/sq
to about 130 ohms/sq, about 120 ohms/sq to about 140
ohms/sq, or about 130 ohms/sq to about 140 ohms/sq.
Optionally, in some embodiments, wherein the binder com-
prises PVDEF, wherein the solvent comprises NMP, and
wherein the graphene film has a thickness of about 200
micrometers, the graphene film has a sheet resistance of
about 35 ohms/sq, about 40 ohms/sq, about 45 ohms/sq,
about 50 ohms/sq, about 70 ohms/sq, about 80 ohms/sq,
about 90 ohms/sq, about 100 ohms/sq, about 110 ohms/sq,
about 120 ohms/sq, about 130 ohms/sq, or about 140 ohms/
sq. Optionally, in some embodiments, wherein the binder
comprises PVDF, wherein the solvent comprises NMP, and
wherein the graphene film has a thickness of about 200
micrometers, the graphene film has a sheet resistance of at
least about 35 ohms/sq, about 40 ohms/sq, about 45 ohms/
sq, about 50 ohms/sq, about 70 ohms/sq, about 80 ohms/sq,
about 90 ohms/sq, about 100 ohms/sq, about 110 ohms/sq,
about 120 ohms/sq, about 130 ohms/sq, or about 140 ohms/
sq. Optionally, in some embodiments, wherein the binder
comprises PVDF, wherein the solvent comprises NMP, and
wherein the graphene film has a thickness of about 200
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micrometers, the graphene film has a sheet resistance of no
more than about 35 ohms/sq, about 40 ohms/sq, about 45
ohms/sq, about 50 ohms/sq, about 70 ohms/sq, about 80
ohms/sq, about 90 ohms/sq, about 100 ohms/sq, about 110
ohms/sq, about 120 ohms/sq, about 130 ohms/sq, or about
140 ohms/sq.

[0068] Optionally, in some embodiments, the graphene
film has a resistivity of about 0.01 ohm/sq/mil to about 60
ohms/sq/mil. Optionally, in some embodiments, the gra-
phene film has a resistivity of at least about 0.01 ohm/sg/mil.
Optionally, in some embodiments, the graphene film has a
resistivity of at most about 60 ohm/sq/mil. Optionally, in
some embodiments, the graphene film has a resistivity of
about 0.01 ohm/sq/mil to about 0.05 ohm/sq/mil, about 0.01
ohm/sq/mil to about 0.1 ohm/sg/mil, about 0.01 ohm/sq/mil
to about 0.5 ohm/sq/mil, about 0.01 ohm/sq/mil to about 1
ohm/sq/mil, about 0.01 ohm/sq/mil to about 5 ohms/sq/mil,
about 0.01 ohm/sg/mil to about 10 ohms/sq/mil, about 0.01
ohm/sq/mil to about 20 ohms/sq/mil, about 0.01 ohm/sq/mil
to about 30 ohms/sq/mil, about 0.01 ohm/sq/mil to about 40
ohms/sq/mil, about 0.01 ohm/sq/mil to about 50 ohms/sq/
mil, about 0.01 ohm/sg/mil to about 60 ohms/sq/mil, about
0.05 ohm/sq/mil to about 0.1 ohm/sqg/mil, about 0.05 ohm/
sg/mil to about 0.5 ohm/sg/mil, about 0.05 ohm/sq/mil to
about 1 ohm/sq/mil, about 0.05 ohm/sg/mil to about 5
ohms/sq/mil, about 0.05 ohm/sq/mil to about 10 ohms/sq/
mil, about 0.05 ohm/sq/mil to about 20 ohms/sq/mil, about
0.05 ohm/sq/mil to about 30 ohms/sq/mil, about 0.05 ohm/
sg/mil to about 40 ohms/sq/mil, about 0.05 ohm/sq/mil to
about 50 ohms/sq/mil, about 0.05 ohm/sq/mil to about 60
ohms/sq/mil, about 0.1 ohm/sq/mil to about 0.5 ohm/sq/mil,
about 0.1 ohm/sq/mil to about 1 ohm/sg/mil, about 0.1
ohm/sq/mil to about 5 ohms/sq/mil, about 0.1 ohm/sq/mil to
about 10 ohms/sq/mil, about 0.1 ohm/sq/mil to about 20
ohms/sq/mil, about 0.1 ohm/sq/mil to about 30 ohms/sq/mil,
about 0.1 ohm/sq/mil to about 40 ohms/sq/mil, about 0.1
ohm/sq/mil to about 50 ohms/sq/mil, about 0.1 ohm/sq/mil
to about 60 ohms/sq/mil, about 0.5 ohm/sq/mil to about 1
ohm/sq/mil, about 0.5 ohm/sq/mil to about 5 ohms/sq/mil,
about 0.5 ohm/sq/mil to about 10 ohms/sq/mil, about 0.5
ohm/sq/mil to about 20 ohms/sq/mil, about 0.5 ohm/sq/mil
to about 30 ohms/sq/mil, about 0.5 ohm/sg/mil to about 40
ohms/sq/mil, about 0.5 ohm/sq/mil to about 50 ohms/sq/mil,
about 0.5 ohm/sq/mil to about 60 ohms/sq/mil, about 1
ohm/sq/mil to about 5 ohms/sq/mil, about 1 ohm/sq/mil to
about 10 ohms/sq/mil, about 1 ohm/sq/mil to about 20
ohms/sq/mil, about 1 ohm/sq/mil to about 30 ohms/sq/mil,
about 1 ohm/sg/mil to about 40 ohms/sq/mil, about 1 ohm/
sg/mil to about 50 ohms/sq/mil, about 1 ohm/sq/mil to about
60 ohms/sq/mil, about 5 ohms/sq/mil to about 10 ohms/sq/
mil, about 5 ohms/sq/mil to about 20 ohms/sq/mil, about 5
ohms/sq/mil to about 30 ohms/sq/mil, about 5 ohms/sq/mil
to about 40 ohms/sq/mil, about 5 ohms/sq/mil to about 50
ohms/sq/mil, about 5 ohms/sq/mil to about 60 ohms/sq/mil,
about 10 ohms/sg/mil to about 20 ohms/sq/mil, about 10
ohms/sq/mil to about 30 ohms/sq/mil, about 10 ohms/sq/mil
to about 40 ohms/sq/mil, about 10 ohms/sq/mil to about 50
ohms/sq/mil, about 10 ohms/sq/mil to about 60 ohms/sq/mil,
about 20 ohms/sg/mil to about 30 ohms/sq/mil, about 20
ohms/sq/mil to about 40 ohms/sq/mil, about 20 ohms/sq/mil
to about 50 ohms/sq/mil, about 20 ohms/sq/mil to about 60
ohms/sq/mil, about 30 ohms/sq/mil to about 40 ohms/sq/mil,
about 30 ohms/sg/mil to about 50 ohms/sq/mil, about 30
ohms/sq/mil to about 60 ohms/sq/mil, about 40 ohms/sq/mil
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to about 50 ohms/sq/mil, about 40 ohms/sq/mil to about 60
ohms/sq/mil, or about 50 ohms/sq/mil to about 60 ohms/sq/
mil. Optionally, in some embodiments, the graphene film has
a resistivity of about 0.01 ohms/sq/mil, about 0.05 ohms/
sq/mil, about 0.1 ohms/sq/mil, about 0.5 ochms/sq/mil, about
1 ohm/sq/mil, about 5 ohms/sq/mil, about 10 ohms/sq/mil,
about 20 ohms/sq/mil, about 30 ohms/sq/mil, about 40
ohms/sq/mil, about 50 ohms/sq/mil, or about 60 ohms/sq/
mil. Optionally, in some embodiments, the graphene film has
a resistivity of at least about 0.01 ohms/sg/mil, about 0.05
ohms/sq/mil, about 0.1 ohms/sq/mil, about 0.5 ohms/sq/mil,
about 1 ohm/sq/mil, about 5 ohms/sq/mil, about 10 ohms/
sq/mil, about 20 ohms/sq/mil, about 30 ohms/sq/mil, about
40 ohms/sq/mil, about 50 ohms/sq/mil, or about 60 ohms/
sgq/mil. Optionally, in some embodiments, the graphene film
has a resistivity of at most about 0.01 ohms/sq/mil, about
0.05 ohms/sq/mil, about 0.1 ohms/sq/mil, about 0.5 ohms/
sq/mil, about 1 ohm/sq/mil, about 5 ohms/sq/mil, about 10
ohms/sq/mil, about 20 ohms/sq/mil, about 30 ohms/sq/mil,
about 40 ohms/sq/mil, about 50 ohms/sq/mil, or about 60
ohms/sq/mil.

[0069] Optionally, in some embodiments, the resistance of
the graphene film changes while bent by about 0.2% to about
0.8%. Optionally, in some embodiments, the resistance of
the graphene film changes while bent by at least about 0.2%.
Optionally, in some embodiments, the resistance of the
graphene film changes while bent by at most about 0.8%.
Optionally, in some embodiments, the resistance of the
graphene film changes while bent by about 0.2% to about
0.3%, about 0.2% to about 0.4%, about 0.2% to about 0.5%,
about 0.2% to about 0.6%, about 0.2% to about 0.7%, about
0.2% to about 0.8%, about 0.3% to about 0.4%, about 0.3%
to about 0.5%, about 0.3% to about 0.6%, about 0.3% to
about 0.7%, about 0.3% to about 0.8%, about 0.4% to about
0.5%, about 0.4% to about 0.6%, about 0.4% to about 0.7%,
about 0.4% to about 0.8%, about 0.5% to about 0.6%, about
0.5% to about 0.7%, about 0.5% to about 0.8%, about 0.6%
to about 0.7%, about 0.6% to about 0.8%, or about 0.7% to
about 0.8%. Optionally, in some embodiments, the resis-
tance of the graphene film changes while bent by about
0.2%, about 0.3%, about 0.4%, about 0.5%, about 0.6%,
about 0.7%, or about 0.8%. Optionally, in some embodi-
ments, the resistance of the graphene film changes while
bent by at least about 0.2%, about 0.3%, about 0.4%, about
0.5%, about 0.6%, about 0.7%, or about 0.8%. Optionally, in
some embodiments, the resistance of the graphene film
changes while bent by no more than about 0.2%, about
0.3%, about 0.4%, about 0.5%, about 0.6%, about 0.7%, or
about 0.8%.

[0070] Optionally, in some embodiments, the resistance of
the graphene film changes while twisted in a spiral with a
bending degree of about 18 by about 0.7% to about 3.2%.
Optionally, in some embodiments, the resistance of the
graphene film changes while twisted in a spiral with a
bending degree of about 18 by at least about 0.7%. Option-
ally, in some embodiments, the resistance of the graphene
film changes while twisted in a spiral with a bending degree
of about 18 by at most about 3.2%. Optionally, in some
embodiments, the resistance of the graphene film changes
while twisted in a spiral with a bending degree of about 18
by about 0.7% to about 0.9%, about 0.7% to about 1.2%,
about 0.7% to about 1.5%, about 0.7% to about 1.8%, about
0.7% to about 2.1%, about 0.7% to about 2.4%, about 0.7%
to about 2.7%, about 0.7% to about 3%, about 0.7% to about
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3.2%, about 0.9% to about 1.2%, about 0.9% to about 1.5%,
about 0.9% to about 1.8%, about 0.9% to about 2.1%, about
0.9% to about 2.4%, about 0.9% to about 2.7%, about 0.9%
to about 3%, about 0.9% to about 3.2%, about 1.2% to about
1.5%, about 1.2% to about 1.8%, about 1.2% to about 2.1%,
about 1.2% to about 2.4%, about 1.2% to about 2.7%, about
1.2% to about 3%, about 1.2% to about 3.2%, about 1.5% to
about 1.8%, about 1.5% to about 2.1%, about 1.5% to about
2.4%, about 1.5% to about 2.7%, about 1.5% to about 3%,
about 1.5% to about 3.2%, about 1.8% to about 2.1%, about
1.8% to about 2.4%, about 1.8% to about 2.7%, about 1.8%
to about 3%, about 1.8% to about 3.2%, about 2.1% to about
2.4%, about 2.1% to about 2.7%, about 2.1% to about 3%,
about 2.1% to about 3.2%, about 2.4% to about 2.7%, about
2.4% to about 3%, about 2.4% to about 3.2%, about 2.7% to
about 3%, about 2.7% to about 3.2%, or about 3% to about
3.2%. Optionally, in some embodiments, the resistance of
the graphene film changes while twisted in a spiral with a
bending degree of about 18 by about 0.7%, about 0.9%,
about 1.2%, about 1.5%, about 1.8%, about 2.1%, about
2.4%, about 2.7%, about 3%, or about 3.2%. Optionally, in
some embodiments, the resistance of the graphene film
changes while twisted in a spiral with a bending degree of
about 18 by at least about 0.7%, about 0.9%, about 1.2%,
about 1.5%, about 1.8%, about 2.1%, about 2.4%, about
2.7%, about 3%, or about 3.2%. Optionally, in some
embodiments, the resistance of the graphene film changes
while twisted in a spiral with a bending degree of about 18
by no more than about 0.7%, about 0.9%, about 1.2%, about
1.5%, about 1.8%, about 2.1%, about 2.4%, about 2.7%,
about 3%, or about 3.2%.

[0071] Optionally, in some embodiments, bending the
graphene film at an angle of about 180 degrees and at a
concave radius of about 2 millimeters changes the resistance
of the graphene film by about 0.05% to about 0.2%. Option-
ally, in some embodiments, bending the graphene film at an
angle of about 180 degrees and at a concave radius of about
2 millimeters changes the resistance of the graphene film by
at least about 0.05%. Optionally, in some embodiments,
bending the graphene film at an angle of about 180 degrees
and at a concave radius of about 2 millimeters changes the
resistance of the graphene film by at most about 0.2%.
Optionally, in some embodiments, bending the graphene
film at an angle of about 180 degrees and at a concave radius
of about 2 millimeters changes the resistance of the gra-
phene film by about 0.05% to about 0.0625%, about 0.05%
to about 0.075%, about 0.05% to about 0.1%, about 0.05%
to about 0.1125%, about 0.05% to about 0.125%, about
0.05% to about 0.1375%, about 0.05% to about 0.15%,
about 0.05% to about 0.1625%, about 0.05% to about
0.175%, about 0.05% to about 0.1875%, about 0.05% to
about 0.2%, about 0.0625% to about 0.075%, about
0.0625% to about 0.1%, about 0.0625% to about 0.1125%,
about 0.0625% to about 0.125%, about 0.0625% to about
0.1375%, about 0.0625% to about 0.15%, about 0.0625% to
about 0.1625%, about 0.0625% to about 0.175%, about
0.0625% to about 0.1875%, about 0.0625% to about 0.2%,
about 0.075% to about 0.1%, about 0.075% to about
0.1125%, about 0.075% to about 0.125%, about 0.075% to
about 0.1375%, about 0.075% to about 0.15%, about
0.075% to about 0.1625%, about 0.075% to about 0.175%,
about 0.075% to about 0.1875%, about 0.075% to about
0.2%, about 0.1% to about 0.1125%, about 0.1% to about
0.125%, about 0.1% to about 0.1375%, about 0.1% to about



US 2018/0305570 Al

0.15%, about 0.1% to about 0.1625%, about 0.1% to about
0.175%, about 0.1% to about 0.1875%, about 0.1% to about
0.2%, about 0.1125% to about 0.125%, about 0.1125% to
about 0.1375%, about 0.1125% to about 0.15%, about
0.1125% to about 0.1625%, about 0.1125% to about
0.175%, about 0.1125% to about 0.1875%, about 0.1125%
to about 0.2%, about 0.125% to about 0.1375%, about
0.125% to about 0.15%, about 0.125% to about 0.1625%,
about 0.125% to about 0.175%, about 0.125% to about
0.1875%, about 0.125% to about 0.2%, about 0.1375% to
about 0.15%, about 0.1375% to about 0.1625%, about
0.1375% to about 0.175%, about 0.1375% to about
0.1875%, about 0.1375% to about 0.2%, about 0.15% to
about 0.1625%, about 0.15% to about 0.175%, about 0.15%
to about 0.1875%, about 0.15% to about 0.2%, about
0.1625% to about 0.175%, about 0.1625% to about
0.1875%, about 0.1625% to about 0.2%, about 0.175% to
about 0.1875%, about 0.175% to about 0.2%, or about
0.1875% to about 0.2%. Optionally, in some embodiments,
bending the graphene film at an angle of about 180 degrees
and at a concave radius of about 2 millimeters changes the
resistance of the graphene film by about 0.05%, about
0.0625%, about 0.075%, about 0.1%, about 0.1125%, about
0.125%, about 0.1375%, about 0.15%, about 0.1625%,
about 0.175%, about 0.1875%, or about 0.2%. Optionally, in
some embodiments, bending the graphene film at an angle of
about 180 degrees and at a concave radius of about 2
millimeters changes the resistance of the graphene film by at
least about 0.05%, about 0.0625%, about 0.075%, about
0.1%, about 0.1125%, about 0.125%, about 0.1375%, about
0.15%, about 0.1625%, about 0.175%, about 0.1875%, or
about 0.2%. Optionally, in some embodiments, bending the
graphene film at an angle of about 180 degrees and at a
concave radius of about 2 millimeters changes the resistance
of the graphene film by no more than about 0.05%, about
0.0625%, about 0.075%, about 0.1%, about 0.1125%, about
0.125%, about 0.1375%, about 0.15%, about 0.1625%,
about 0.175%, about 0.1875%, or about 0.2%.

[0072] Optionally, in some embodiments, bending the
graphene film at an angle of about 180 degrees and at a
convex radius of about 1.75 millimeters changes the resis-
tance of the graphene film by about 0.2% to about 1.25%.
Optionally, in some embodiments, bending the graphene
film at an angle of about 180 degrees and at a convex radius
of about 1.75 millimeters changes the resistance of the
graphene film by at least about 0.2%. Optionally, in some
embodiments, bending the graphene film at an angle of
about 180 degrees and at a convex radius of about 1.75
millimeters changes the resistance of the graphene film by at
most about 1.25%. Optionally, in some embodiments, bend-
ing the graphene film at an angle of about 180 degrees and
at a convex radius of about 1.75 millimeters changes the
resistance of the graphene film by about 0.375% to about
0.5%, about 0.375% to about 0.625%, about 0.375% to
about 0.75%, about 0.375% to about 0.875%, about 0.375%
to about 1%, about 0.375% to about 1.125%, about 0.375%
to about 1.25%, about 0.375% to about 0.2%, about 0.5% to
about 0.625%, about 0.5% to about 0.75%, about 0.5% to
about 0.875%, about 0.5% to about 1%, about 0.5% to about
1.125%, about 0.5% to about 1.25%, about 0.5% to about
0.2%, about 0.625% to about 0.75%, about 0.625% to about
0.875%, about 0.625% to about 1%, about 0.625% to about
1.125%, about 0.625% to about 1.25%, about 0.625% to
about 0.2%, about 0.75% to about 0.875%, about 0.75% to
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about 1%, about 0.75% to about 1.125%, about 0.75% to
about 1.25%, about 0.75% to about 0.2%, about 0.875% to
about 1%, about 0.875% to about 1.125%, about 0.875% to
about 1.25%, about 0.875% to about 0.2%, about 1% to
about 1.125%, about 1% to about 1.25%, about 1% to about
0.2%, about 1.125% to about 1.25%, about 1.125% to about
0.2%, or about 1.25% to about 0.2%. Optionally, in some
embodiments, bending the graphene film at an angle of
about 180 degrees and at a convex radius of about 1.75
millimeters changes the resistance of the graphene film by
about 0.375%, about 0.5%, about 0.625%, about 0.75%,
about 0.875%, about 1%, about 1.125%, or about 1.25%.
Optionally, in some embodiments, bending the graphene
film at an angle of about 180 degrees and at a convex radius
of about 1.75 millimeters changes the resistance of the
graphene film by at least about 0.375%, about 0.5%, about
0.625%, about 0.75%, about 0.875%, about 1%, about
1.125%, or about 1.25%. Optionally, in some embodiments,
bending the graphene film at an angle of about 180 degrees
and at a convex radius of about 1.75 millimeters changes the
resistance of the graphene film by no more than about
0.375%, about 0.5%, about 0.625%, about 0.75%, about
0.875%, about 1%, about 1.125%, or about 1.25%.

[0073] Optionally, in some embodiments, the resistance of
the graphene changes after about 500 cycles of bending at a
bending radius of about 10 millimeters by about 0.8% to
about 2.6%. Optionally, in some embodiments, the resis-
tance of the graphene changes after about 500 cycles of
bending at a bending radius of about 10 millimeters by at
least about 0.8%. Optionally, in some embodiments, the
resistance of the graphene changes after about 500 cycles of
bending at a bending radius of about 10 millimeters by at
most about 2.6%. Optionally, in some embodiments, the
resistance of the graphene changes after about 500 cycles of
bending at a bending radius of about 10 millimeters by about
0.8% to about 1%, about 0.8% to about 1.2%, about 0.8% to
about 1.4%, about 0.8% to about 1.6%, about 0.8% to about
1.8%, about 0.8% to about 2%, about 0.8% to about 2.2%,
about 0.8% to about 2.4%, about 0.8% to about 2.6%, about
1% to about 1.2%, about 1% to about 1.4%, about 1% to
about 1.6%, about 1% to about 1.8%, about 1% to about 2%,
about 1% to about 2.2%, about 1% to about 2.4%, about 1%
to about 2.6%, about 1.2% to about 1.4%, about 1.2% to
about 1.6%, about 1.2% to about 1.8%, about 1.2% to about
2%, about 1.2% to about 2.2%, about 1.2% to about 2.4%,
about 1.2% to about 2.6%, about 1.4% to about 1.6%, about
1.4% to about 1.8%, about 1.4% to about 2%, about 1.4% to
about 2.2%, about 1.4% to about 2.4%, about 1.4% to about
2.6%, about 1.6% to about 1.8%, about 1.6% to about 2%,
about 1.6% to about 2.2%, about 1.6% to about 2.4%, about
1.6% to about 2.6%, about 1.8% to about 2%, about 1.8% to
about 2.2%, about 1.8% to about 2.4%, about 1.8% to about
2.6%, about 2% to about 2.2%, about 2% to about 2.4%,
about 2% to about 2.6%, about 2.2% to about 2.4%, about
2.2% to about 2.6%, or about 2.4% to about 2.6%. Option-
ally, in some embodiments, the resistance of the graphene
changes after about 500 cycles of bending at a bending
radius of about 10 millimeters by about 0.8%, about 1%,
about 1.2%, about 1.4%, about 1.6%, about 1.8%, about 2%,
about 2.2%, about 2.4%, or about 2.6%. Optionally, in some
embodiments, the resistance of the graphene changes after
about 500 cycles of bending at a bending radius of about 10
millimeters by at least about 0.8%, about 1%, about 1.2%,
about 1.4%, about 1.6%, about 1.8%, about 2%, about 2.2%,
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about 2.4%, or about 2.6%. Optionally, in some embodi-
ments, the resistance of the graphene changes after about
500 cycles of bending at a bending radius of about 10
millimeters by no more than about 0.8%, about 1%, about
1.2%, about 1.4%, about 1.6%, about 1.8%, about 2%, about
2.2%, about 2.4%, or about 2.6%.

[0074] Optionally, in some embodiments, the resistance of
the graphene changes after about 1,000 cycles of bending at
a bending radius of about 10 millimeters by about 0.8% to
about 2.6%. Optionally, in some embodiments, the resis-
tance of the graphene changes after about 1,000 cycles of
bending at a bending radius of about 10 millimeters by at
least about 0.8%. Optionally, in some embodiments, the
resistance of the graphene changes after about 1,000 cycles
of bending at a bending radius of about 10 millimeters by at
most about 2.6%. Optionally, in some embodiments, the
resistance of the graphene changes after about 1,000 cycles
of bending at a bending radius of about 10 millimeters by
about 0.8% to about 1%, about 0.8% to about 1.2%, about
0.8% to about 1.4%, about 0.8% to about 1.6%, about 0.8%
to about 1.8%, about 0.8% to about 2%, about 0.8% to about
2.2%, about 0.8% to about 2.4%, about 0.8% to about 2.6%,
about 1% to about 1.2%, about 1% to about 1.4%, about 1%
to about 1.6%, about 1% to about 1.8%, about 1% to about
2%, about 1% to about 2.2%, about 1% to about 2.4%, about
1% to about 2.6%, about 1.2% to about 1.4%, about 1.2% to
about 1.6%, about 1.2% to about 1.8%, about 1.2% to about
2%, about 1.2% to about 2.2%, about 1.2% to about 2.4%,
about 1.2% to about 2.6%, about 1.4% to about 1.6%, about
1.4% to about 1.8%, about 1.4% to about 2%, about 1.4% to
about 2.2%, about 1.4% to about 2.4%, about 1.4% to about
2.6%, about 1.6% to about 1.8%, about 1.6% to about 2%,
about 1.6% to about 2.2%, about 1.6% to about 2.4%, about
1.6% to about 2.6%, about 1.8% to about 2%, about 1.8% to
about 2.2%, about 1.8% to about 2.4%, about 1.8% to about
2.6%, about 2% to about 2.2%, about 2% to about 2.4%,
about 2% to about 2.6%, about 2.2% to about 2.4%, about
2.2% to about 2.6%, or about 2.4% to about 2.6%. Option-
ally, in some embodiments, the resistance of the graphene
changes after about 1,000 cycles of bending at a bending
radius of about 10 millimeters by about 0.8%, about 1%,
about 1.2%, about 1.4%, about 1.6%, about 1.8%, about 2%,
about 2.2%, about 2.4%, or about 2.6%. Optionally, in some
embodiments, the resistance of the graphene changes after
about 1,000 cycles of bending at a bending radius of about
10 millimeters by at least about 0.8%, about 1%, about
1.2%, about 1.4%, about 1.6%, about 1.8%, about 2%, about
2.2%, about 2.4%, or about 2.6%. Optionally, in some
embodiments, the resistance of the graphene changes after
about 1,000 cycles of bending at a bending radius of about
10 millimeters by no more than about 0.8%, about 1%, about
1.2%, about 1.4%, about 1.6%, about 1.8%, about 2%, about
2.2%, about 2.4%, or about 2.6%.

[0075] Optionally, in some embodiments, the resistance of
the graphene changes after about 2,000 cycles of bending at
a bending radius of about 10 millimeters by about 0.8% to
about 2.6%. Optionally, in some embodiments, the resis-
tance of the graphene changes after about 2,000 cycles of
bending at a bending radius of about 10 millimeters by at
least about 0.8%. Optionally, in some embodiments, the
resistance of the graphene changes after about 2,000 cycles
of bending at a bending radius of about 10 millimeters by at
most about 2.6%. Optionally, in some embodiments, the
resistance of the graphene changes after about 2,000 cycles
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of bending at a bending radius of about 10 millimeters by
about 0.8% to about 1%, about 0.8% to about 1.2%, about
0.8% to about 1.4%, about 0.8% to about 1.6%, about 0.8%
to about 1.8%, about 0.8% to about 2%, about 0.8% to about
2.2%, about 0.8% to about 2.4%, about 0.8% to about 2.6%,
about 1% to about 1.2%, about 1% to about 1.4%, about 1%
to about 1.6%, about 1% to about 1.8%, about 1% to about
2%, about 1% to about 2.2%, about 1% to about 2.4%, about
1% to about 2.6%, about 1.2% to about 1.4%, about 1.2% to
about 1.6%, about 1.2% to about 1.8%, about 1.2% to about
2%, about 1.2% to about 2.2%, about 1.2% to about 2.4%,
about 1.2% to about 2.6%, about 1.4% to about 1.6%, about
1.4% to about 1.8%, about 1.4% to about 2%, about 1.4% to
about 2.2%, about 1.4% to about 2.4%, about 1.4% to about
2.6%, about 1.6% to about 1.8%, about 1.6% to about 2%,
about 1.6% to about 2.2%, about 1.6% to about 2.4%, about
1.6% to about 2.6%, about 1.8% to about 2%, about 1.8% to
about 2.2%, about 1.8% to about 2.4%, about 1.8% to about
2.6%, about 2% to about 2.2%, about 2% to about 2.4%,
about 2% to about 2.6%, about 2.2% to about 2.4%, about
2.2% to about 2.6%, or about 2.4% to about 2.6%. Option-
ally, in some embodiments, the resistance of the graphene
changes after about 2,000 cycles of bending at a bending
radius of about 10 millimeters by about 0.8%, about 1%,
about 1.2%, about 1.4%, about 1.6%, about 1.8%, about 2%,
about 2.2%, about 2.4%, or about 2.6%. Optionally, in some
embodiments, the resistance of the graphene changes after
about 2,000 cycles of bending at a bending radius of about
10 millimeters by at least about 0.8%, about 1%, about
1.2%, about 1.4%, about 1.6%, about 1.8%, about 2%, about
2.2%, about 2.4%, or about 2.6%. Optionally, in some
embodiments, the resistance of the graphene changes after
about 2,000 cycles of bending at a bending radius of about
10 millimeters by no more than about 0.8%, about 1%, about
1.2%, about 1.4%, about 1.6%, about 1.8%, about 2%, about
2.2%, about 2.4%, or about 2.6%.

[0076] Another aspect provided herein is a method of
forming a conductive graphene ink comprising: forming a
binder solution comprising: heating a first solvent, adding a
binder to the first solvent, mixing the binder and the first
solvent, and cooling the binder and the first solvent; forming
an RGO dispersion comprising a second solvent and RGO;
and forming a graphene solution comprising the binder
solution, the reduced graphene dispersion a third solvent, a
conductive additive, a surfactant, a defoamer; and mixing
the graphene solution to form a conductive graphene ink.

[0077] Optionally, in some embodiments, at least one of
the first solvent, the second solvent, and the third solvent
comprises water and an organic solvent. Optionally, in some
embodiments, the organic solvent comprises ethanol, iso-
propyl alcohol, NMP, cyclohexanone, terpineol, 3-methoxy-
3-methyl-1-butanol,  4-hydroxyl-4-methyl-pentan-2-one,
methyl isobutyl ketone, or any combination thereof. Option-
ally, in some embodiments, at least one of the first solvent,
the second solvent, and the third solvent comprises water,
ethanol, isopropyl alcohol, NMP, cyclohexanone, terpineol,
3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-methyl-pen-
tan-2-one, methyl isobutyl ketone, or any combination
thereof.

[0078] Optionally, in some embodiments, a percentage by
mass of at least one of the first solvent, the second solvent,
and the third solvent in the conductive graphene ink is about
1% to about 99%. Optionally, in some embodiments, a
percentage by mass of at least one of the first solvent, the



US 2018/0305570 Al

second solvent, and the third solvent in the conductive
graphene ink is at least about 1%. Optionally, in some
embodiments, a percentage by mass of at least one of the
first solvent, the second solvent, and the third solvent in the
conductive graphene ink is at most about 99%. Optionally,
in some embodiments, a percentage by mass of at least one
of the first solvent, the second solvent, and the third solvent
in the conductive graphene ink is about 1% to about 2%,
about 1% to about 5%, about 1% to about 10%, about 1% to
about 20%, about 1% to about 30%, about 1% to about 40%,
about 1% to about 50%, about 1% to about 60%, about 1%
to about 70%, about 1% to about 80%, about 1% to about
99%, about 2% to about 5%, about 2% to about 10%, about
2% to about 20%, about 2% to about 30%, about 2% to about
40%, about 2% to about 50%, about 2% to about 60%, about
2% to about 70%, about 2% to about 80%, about 2% to about
99%, about 5% to about 10%, about 5% to about 20%, about
5% to about 30%, about 5% to about 40%, about 5% to about
50%, about 5% to about 60%, about 5% to about 70%, about
5% to about 80%, about 5% to about 99%, about 10% to
about 20%, about 10% to about 30%, about 10% to about
40%, about 10% to about 50%, about 10% to about 60%,
about 10% to about 70%, about 10% to about 80%, about
10% to about 99%, about 20% to about 30%, about 20% to
about 40%, about 20% to about 50%, about 20% to about
60%, about 20% to about 70%, about 20% to about 80%,
about 20% to about 99%, about 30% to about 40%, about
30% to about 50%, about 30% to about 60%, about 30% to
about 70%, about 30% to about 80%, about 30% to about
99%, about 40% to about 50%, about 40% to about 60%,
about 40% to about 70%, about 40% to about 80%, about
40% to about 99%, about 50% to about 60%, about 50% to
about 70%, about 50% to about 80%, about 50% to about
99%, about 60% to about 70%, about 60% to about 80%,
about 60% to about 99%, about 70% to about 80%, about
70% to about 99%, or about 80% to about 99%. Optionally,
in some embodiments, a percentage by mass of at least one
of the first solvent, the second solvent, and the third solvent
in the conductive graphene ink is about 1%, about 2%, about
5%, about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, or about 99%.
Optionally, in some embodiments, a percentage by mass of
at least one of the first solvent, the second solvent, and the
third solvent in the conductive graphene ink is at least about
1%, about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, or
about 80%. Optionally, in some embodiments, a percentage
by mass of at least one of the first solvent, the second
solvent, and the third solvent in the conductive graphene ink
is at most about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about
80%, or about 99%.

[0079] Optionally, in some embodiments, the binder solu-
tion comprises a binder and a first solvent. Optionally, in
some embodiments, the binder comprises a polymer.
Optionally, in some embodiments, the polymer comprises a
synthetic polymer. Optionally, in some embodiments, the
synthetic polymer comprises carboxymethyl cellulose,
PVDFEF, poly(vinyl alcohol), poly(vinyl pyrrolidone), poly
(ethylene oxide), ethyl cellulose, or any combination
thereof. Optionally, in some embodiments, the binder is a
dispersant.

[0080] Optionally, in some embodiments, a percentage by
mass of the binder solution in the conductive graphene ink
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is about 0.5% to about 99%. Optionally, in some embodi-
ments, a percentage by mass of the binder solution in the
conductive graphene ink is at least about 0.5%. Optionally,
in some embodiments, a percentage by mass of the binder
solution in the conductive graphene ink is at most about
99%. Optionally, in some embodiments, a percentage by
mass of the binder solution in the conductive graphene ink
is about 0.5% to about 1%, about 0.5% to about 2%, about
0.5% to about 5%, about 0.5% to about 10%, about 0.5% to
about 20%, about 0.5% to about 30%, about 0.5% to about
40%, about 0.5% to about 50%, about 0.5% to about 70%,
about 0.5% to about 90%, about 0.5% to about 99%, about
1% to about 2%, about 1% to about 5%, about 1% to about
10%, about 1% to about 20%, about 1% to about 30%, about
1% to about 40%, about 1% to about 50%, about 1% to about
70%, about 1% to about 90%, about 1% to about 99%, about
2% to about 5%, about 2% to about 10%, about 2% to about
20%, about 2% to about 30%, about 2% to about 40%, about
2% to about 50%, about 2% to about 70%, about 2% to about
90%, about 2% to about 99%, about 5% to about 10%, about
5% to about 20%, about 5% to about 30%, about 5% to about
40%, about 5% to about 50%, about 5% to about 70%, about
5% to about 90%, about 5% to about 99%, about 10% to
about 20%, about 10% to about 30%, about 10% to about
40%, about 10% to about 50%, about 10% to about 70%,
about 10% to about 90%, about 10% to about 99%, about
20% to about 30%, about 20% to about 40%, about 20% to
about 50%, about 20% to about 70%, about 20% to about
90%, about 20% to about 99%, about 30% to about 40%,
about 30% to about 50%, about 30% to about 70%, about
30% to about 90%, about 30% to about 99%, about 40% to
about 50%, about 40% to about 70%, about 40% to about
90%, about 40% to about 99%, about 50% to about 70%,
about 50% to about 90%, about 50% to about 99%, about
70% to about 90%, about 70% to about 99%, or about 90%
to about 99%. Optionally, in some embodiments, a percent-
age by mass of the binder solution in the conductive gra-
phene ink is at most about 99%. Optionally, in some
embodiments, a percentage by mass of the binder solution in
the conductive graphene ink is about 0.5%, about 1%, about
2%, about 5%, about 10%, about 20%, about 30%, about
40%, about 50%, about 70%, about 90%, or about 99%.
Optionally, in some embodiments, a percentage by mass of
the binder solution in the conductive graphene ink is at least
about 0.5%, about 1%, about 2%, about 5%, about 10%,
about 20%, about 30%, about 40%, about 50%, about 60%,
about 70%, about 80%, about 90%, about 95%, or about
99%. Alternatively or in combination, in some embodi-
ments, a percentage by mass of the binder solution in the
conductive graphene ink is no more than about 0.5%, about
1%, about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about
80%, about 90%, about 95%, or about 99%.

[0081] Optionally, in some embodiments, a concentration
of the binder solution by mass is about 0.5% to about 2%.
Optionally, in some embodiments, a concentration of the
binder solution by mass is at least about 0.5%. Optionally,
in some embodiments, a concentration of the binder solution
by mass is at most about 2%. Optionally, in some embodi-
ments, a concentration of the binder solution by mass is
about 0.5% to about 0.625%, about 0.5% to about 0.75%,
about 0.5% to about 0.875%, about 0.5% to about 1%, about
0.5% to about 1.25%, about 0.5% to about 1.5%, about 0.5%
to about 1.75%, about 0.5% to about 2%, about 0.625% to
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about 0.75%, about 0.625% to about 0.875%, about 0.625%
to about 1%, about 0.625% to about 1.25%, about 0.625%
to about 1.5%, about 0.625% to about 1.75%, about 0.625%
to about 2%, about 0.75% to about 0.875%, about 0.75% to
about 1%, about 0.75% to about 1.25%, about 0.75% to
about 1.5%, about 0.75% to about 1.75%, about 0.75% to
about 2%, about 0.875% to about 1%, about 0.875% to about
1.25%, about 0.875% to about 1.5%, about 0.875% to about
1.75%, about 0.875% to about 2%, about 1% to about
1.25%, about 1% to about 1.5%, about 1% to about 1.75%,
about 1% to about 2%, about 1.25% to about 1.5%, about
1.25% to about 1.75%, about 1.25% to about 2%, about
1.5% to about 1.75%, about 1.5% to about 2%, or about
1.75% to about 2%. Optionally, in some embodiments, a
concentration of the binder solution by mass is about 0.5%,
about 0.625%, about 0.75%, about 0.875%, about 1%, about
1.25%, about 1.5%, about 1.75%, or about 2%. Optionally,
in some embodiments, a concentration of the binder solution
by mass is at least about 0.5%, about 0.625%, about 0.75%,
about 0.875%, about 1%, about 1.25%, about 1.5%, about
1.75%, or about 2%. Optionally, in some embodiments, a
concentration of the binder solution by mass is no more than
about 0.5%, about 0.625%, about 0.75%, about 0.875%,
about 1%, about 1.25%, about 1.5%, about 1.75%, or about
2%.

[0082] Optionally, in some embodiments, a percentage by
mass of the RGO dispersion in the conductive graphene ink
is about 0.25% to about 1%. Optionally, in some embodi-
ments, a percentage by mass of the RGO dispersion in the
conductive graphene ink is at least about 0.25%. Optionally,
in some embodiments, a percentage by mass of the RGO
dispersion in the conductive graphene ink is at most about
1%. Optionally, in some embodiments, a percentage by mass
of the RGO dispersion in the conductive graphene ink is
about 0.25% to about 0.375%, about 0.25% to about 0.5%,
about 0.25% to about 0.625%, about 0.25% to about 0.75%,
about 0.25% to about 1%, about 0.375% to about 0.5%,
about 0.375% to about 0.625%, about 0.375% to about
0.75%, about 0.375% to about 1%, about 0.5% to about
0.625%, about 0.5% to about 0.75%, about 0.5% to about
1%, about 0.625% to about 0.75%, about 0.625% to about
1%, or about 0.75% to about 1%. Optionally, in some
embodiments, a percentage by mass of the RGO dispersion
in the conductive graphene ink is about 0.25%, about
0.375%, about 0.5%, about 0.625%, about 0.75%, or about
1%. Optionally, in some embodiments, a percentage by mass
of the RGO dispersion in the conductive graphene ink is at
least about 0.25%, about 0.375%, about 0.5%, about
0.625%, about 0.75%, or about 1%. Optionally, in some
embodiments, a percentage by mass of the RGO dispersion
in the conductive graphene ink is no more than about 0.25%,
about 0.375%, about 0.5%, about 0.625%, about 0.75%, or
about 1%.

[0083] Optionally, in some embodiments, a concentration
by mass of the RGO in the RGO dispersion is about 3% to
about 12%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is at least
about 3%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is at most
about 12%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is about 3%
to about 4%, about 3% to about 5%, about 3% to about 6%,
about 3% to about 7%, about 3% to about 8%, about 3% to
about 9%, about 3% to about 10%, about 3% to about 11%,
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about 3% to about 12%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 4% to
about 11%, about 4% to about 12%, about 5% to about 6%,
about 5% to about 7%, about 5% to about 8%, about 5% to
about 9%, about 5% to about 10%, about 5% to about 11%,
about 5% to about 12%, about 6% to about 7%, about 6% to
about 8%, about 6% to about 9%, about 6% to about 10%,
about 6% to about 11%, about 6% to about 12%, about 7%
to about 8%, about 7% to about 9%, about 7% to about 10%,
about 7% to about 11%, about 7% to about 12%, about 8%
to about 9%, about 8% to about 10%, about 8% to about
11%, about 8% to about 12%, about 9% to about 10%, about
9% to about 11%, about 9% to about 12%, about 10% to
about 11%, about 10% to about 12%, or about 11% to about
12%. Optionally, in some embodiments, a concentration by
mass of the RGO in the RGO dispersion is about 3%, about
4%, about 5%, about 6%, about 7%, about 8%, about 9%,
about 10%, about 11%, or about 12%. Optionally, in some
embodiments, a concentration by mass of the RGO in the
RGO dispersion is at least about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, about 10%, about
11%, or about 12%. Optionally, in some embodiments, a
concentration by mass of the RGO in the RGO dispersion is
no more than about 3%, about 4%, about 5%, about 6%,
about 7%, about 8%, about 9%, about 10%, about 11%, or
about 12%.

[0084] Optionally, in some embodiments, a percentage by
mass of the RGO in the conductive graphene ink is about
0.1% to about 99%. Optionally, in some embodiments, a
percentage by mass of the RGO in the conductive graphene
ink is at least about 0.1%. Optionally, in some embodiments,
apercentage by mass of the RGO in the conductive graphene
ink is at most about 99%. Optionally, in some embodiments,
apercentage by mass of the RGO in the conductive graphene
ink is about 0.1% to about 0.2%, about 0.1% to about 0.5%,
about 0.1% to about 1%, about 0.1% to about 10%, about
0.1% to about 20%, about 0.1% to about 40%, about 0.1%
to about 60%, about 0.1% to about 80%, about 0.1% to about
90%, about 0.1% to about 99%, about 0.2% to about 0.5%,
about 0.2% to about 1%, about 0.2% to about 10%, about
0.2% to about 20%, about 0.2% to about 40%, about 0.2%
to about 60%, about 0.2% to about 80%, about 0.2% to about
90%, about 0.2% to about 99%, about 0.5% to about 1%,
about 0.5% to about 10%, about 0.5% to about 20%, about
0.5% to about 40%, about 0.5% to about 60%, about 0.5%
to about 80%, about 0.5% to about 90%, about 0.5% to about
99%, about 1% to about 10%, about 1% to about 20%, about
1% to about 40%, about 1% to about 60%, about 1% to about
80%, about 1% to about 90%, about 1% to about 99%, about
10% to about 20%, about 10% to about 40%, about 10% to
about 60%, about 10% to about 80%, about 10% to about
90%, about 10% to about 99%, about 20% to about 40%,
about 20% to about 60%, about 20% to about 80%, about
20% to about 90%, about 20% to about 99%, about 40% to
about 60%, about 40% to about 80%, about 40% to about
90%, about 40% to about 99%, about 60% to about 80%,
about 60% to about 90%, about 60% to about 99%, about
80% to about 90%, about 80% to about 99%, or about 90%
to about 99%. Optionally, in some embodiments, a percent-
age by mass of the RGO in the conductive graphene ink is
about 0.1%, about 0.2%, about 0.5%, about 1%, about 10%,
about 20%, about 40%, about 60%, about 80%, about 90%,
or about 99%. Optionally, in some embodiments, a percent-
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age by mass of the RGO in the conductive graphene ink is
at least about 0.1%, about 0.2%, about 0.5%, about 1%,
about 10%, about 20%, about 40%, about 60%, about 80%,
about 90%, or about 99%. Optionally, in some embodi-
ments, a percentage by mass of the RGO in the conductive
graphene ink is no more than about 0.1%, about 0.2%, about
0.5%, about 1%, about 10%, about 20%, about 40%, about
60%, about 80%, about 90%, or about 99%.

[0085] Optionally, in some embodiments, the conductive
additive comprises a carbon-based material. Optionally, in
some embodiments, the carbon-based material comprises a
paracrystalline carbon. Optionally, in some embodiments,
the paracrystalline carbon comprises carbon black, acetylene
black, channel black, furnace black, lamp black, thermal
black, or any combination thereof.

[0086] Optionally, in some embodiments, the conductive
additive comprises silver. Optionally, in some embodiments,
the silver comprises silver nanoparticles, silver nanorods,
silver nanowires, silver nanoflowers, silver nanofibers, silver
nanoplatelets, silver nanoribbons, silver nanocubes, silver
bipyramids, or any combination thereof.

[0087] Optionally, in some embodiments, a percentage by
mass of the conductive additive in the conductive graphene
ink is about 2% to about 99%. Optionally, in some embodi-
ments, a percentage by mass of the conductive additive in
the conductive graphene ink is at least about 2%. Optionally,
in some embodiments, a percentage by mass of the conduc-
tive additive in the conductive graphene ink is at most about
99%. Optionally, in some embodiments, a percentage by
mass of the conductive additive in the conductive graphene
ink is about 2% to about 5%, about 2% to about 10%, about
2% to about 20%, about 2% to about 30%, about 2% to about
40%, about 2% to about 50%, about 2% to about 60%, about
2% to about 70%, about 2% to about 80%, about 2% to about
90%, about 2% to about 99%, about 5% to about 10%, about
5% to about 20%, about 5% to about 30%, about 5% to about
40%, about 5% to about 50%, about 5% to about 60%, about
5% to about 70%, about 5% to about 80%, about 5% to about
90%, about 5% to about 99%, about 10% to about 20%,
about 10% to about 30%, about 10% to about 40%, about
10% to about 50%, about 10% to about 60%, about 10% to
about 70%, about 10% to about 80%, about 10% to about
90%, about 10% to about 99%, about 20% to about 30%,
about 20% to about 40%, about 20% to about 50%, about
20% to about 60%, about 20% to about 70%, about 20% to
about 80%, about 20% to about 90%, about 20% to about
99%, about 30% to about 40%, about 30% to about 50%,
about 30% to about 60%, about 30% to about 70%, about
30% to about 80%, about 30% to about 90%, about 30% to
about 99%, about 40% to about 50%, about 40% to about
60%, about 40% to about 70%, about 40% to about 80%,
about 40% to about 90%, about 40% to about 99%, about
50% to about 60%, about 50% to about 70%, about 50% to
about 80%, about 50% to about 90%, about 50% to about
99%, about 60% to about 70%, about 60% to about 80%,
about 60% to about 90%, about 60% to about 99%, about
70% to about 80%, about 70% to about 90%, about 70% to
about 99%, about 80% to about 90%, about 80% to about
99%, or about 90% to about 99%. Optionally, in some
embodiments, a percentage by mass of the conductive
additive in the conductive graphene ink is about 2%, about
5%, about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, about 90%, or
about 99%. Optionally, in some embodiments, a percentage
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by mass of the conductive additive in the conductive gra-
phene ink is at least about 2%, about 5%, about 10%, about
20%, about 30%, about 40%, about 50%, about 60%, about
70%, about 80%, about 90%, or about 99%. Optionally, in
some embodiments, a percentage by mass of the conductive
additive in the conductive graphene ink is no more than
about 2%, about 5%, about 10%, about 20%, about 30%,
about 40%, about 50%, about 60%, about 70%, about 80%,
about 90%, or about 99%.

[0088] Some embodiments further comprise a surfactant.
Optionally, in some embodiments, the surfactant comprises
an acid, a nonionic surfactant, or any combination thereof.
Optionally, in some embodiments, the acid comprises per-
fluorooctanoic acid, perfluorooctane sulfonate, perfluoro-
hexane sulfonic acid, perfluorononanoic acid, perfluorode-
canoic acid, or any combination thereof. Optionally, in some
embodiments, the nonionic surfactant comprises a polyeth-
ylene glycol alkyl ether, a octacthylene glycol monododecyl
ether, a pentaethylene glycol monododecyl ether, a polypro-
pylene glycol alkyl ether, a glucoside alkyl ether, decyl
glucoside, lauryl glucoside, octyl glucoside, a polyethylene
glycol octylphenyl ether, dodecyldimethylamine oxide, a
polyethylene glycol alkylphenyl ether, a polyethylene glycol
octylphenyl ether, Triton X-100, polyethylene glycol alky-
Iphenyl ether, nonoxynol-9, a glycerol alkyl ester polysor-
bate, sorbitan alkyl ester, polyethoxylated tallow amine,
Dynol 604, or any combination thereof.

[0089] Optionally, in some embodiments, a percentage by
mass of the surfactant in the conductive graphene ink is
about 0.5% to about 10%. Optionally, in some embodiments,
a percentage by mass of the surfactant in the conductive
graphene ink is at least about 0.5%. Optionally, in some
embodiments, a percentage by mass of the surfactant in the
conductive graphene ink is at most about 10%. Optionally,
in some embodiments, a percentage by mass of the surfac-
tant in the conductive graphene ink is about 0.5% to about
1%, about 0.5% to about 2%, about 0.5% to about 3%, about
0.5% to about 4%, about 0.5% to about 5%, about 0.5% to
about 6%, about 0.5% to about 7%, about 0.5% to about 8%,
about 0.5% to about 9%, about 0.5% to about 10%, about
1% to about 2%, about 1% to about 3%, about 1% to about
4%, about 1% to about 5%, about 1% to about 6%, about 1%
to about 7%, about 1% to about 8%, about 1% to about 9%,
about 1% to about 10%, about 2% to about 3%, about 2% to
about 4%, about 2% to about 5%, about 2% to about 6%,
about 2% to about 7%, about 2% to about 8%, about 2% to
about 9%, about 2% to about 10%, about 3% to about 4%,
about 3% to about 5%, about 3% to about 6%, about 3% to
about 7%, about 3% to about 8%, about 3% to about 9%,
about 3% to about 10%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 5% to
about 6%, about 5% to about 7%, about 5% to about 8%,
about 5% to about 9%, about 5% to about 10%, about 6% to
about 7%, about 6% to about 8%, about 6% to about 9%,
about 6% to about 10%, about 7% to about 8%, about 7% to
about 9%, about 7% to about 10%, about 8% to about 9%,
about 8% to about 10%, or about 9% to about 10%.
Optionally, in some embodiments, a percentage by mass of
the surfactant in the conductive graphene ink is about 0.5%,
about 1%, about 2%, about 3%, about 4%, about 5%, about
6%, about 7%, about 8%, about 9%, or about 10%. Option-
ally, in some embodiments, a percentage by mass of the
surfactant in the conductive graphene ink is at least about
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0.5%, about 1%, about 2%, about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, or about 10%.
Optionally, in some embodiments, a percentage by mass of
the surfactant in the conductive graphene ink is no more than
about 0.5%, about 1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, or about
10%.

[0090] Some embodiments further comprise a defoamer,
wherein the defoamer comprises an insoluble oil, a silicone,
a glycol, a stearate, an organic solvent, Surfynol DF-1100,
alkyl polyacrylate, or any combination thereof. Optionally,
in some embodiments, the insoluble oil comprises mineral
oil, vegetable oil, white oil, or any combination thereof.
Optionally, in some embodiments, the silicone comprises
polydimethylsiloxane, silicone glycol, a fluorosilicone, or
any combination thereof. Optionally, in some embodiments,
the glycol comprises polyethylene glycol, ethylene glycol,
propylene glycol, or any combination thereof. Optionally, in
some embodiments, the stearate comprises glycol stearate,
stearin, or any combination thereof. Optionally, in some
embodiments, the organic solvent comprises ethanol, iso-
propyl alcohol, NMP, cyclohexanone, terpineol, 3-methoxy-
3-methyl-1-butanol,  4-hydroxyl-4-methyl-pentan-2-one,
methyl isobutyl ketone, or any combination thereof.

[0091] Optionally, in some embodiments, a percentage by
mass of the defoamer in the conductive graphene ink is
about 0.5% to about 10%. Optionally, in some embodiments,
a percentage by mass of the defoamer in the conductive
graphene ink is at least about 0.5%. Optionally, in some
embodiments, a percentage by mass of the defoamer in the
conductive graphene ink is at most about 10%. Optionally,
in some embodiments, a percentage by mass of the defoamer
in the conductive graphene ink is about 0.5% to about 1%,
about 0.5% to about 2%, about 0.5% to about 3%, about
0.5% to about 4%, about 0.5% to about 5%, about 0.5% to
about 6%, about 0.5% to about 7%, about 0.5% to about 8%,
about 0.5% to about 9%, about 0.5% to about 10%, about
1% to about 2%, about 1% to about 3%, about 1% to about
4%, about 1% to about 5%, about 1% to about 6%, about 1%
to about 7%, about 1% to about 8%, about 1% to about 9%,
about 1% to about 10%, about 2% to about 3%, about 2% to
about 4%, about 2% to about 5%, about 2% to about 6%,
about 2% to about 7%, about 2% to about 8%, about 2% to
about 9%, about 2% to about 10%, about 3% to about 4%,
about 3% to about 5%, about 3% to about 6%, about 3% to
about 7%, about 3% to about 8%, about 3% to about 9%,
about 3% to about 10%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 5% to
about 6%, about 5% to about 7%, about 5% to about 8%,
about 5% to about 9%, about 5% to about 10%, about 6% to
about 7%, about 6% to about 8%, about 6% to about 9%,
about 6% to about 10%, about 7% to about 8%, about 7% to
about 9%, about 7% to about 10%, about 8% to about 9%,
about 8% to about 10%, or about 9% to about 10%.
Optionally, in some embodiments, a percentage by mass of
the defoamer in the conductive graphene ink is about 0.5%,
about 1%, about 2%, about 3%, about 4%, about 5%, about
6%, about 7%, about 8%, about 9%, or about 10%. Option-
ally, in some embodiments, a percentage by mass of the
defoamer in the conductive graphene ink is at least about
0.5%, about 1%, about 2%, about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, or about 10%.
Optionally, in some embodiments, a percentage by mass of
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the defoamer in the conductive graphene ink is no more than
about 0.5%, about 1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, or about
10%.

[0092] Optionally, in some embodiments, the solid matter
content by mass of the conductive graphene ink is about
2.5% to about 10.5%. Optionally, in some embodiments, the
solid matter content by mass of the conductive graphene ink
is at least about 2.5%. Optionally, in some embodiments, the
solid matter content by mass of the conductive graphene ink
is at most about 10.5%. Optionally, in some embodiments,
the solid matter content by mass of the conductive graphene
ink is about 2.5% to about 3.5%, about 2.5% to about 4.5%,
about 2.5% to about 5.5%, about 2.5% to about 6.5%, about
2.5% to about 7.5%, about 2.5% to about 8.5%, about 2.5%
to about 9.5%, about 2.5% to about 10.5%, about 3.5% to
about 4.5%, about 3.5% to about 5.5%, about 3.5% to about
6.5%, about 3.5% to about 7.5%, about 3.5% to about 8.5%,
about 3.5% to about 9.5%, about 3.5% to about 10.5%, about
4.5% to about 5.5%, about 4.5% to about 6.5%, about 4.5%
to about 7.5%, about 4.5% to about 8.5%, about 4.5% to
about 9.5%, about 4.5% to about 10.5%, about 5.5% to about
6.5%, about 5.5% to about 7.5%, about 5.5% to about 8.5%,
about 5.5% to about 9.5%, about 5.5% to about 10.5%, about
6.5% to about 7.5%, about 6.5% to about 8.5%, about 6.5%
to about 9.5%, about 6.5% to about 10.5%, about 7.5% to
about 8.5%, about 7.5% to about 9.5%, about 7.5% to about
10.5%, about 8.5% to about 9.5%, about 8.5% to about
10.5%, or about 9.5% to about 10.5%. Optionally, in some
embodiments, the solid matter content by mass of the
conductive graphene ink is about 2.5%, about 3.5%, about
4.5%, about 5.5%, about 6.5%, about 7.5%, about 8.5%,
about 9.5%, or about 10.5%. Optionally, in some embodi-
ments, the solid matter content by mass of the conductive
graphene ink is at least about 2.5%, about 3.5%, about 4.5%,
about 5.5%, about 6.5%, about 7.5%, about 8.5%, about
9.5%, or about 10.5%. Optionally, in some embodiments,
the solid matter content by mass of the conductive graphene
ink is no more than about 2.5%, about 3.5%, about 4.5%,
about 5.5%, about 6.5%, about 7.5%, about 8.5%, about
9.5%, or about 10.5%.

[0093] Optionally, in some embodiments, the first solvent
is heated to a temperature of about 35° C. to about 125° C.
Optionally, in some embodiments, the first solvent is heated
to a temperature of at least about 35° C. Optionally, in some
embodiments, the first solvent is heated to a temperature of
at most about 125° C. Optionally, in some embodiments, the
first solvent is heated to a temperature of about 35° C. to
about 40° C., about 35° C. to about 50° C., about 35° C. to
about 60° C., about 35° C. to about 70° C., about 35° C. to
about 80° C., about 35° C. to about 90° C., about 35° C. to
about 100° C., about 35° C. to about 125° C., about 40° C.
to about 50° C., about 40° C. to about 60° C., about 40° C.
to about 70° C., about 40° C. to about 80° C., about 40° C.
to about 90° C., about 40° C. to about 100° C., about 40° C.
to about 125° C., about 50° C. to about 60° C., about 50° C.
to about 70° C., about 50° C. to about 80° C., about 50° C.
to about 90° C., about 50° C. to about 100° C., about 50° C.
to about 125° C., about 60° C. to about 70° C., about 60° C.
to about 80° C., about 60° C. to about 90° C., about 60° C.
to about 100° C., about 60° C. to about 125° C., about 70°
C. to about 80° C., about 70° C. to about 90° C., about 70°
C. to about 100° C., about 70° C. to about 125° C., about 80°
C. to about 90° C., about 80° C. to about 100° C., about 80°
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C. to about 125° C., about 90° C. to about 100° C., about 90°
C. to about 125° C., or about 100° C. to about 125° C.
Optionally, in some embodiments, the first solvent is heated
to a temperature of about 35° C., about 40° C., about 50° C.,
about 60° C., about 70° C., about 80° C., about 90° C., about
100° C., or about 125° C. Optionally, in some embodiments,
the first solvent is heated to a temperature of at least about
35° C., about 40° C., about 50° C., about 60° C., about 70°
C., about 80° C., about 90° C., about 100° C., or about 125°
C. Optionally, in some embodiments, the first solvent is
heated to a temperature of no more than about 35° C., about
40° C., about 50° C., about 60° C., about 70° C., about 80°
C., about 90° C., about 100° C., or about 125° C.

[0094] Optionally, in some embodiments, the process of
adding a binder to the first solvent and the process of mixing
the binder and the first solvent are preformed simultane-
ously.

[0095] Optionally, in some embodiments, the binder is
added to the first solvent over a period of time of about 45
minutes to about 240 minutes. Optionally, in some embodi-
ments, the binder is added to the first solvent over a period
of time of at least about 45 minutes. Optionally, in some
embodiments, the binder is added to the first solvent over a
period of time of at most about 240 minutes. Optionally, in
some embodiments, the binder is added to the first solvent
over a period of time of about 45 minutes to about 60
minutes, about 45 minutes to about 90 minutes, about 45
minutes to about 120 minutes, about 45 minutes to about 150
minutes, about 45 minutes to about 180 minutes, about 45
minutes to about 210 minutes, about 45 minutes to about 240
minutes, about 60 minutes to about 90 minutes, about 60
minutes to about 120 minutes, about 60 minutes to about 150
minutes, about 60 minutes to about 180 minutes, about 60
minutes to about 210 minutes, about 60 minutes to about 240
minutes, about 90 minutes to about 120 minutes, about 90
minutes to about 150 minutes, about 90 minutes to about 180
minutes, about 90 minutes to about 210 minutes, about 90
minutes to about 240 minutes, about 120 minutes to about
150 minutes, about 120 minutes to about 180 minutes, about
120 minutes to about 210 minutes, about 120 minutes to
about 240 minutes, about 150 minutes to about 180 minutes,
about 150 minutes to about 210 minutes, about 150 minutes
to about 240 minutes, about 180 minutes to about 210
minutes, about 180 minutes to about 240 minutes, or about
210 minutes to about 240 minutes. Optionally, in some
embodiments, the binder is added to the first solvent over a
period of time of about 45 minutes, about 60 minutes, about
90 minutes, about 120 minutes, about 150 minutes, about
180 minutes, about 210 minutes, or about 240 minutes.
Optionally, in some embodiments, the binder is added to the
first solvent over a period of time of at least about 45
minutes, about 60 minutes, about 90 minutes, about 120
minutes, about 150 minutes, about 180 minutes, about 210
minutes, or about 240 minutes. Optionally, in some embodi-
ments, the binder is added to the first solvent over a period
of time of no more than about 45 minutes, about 60 minutes,
about 90 minutes, about 120 minutes, about 150 minutes,
about 180 minutes, about 210 minutes, or about 240 min-
utes.

[0096] Optionally, in some embodiments, after the binder
is fully added to the first solvent, the binder and the first
solvent are mixed for a period of time of about 7 minutes to
about 30 minutes. Optionally, in some embodiments, after
the binder is fully added to the first solvent, the binder and
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the first solvent are mixed for a period of time of at least
about 7 minutes. Optionally, in some embodiments, after the
binder is fully added to the first solvent, the binder and the
first solvent are mixed for a period of time of at most about
30 minutes. Optionally, in some embodiments, after the
binder is fully added to the first solvent, the binder and the
first solvent are mixed for a period of time of about 7
minutes to about 9 minutes, about 7 minutes to about 11
minutes, about 7 minutes to about 13 minutes, about 7
minutes to about 15 minutes, about 7 minutes to about 20
minutes, about 7 minutes to about 25 minutes, about 7
minutes to about 30 minutes, about 9 minutes to about 11
minutes, about 9 minutes to about 13 minutes, about 9
minutes to about 15 minutes, about 9 minutes to about 20
minutes, about 9 minutes to about 25 minutes, about 9
minutes to about 30 minutes, about 11 minutes to about 13
minutes, about 11 minutes to about 15 minutes, about 11
minutes to about 20 minutes, about 11 minutes to about 25
minutes, about 11 minutes to about 30 minutes, about 13
minutes to about 15 minutes, about 13 minutes to about 20
minutes, about 13 minutes to about 25 minutes, about 13
minutes to about 30 minutes, about 15 minutes to about 20
minutes, about 15 minutes to about 25 minutes, about 15
minutes to about 30 minutes, about 20 minutes to about 25
minutes, about 20 minutes to about 30 minutes, or about 25
minutes to about 30 minutes. Optionally, in some embodi-
ments, after the binder is fully added to the first solvent, the
binder and the first solvent are mixed for a period of time of
about 7 minutes, about 9 minutes, about 11 minutes, about
13 minutes, about 15 minutes, about 20 minutes, about 25
minutes, or about 30 minutes. Optionally, in some embodi-
ments, after the binder is fully added to the first solvent, the
binder and the first solvent are mixed for a period of time of
at least about 7 minutes, about 9 minutes, about 11 minutes,
about 13 minutes, about 15 minutes, about 20 minutes, about
25 minutes, or about 30 minutes. Optionally, in some
embodiments, after the binder is fully added to the first
solvent, the binder and the first solvent are mixed for a
period of time of no more than about 7 minutes, about 9
minutes, about 11 minutes, about 13 minutes, about 15
minutes, about 20 minutes, about 25 minutes, or about 30
minutes.

[0097] Optionally, in some embodiments, the mixing of
the binder solution, the first solvent, the conductive additive,
and the RGO dispersion is performed by a second mechani-
cal mixer.

[0098] Optionally, in some embodiments, the mixing of
the binder and the first solvent is performed by a first
mechanical mixer.

[0099] Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a stirring
speed of about 15 rpm to about 125 rpm. Optionally, in some
embodiments, the second mechanical mixer mixes the gra-
phene solution at a stirring speed of at least about 15 rpm.
Optionally, in some embodiments, the second mechanical
mixer mixes the graphene solution at a stirring speed of at
most about 125 rpm. Optionally, in some embodiments, the
second mechanical mixer mixes the graphene solution at a
stirring speed of about 15 rpm to about 20 rpm, about 15 rpm
to about 25 rpm, about 15 rpm to about 30 rpm, about 15 rpm
to about 40 rpm, about 15 rpm to about 50 rpm, about 15 rpm
to about 75 rpm, about 15 rpm to about 100 rpm, about 15
rpm to about 125 rpm, about 20 rpm to about 25 rpm, about
20 rpm to about 30 rpm, about 20 rpm to about 40 rpm, about
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20 rpm to about 50 rpm, about 20 rpm to about 75 rpm, about
20 rpm to about 100 rpm, about 20 rpm to about 125 rpm,
about 25 rpm to about 30 rpm, about 25 rpm to about 40 rpm,
about 25 rpm to about 50 rpm, about 25 rpm to about 75 rpm,
about 25 rpm to about 100 rpm, about 25 rpm to about 125
rpm, about 30 rpm to about 40 rpm, about 30 rpm to about
50 rpm, about 30 rpm to about 75 rpm, about 30 rpm to about
100 rpm, about 30 rpm to about 125 rpm, about 40 rpm to
about 50 rpm, about 40 rpm to about 75 rpm, about 40 rpm
to about 100 rpm, about 40 rpm to about 125 rpm, about 50
rpm to about 75 rpm, about 50 rpm to about 100 rpm, about
50 rpm to about 125 rpm, about 75 rpm to about 100 rpm,
about 75 rpm to about 125 rpm, or about 100 rpm to about
125 rpm. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a stirring
speed of about 15 rpm, about 20 rpm, about 25 rpm, about
30 rpm, about 40 rpm, about 50 rpm, about 75 rpm, about
100 rpm, or about 125 rpm. Optionally, in some embodi-
ments, the second mechanical mixer mixes the graphene
solution at a stirring speed of at least about 15 rpm, about 20
rpm, about 25 rpm, about 30 rpm, about 40 rpm, about 50
rpm, about 75 rpm, about 100 rpm, or about 125 rpm.
Optionally, in some embodiments, the second mechanical
mixer mixes the graphene solution at a stirring speed of no
more than about 15 rpm, about 20 rpm, about 25 rpm, about
30 rpm, about 40 rpm, about 50 rpm, about 75 rpm, about
100 rpm, or about 125 rpm.

[0100] Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a dispers-
ing speed of about 50 rpm to about 4,500 rpm. Optionally,
in some embodiments, the second mechanical mixer mixes
the graphene solution at a dispersing speed of at least about
50 rpm. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a dispers-
ing speed of at most about 4,500 rpm. Optionally, in some
embodiments, the second mechanical mixer mixes the gra-
phene solution at a dispersing speed of about 50 rpm to
about 100 rpm, about 50 rpm to about 200 rpm, about 50 rpm
to about 500 rpm, about 50 rpm to about 1,000 rpm, about
50 rpm to about 1,500 rpm, about 50 rpm to about 2,000
rpm, about 50 rpm to about 2,500 rpm, about 50 rpm to
about 3,000 rpm, about 50 rpm to about 3,500 rpm, about 50
rpm to about 4,000 rpm, about 50 rpm to about 4,500 rpm,
about 100 rpm to about 200 rpm, about 100 rpm to about 500
rpm, about 100 rpm to about 1,000 rpm, about 100 rpm to
about 1,500 rpm, about 100 rpm to about 2,000 rpm, about
100 rpm to about 2,500 rpm, about 100 rpm to about 3,000
rpm, about 100 rpm to about 3,500 rpm, about 100 rpm to
about 4,000 rpm, about 100 rpm to about 4,500 rpm, about
200 rpm to about 500 rpm, about 200 rpm to about 1,000
rpm, about 200 rpm to about 1,500 rpm, about 200 rpm to
about 2,000 rpm, about 200 rpm to about 2,500 rpm, about
200 rpm to about 3,000 rpm, about 200 rpm to about 3,500
rpm, about 200 rpm to about 4,000 rpm, about 200 rpm to
about 4,500 rpm, about 500 rpm to about 1,000 rpm, about
500 rpm to about 1,500 rpm, about 500 rpm to about 2,000
rpm, about 500 rpm to about 2,500 rpm, about 500 rpm to
about 3,000 rpm, about 500 rpm to about 3,500 rpm, about
500 rpm to about 4,000 rpm, about 500 rpm to about 4,500
rpm, about 1,000 rpm to about 1,500 rpm, about 1,000 rpm
to about 2,000 rpm, about 1,000 rpm to about 2,500 rpm,
about 1,000 rpm to about 3,000 rpm, about 1,000 rpm to
about 3,500 rpm, about 1,000 rpm to about 4,000 rpm, about
1,000 rpm to about 4,500 rpm, about 1,500 rpm to about
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2,000 rpm, about 1,500 rpm to about 2,500 rpm, about 1,500
rpm to about 3,000 rpm, about 1,500 rpm to about 3,500
rpm, about 1,500 rpm to about 4,000 rpm, about 1,500 rpm
to about 4,500 rpm, about 2,000 rpm to about 2,500 rpm,
about 2,000 rpm to about 3,000 rpm, about 2,000 rpm to
about 3,500 rpm, about 2,000 rpm to about 4,000 rpm, about
2,000 rpm to about 4,500 rpm, about 2,500 rpm to about
3,000 rpm, about 2,500 rpm to about 3,500 rpm, about 2,500
rpm to about 4,000 rpm, about 2,500 rpm to about 4,500
rpm, about 3,000 rpm to about 3,500 rpm, about 3,000 rpm
to about 4,000 rpm, about 3,000 rpm to about 4,500 rpm,
about 3,500 rpm to about 4,000 rpm, about 3,500 rpm to
about 4,500 rpm, or about 4,000 rpm to about 4,500 rpm.
Optionally, in some embodiments, the second mechanical
mixer mixes the graphene solution at a dispersing speed of
about 50 rpm, about 100 rpm, about 200 rpm, about 500
rpm, about 1,000 rpm, about 1,500 rpm, about 2,000 rpm,
about 2,500 rpm, about 3,000 rpm, about 3,500 rpm, about
4,000 rpm, about 4,500 rpm, about 100 rpm to about 200
rpm, about 100 rpm to about 500 rpm, about 100 rpm to
about 1,000 rpm, about 100 rpm to about 1,500 rpm, about
100 rpm to about 2,000 rpm, about 100 rpm to about 2,500
rpm, about 100 rpm to about 3,000 rpm, about 100 rpm to
about 3,500 rpm, about 100 rpm to about 4,000 rpm, about
100 rpm to about 4,500 rpm. Optionally, in some embodi-
ments, the second mechanical mixer mixes the graphene
solution at a dispersing speed of at least about 50 rpm, about
100 rpm, about 200 rpm, about 500 rpm, about 1,000 rpm,
about 1,500 rpm, about 2,000 rpm, about 2,500 rpm, about
3,000 rpm, about 3,500 rpm, about 4,000 rpm, or about
4,500 rpm. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a dispers-
ing speed of no more than about 50 rpm, about 100 rpm,
about 200 rpm, about 500 rpm, about 1,000 rpm, about 1,500
rpm, about 2,000 rpm, about 2,500 rpm, about 3,000 rpm,
about 3,500 rpm, about 4,000 rpm, or about 4,500 rpm.

[0101] Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution under a
vacuum degree, and wherein the vacuum degree is equal to
the ambient pressure.

[0102] Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution under a
vacuum degree, and wherein the vacuum degree is about
-0.05 MPa to about —-0.2 MPa. Optionally, in some embodi-
ments, the second mechanical mixer mixes the graphene
solution under a vacuum degree, and wherein the vacuum
degree is at least about —0.05 MPa. Optionally, in some
embodiments, the second mechanical mixer mixes the gra-
phene solution under a vacuum degree, and wherein the
vacuum degree is at most about -0.2 MPa. Optionally, in
some embodiments, the second mechanical mixer mixes the
graphene solution under a vacuum degree, and wherein the
vacuum degree is about —0.05 MPa to about -0.0625 MPa,
about —0.05 MPa to about -0.0875 MPa, about -0.05 MPa
to about —0.1 MPa, about —0.05 MPa to about -0.1125 MPa,
about —0.05 MPa to about —0.125 MPa, about —0.05 MPa to
about —0.1375 MPa, about —0.05 MPa to about —0.15 MPa,
about —0.05 MPa to about -0.1625 MPa, about -0.05 MPa
to about —0.1875 MPa, about —0.05 MPa to about -0.2 MPa,
about —0.0625 MPa to about —0.0875 MPa, about —-0.0625
MPa to about —-0.1 MPa, about -0.0625 MPa to about
—0.1125 MPa, about -0.0625 MPa to about -0.125 MPa,
about —0.0625 MPa to about —0.1375 MPa, about —-0.0625
MPa to about -0.15 MPa, about -0.0625 MPa to about
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-0.1625 MPa, about -0.0625 MPa to about -0.1875 MPa,
about —0.0625 MPa to about —0.2 MPa, about —0.0875 MPa
to about —-0.1 MPa, about —0.0875 MPa to about -0.1125
MPa, about -0.0875 MPa to about -0.125 MPa, about
—-0.0875 MPa to about —0.1375 MPa, about —0.0875 MPa to
about -0.15 MPa, about -0.0875 MPa to about -0.1625
MPa, about —-0.0875 MPa to about -0.1875 MPa, about
—-0.0875 MPa to about —0.2 MPa, about —0.1 MPa to about
—-0.1125 MPa, about -0.1 MPa to about —0.125 MPa, about
—-0.1 MPa to about —0.1375 MPa, about —0.1 MPa to about
—-0.15 MPa, about -0.1 MPa to about -0.1625 MPa, about
—-0.1 MPa to about —0.1875 MPa, about —0.1 MPa to about
—-0.2 MPa, about -0.1125 MPa to about —0.125 MPa, about
—-0.1125 MPa to about —0.1375 MPa, about -0.1125 MPa to
about -0.15 MPa, about -0.1125 MPa to about -0.1625
MPa, about -0.1125 MPa to about -0.1875 MPa, about
—-0.1125 MPa to about —0.2 MPa, about —0.125 MPa to about
—-0.1375 MPa, about -0.125 MPa to about —=0.15 MPa, about
—-0.125 MPa to about -0.1625 MPa, about -0.125 MPa to
about —0.1875 MPa, about —0.125 MPa to about -0.2 MPa,
about -0.1375 MPa to about -0.15 MPa, about -0.1375
MPa to about -0.1625 MPa, about -0.1375 MPa to about
—-0.1875 MPa, about —0.1375 MPa to about —0.2 MPa, about
—-0.15 MPa to about -0.1625 MPa, about -0.15 MPa to
about —-0.1875 MPa, about -0.15 MPa to about —0.2 MPa,
about —-0.1625 MPa to about —0.1875 MPa, about -0.1625
MPa to about —0.2 MPa, or about -0.1875 MPa to about
-0.2 MPa. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution under a
vacuum degree, and wherein the vacuum degree is about
—-0.05 MPa, about -0.0625 MPa, about —0.0875 MPa, about
—-0.1 MPa, about —-0.1125 MPa, about -0.125 MPa, about
—-0.1375 MPa, about —0.15 MPa, about —0.1625 MPa, about
-0.1875 MPa, or about —-0.2 MPa. Optionally, in some
embodiments, the second mechanical mixer mixes the gra-
phene solution under a vacuum degree, and wherein the
vacuum degree is at least about -0.05 MPa, about -0.0625
MPa, about —0.0875 MPa, about -0.1 MPa, about -0.1125
MPa, about -0.125 MPa, about -0.1375 MPa, about -0.15
MPa, about -0.1625 MPa, about -0.1875 MPa, or about
-0.2 MPa. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution under a
vacuum degree, and wherein the vacuum degree is no more
than about —0.05 MPa, about —-0.0625 MPa, about -0.0875
MPa, about -0.1 MPa, about —0.1125 MPa, about -0.125
MPa, about —0.1375 MPa, about —0.15 MPa, about -0.1625
MPa, about —-0.1875 MPa, or about -0.2 MPa.

[0103] Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution during one or
more intervals, wherein each interval comprises a period of
time of about 0.5 minute to about 30 minutes. Optionally, in
some embodiments, the second mechanical mixer mixes the
graphene solution during one or more intervals, wherein
each interval comprises a period of time of at least about 0.5
minute. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution during one or
more intervals, wherein each interval comprises a period of
time of at most about 30 minutes. Optionally, in some
embodiments, the second mechanical mixer mixes the gra-
phene solution during one or more intervals, wherein each
interval comprises a period of time of about 0.5 minute to
about 1 minute, about 0.5 minute to about 2 minutes, about
0.5 minute to about 3 minutes, about 0.5 minute to about 4
minutes, about 0.5 minute to about 5 minutes, about 0.5

Oct. 25, 2018

minute to about 10 minutes, about 0.5 minute to about 15
minutes, about 0.5 minute to about 20 minutes, about 0.5
minute to about 25 minutes, about 0.5 minute to about 30
minutes, about 1 minute to about 2 minutes, about 1 minute
to about 3 minutes, about 1 minute to about 4 minutes, about
1 minute to about 5 minutes, about 1 minute to about 10
minutes, about 1 minute to about 15 minutes, about 1 minute
to about 20 minutes, about 1 minute to about 25 minutes,
about 1 minute to about 30 minutes, about 2 minutes to about
3 minutes, about 2 minutes to about 4 minutes, about 2
minutes to about 5 minutes, about 2 minutes to about 10
minutes, about 2 minutes to about 15 minutes, about 2
minutes to about 20 minutes, about 2 minutes to about 25
minutes, about 2 minutes to about 30 minutes, about 3
minutes to about 4 minutes, about 3 minutes to about 5
minutes, about 3 minutes to about 10 minutes, about 3
minutes to about 15 minutes, about 3 minutes to about 20
minutes, about 3 minutes to about 25 minutes, about 3
minutes to about 30 minutes, about 4 minutes to about 5
minutes, about 4 minutes to about 10 minutes, about 4
minutes to about 15 minutes, about 4 minutes to about 20
minutes, about 4 minutes to about 25 minutes, about 4
minutes to about 30 minutes, about 5 minutes to about 10
minutes, about 5 minutes to about 15 minutes, about 5
minutes to about 20 minutes, about 5 minutes to about 25
minutes, about 5 minutes to about 30 minutes, about 10
minutes to about 15 minutes, about 10 minutes to about 20
minutes, about 10 minutes to about 25 minutes, about 10
minutes to about 30 minutes, about 15 minutes to about 20
minutes, about 15 minutes to about 25 minutes, about 15
minutes to about 30 minutes, about 20 minutes to about 25
minutes, about 20 minutes to about 30 minutes, or about 25
minutes to about 30 minutes. Optionally, in some embodi-
ments, the second mechanical mixer mixes the graphene
solution during one or more intervals, wherein each interval
comprises a period of time of about 0.5 minute, about 1
minute, about 2 minutes, about 3 minutes, about 4 minutes,
about 5 minutes, about 10 minutes, about 15 minutes, about
20 minutes, about 25 minutes, or about 30 minutes. Option-
ally, in some embodiments, the second mechanical mixer
mixes the graphene solution during one or more intervals,
wherein each interval comprises a period of time of at least
about 0.5 minute, about 1 minute, about 2 minutes, about 3
minutes, about 4 minutes, about 5 minutes, about 10 min-
utes, about 15 minutes, about 20 minutes, about 25 minutes,
or about 30 minutes. Optionally, in some embodiments, the
second mechanical mixer mixes the graphene solution dur-
ing one or more intervals, wherein each interval comprises
a period of time of no more than about 0.5 minute, about 1
minute, about 2 minutes, about 3 minutes, about 4 minutes,
about 5 minutes, about 10 minutes, about 15 minutes, about
20 minutes, about 25 minutes, or about 30 minutes.

[0104] Optionally, in some embodiments, the number of
intervals is about 1 to about 60. Optionally, in some embodi-
ments, the number of intervals is at least about 1. Optionally,
in some embodiments, the number of intervals is at most
about 60. Optionally, in some embodiments, the number of
intervals is about 1 to about 2, about 1 to about 5, about 1
to about 10, about 1 to about 20, about 1 to about 30, about
1 to about 40, about 1 to about 50, about 1 to about 60, about
2 to about 5, about 2 to about 10, about 2 to about 20, about
2 to about 30, about 2 to about 40, about 2 to about 50, about
2 to about 60, about 5 to about 10, about 5 to about 20, about
5 to about 30, about 5 to about 40, about 5 to about 50, about



US 2018/0305570 Al

5 to about 60, about 10 to about 20, about 10 to about 30,
about 10 to about 40, about 10 to about 50, about 10 to about
60, about 20 to about 30, about 20 to about 40, about 20 to
about 50, about 20 to about 60, about 30 to about 40, about
30 to about 50, about 30 to about 60, about 40 to about 50,
about 40 to about 60, or about 50 to about 60. Optionally, in
some embodiments, the number of intervals is about 1, about
2, about 5, about 10, about 20, about 30, about 40, about 50,
or about 60. Optionally, in some embodiments, the number
of intervals is at least about 1, about 2, about 5, about 10,
about 20, about 30, about 40, about 50, or about 60.
Optionally, in some embodiments, the number of intervals is
no more than about 1, about 2, about 5, about 10, about 20,
about 30, about 40, about 50, or about 60.

[0105] Optionally, in some embodiments, the RGO dis-
persion is added after the first, second, third, fourth, fifth,
sixth, seventh, eighth, ninth, tenth, eleventh, twelfth, thir-
teenth, fourteenth, or the fifteenth interval, or any combina-
tion thereof.

[0106] Optionally, in some embodiments, a period of time
of a first interval is about 5 minutes, and wherein the stirring
speed is about 30 rpm. Optionally, in some embodiments, a
period of time of a second interval is about 5 minutes, and
wherein the stirring speed is about 50 rpm. Optionally, in
some embodiments, a period of time of a third interval is
about 5 minutes, wherein the stirring speed is about 75 rpm,
and wherein the dispersing speed is about 100 rpm. Option-
ally, in some embodiments, a period of time of a fourth
interval is about 5 minutes, wherein the stirring speed is
about 75 rpm, and wherein the dispersing speed is about 300
rpm. Optionally, in some embodiments, a period of time of
a fifth interval is about 5 minutes, wherein the stirring speed
is about 75 rpm, and wherein the dispersing speed is about
500 rpm. Optionally, in some embodiments, a period of time
of a sixth interval is about 1 minute, and wherein the stirring
speed is about 30 rpm. Optionally, in some embodiments, a
period of time of a seventh interval is about 1 minute,
wherein the stirring speed is about 100 rpm, and wherein the
dispersing speed is about 50 rpm. Optionally, in some
embodiments, a period of time of an eighth interval is about
5 minutes, wherein the stirring speed is about 75 rpm, and
wherein the dispersing speed is about 500 rpm. Optionally,
in some embodiments, a period of time of a ninth interval is
about 10 minutes, wherein the stirring speed is about 75 rpm,
and wherein the dispersing speed is about 1,000 rpm.
Optionally, in some embodiments, a period of time of a tenth
interval is about 5 minutes, wherein the stirring speed is
about 75 rpm, and wherein the dispersing speed is about
3,000 rpm. Optionally, in some embodiments, a period of
time of an eleventh interval is about 5 minutes, wherein the
stirring speed is about 30 rpm, and wherein the dispersing
speed is about 100 rpm. Optionally, in some embodiments,
a period of time of a twelfth interval is about 5 minutes,
wherein the stirring speed is about 50 rpm, and wherein the
dispersing speed is about 500 rpm. Optionally, in some
embodiments, a period of time of a thirteenth interval is
about 5 minutes, wherein the stirring speed is about 750 rpm,
and wherein the dispersing speed is about 1,000 rpm.
Optionally, in some embodiments, a period of time of a
fourteenth interval is about 5 minutes, wherein the stirring
speed is about 750 rpm, and wherein the dispersing speed is
about 3,000 rpm. Optionally, in some embodiments, a period
of time of a fifteenth interval is about 30 minutes, wherein
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the stirring speed is about 750 rpm, and wherein the dis-
persing speed is about 3,000 rpm.

[0107] Optionally, in some embodiments, the binder and
the first solvent are cooled to a temperature of about 10° C.
to about 40° C. Optionally, in some embodiments, the binder
and the first solvent are cooled to a temperature of at least
about 10° C. Optionally, in some embodiments, the binder
and the first solvent are cooled to a temperature of at most
about 40° C. Optionally, in some embodiments, the binder
and the first solvent are cooled to a temperature of about 10°
. to about 15° C., about 10° C. to about 20° C., about 10°
. to about 25° C., about 10° C. to about 30° C., about 10°
. to about 35° C., about 10° C. to about 40° C., about 15°
to about 20° C., about 15° C. to about 25° C., about 15°
to about 30° C., about 15° C. to about 35° C., about 15°
to about 40° C., about 20° C. to about 25° C., about 20°
. to about 30° C., about 20° C. to about 35° C., about 20°
. to about 40° C., about 25° C. to about 30° C., about 25°
. to about 35° C., about 25° C. to about 40° C., about 30°
C. to about 35° C., about 30° C. to about 40° C., or about 35°
C. to about 40° C. Optionally, in some embodiments, the
binder and the first solvent are cooled to a temperature of
about 10° C., about 15° C., about 20° C., about 25° C., about
30° C., about 35° C., or about 40° C. Optionally, in some
embodiments, the binder and the first solvent are cooled to
a temperature of at least about 10° C., about 15° C., about
20° C., about 25° C., about 30° C., about 35° C., or about 40°
C. Optionally, in some embodiments, the binder and the first
solvent are cooled to a temperature of no more than about
10° C., about 15° C., about 20° C., about 25° C., about 30°
C., about 35° C., or about 40° C.

[0108] Optionally, in some embodiments, the viscosity of
the conductive graphene ink is about 10 centipoise to about
10,000 centipoise. Optionally, in some embodiments, the
viscosity of the conductive graphene ink is at least about 10
centipoise. Optionally, in some embodiments, the viscosity
of the conductive graphene ink is at most about 10,000
centipoise. Optionally, in some embodiments, the viscosity
of the conductive graphene ink is about 10 centipoise to
about 20 centipoise, about 10 centipoise to about 50 centi-
poise, about 10 centipoise to about 100 centipoise, about 10
centipoise to about 200 centipoise, about 10 centipoise to
about 500 centipoise, about 10 centipoise to about 1,000
centipoise, about 10 centipoise to about 2,000 centipoise,
about 10 centipoise to about 5,000 centipoise, about 10
centipoise to about 10,000 centipoise, about 20 centipoise to
about 50 centipoise, about 20 centipoise to about 100
centipoise, about 20 centipoise to about 200 centipoise,
about 20 centipoise to about 500 centipoise, about 20
centipoise to about 1,000 centipoise, about 20 centipoise to
about 2,000 centipoise, about 20 centipoise to about 5,000
centipoise, about 20 centipoise to about 10,000 centipoise,
about 50 centipoise to about 100 centipoise, about 50
centipoise to about 200 centipoise, about 50 centipoise to
about 500 centipoise, about 50 centipoise to about 1,000
centipoise, about 50 centipoise to about 2,000 centipoise,
about 50 centipoise to about 5,000 centipoise, about 50
centipoise to about 10,000 centipoise, about 100 centipoise
to about 200 centipoise, about 100 centipoise to about 500
centipoise, about 100 centipoise to about 1,000 centipoise,
about 100 centipoise to about 2,000 centipoise, about 100
centipoise to about 5,000 centipoise, about 100 centipoise to
about 10,000 centipoise, about 200 centipoise to about 500
centipoise, about 200 centipoise to about 1,000 centipoise,
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about 200 centipoise to about 2,000 centipoise, about 200
centipoise to about 5,000 centipoise, about 200 centipoise to
about 10,000 centipoise, about 500 centipoise to about 1,000
centipoise, about 500 centipoise to about 2,000 centipoise,
about 500 centipoise to about 5,000 centipoise, about 500
centipoise to about 10,000 centipoise, about 1,000 centi-
poise to about 2,000 centipoise, about 1,000 centipoise to
about 5,000 centipoise, about 1,000 centipoise to about
10,000 centipoise, about 2,000 centipoise to about 5,000
centipoise, about 2,000 centipoise to about 10,000 centi-
poise, or about 5,000 centipoise to about 10,000 centipoise.
Optionally, in some embodiments, the viscosity of the
conductive graphene ink is about 10 centipoise, about 20
centipoise, about 50 centipoise, about 100 centipoise, about
200 centipoise, about 500 centipoise, about 1,000 centi-
poise, about 2,000 centipoise, about 5,000 centipoise, or
about 10,000 centipoise. Optionally, in some embodiments,
the viscosity of the conductive graphene ink is at least about
10 centipoise, about 20 centipoise, about 50 centipoise,
about 100 centipoise, about 200 centipoise, about 500 cen-
tipoise, about 1,000 centipoise, about 2,000 centipoise,
about 5,000 centipoise, or about 10,000 centipoise. Option-
ally, in some embodiments, the viscosity of the conductive
graphene ink is no more than about 10 centipoise, about 20
centipoise, about 50 centipoise, about 100 centipoise, about
200 centipoise, about 500 centipoise, about 1,000 centi-
poise, about 2,000 centipoise, about 5,000 centipoise, or
about 10,000 centipoise.

[0109] Optionally, in some embodiments, the conductive
graphene ink has a viscosity of about 2,300 centipoise to
about 2,400 centipoise. Optionally, in some embodiments,
the conductive graphene ink has a viscosity of at least about
2,300 centipoise. Optionally, in some embodiments, the
conductive graphene ink has a viscosity of at most about
2,400 centipoise. Optionally, in some embodiments, the
conductive graphene ink has a viscosity of about 2,300
centipoise to about 2,310 centipoise, about 2,300 centipoise
to about 2,320 centipoise, about 2,300 centipoise to about
2,330 centipoise, about 2,300 centipoise to about 2,340
centipoise, about 2,300 centipoise to about 2,350 centipoise,
about 2,300 centipoise to about 2,360 centipoise, about
2,300 centipoise to about 2,370 centipoise, about 2,300
centipoise to about 2,380 centipoise, about 2,300 centipoise
to about 2,390 centipoise, about 2,300 centipoise to about
2,400 centipoise, about 2,310 centipoise to about 2,320
centipoise, about 2,310 centipoise to about 2,330 centipoise,
about 2,310 centipoise to about 2,340 centipoise, about
2,310 centipoise to about 2,350 centipoise, about 2,310
centipoise to about 2,360 centipoise, about 2,310 centipoise
to about 2,370 centipoise, about 2,310 centipoise to about
2,380 centipoise, about 2,310 centipoise to about 2,390
centipoise, about 2,310 centipoise to about 2,400 centipoise,
about 2,320 centipoise to about 2,330 centipoise, about
2,320 centipoise to about 2,340 centipoise, about 2,320
centipoise to about 2,350 centipoise, about 2,320 centipoise
to about 2,360 centipoise, about 2,320 centipoise to about
2,370 centipoise, about 2,320 centipoise to about 2,380
centipoise, about 2,320 centipoise to about 2,390 centipoise,
about 2,320 centipoise to about 2,400 centipoise, about
2,330 centipoise to about 2,340 centipoise, about 2,330
centipoise to about 2,350 centipoise, about 2,330 centipoise
to about 2,360 centipoise, about 2,330 centipoise to about
2,370 centipoise, about 2,330 centipoise to about 2,380
centipoise, about 2,330 centipoise to about 2,390 centipoise,
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about 2,330 centipoise to about 2,400 centipoise, about
2,340 centipoise to about 2,350 centipoise, about 2,340
centipoise to about 2,360 centipoise, about 2,340 centipoise
to about 2,370 centipoise, about 2,340 centipoise to about
2,380 centipoise, about 2,340 centipoise to about 2,390
centipoise, about 2,340 centipoise to about 2,400 centipoise,
about 2,350 centipoise to about 2,360 centipoise, about
2,350 centipoise to about 2,370 centipoise, about 2,350
centipoise to about 2,380 centipoise, about 2,350 centipoise
to about 2,390 centipoise, about 2,350 centipoise to about
2,400 centipoise, about 2,360 centipoise to about 2,370
centipoise, about 2,360 centipoise to about 2,380 centipoise,
about 2,360 centipoise to about 2,390 centipoise, about
2,360 centipoise to about 2,400 centipoise, about 2,370
centipoise to about 2,380 centipoise, about 2,370 centipoise
to about 2,390 centipoise, about 2,370 centipoise to about
2,400 centipoise, about 2,380 centipoise to about 2,390
centipoise, about 2,380 centipoise to about 2,400 centipoise,
or about 2,390 centipoise to about 2,400 centipoise. Option-
ally, in some embodiments, the conductive graphene ink has
aviscosity of about 2,300 centipoise, about 2,310 centipoise,
about 2,320 centipoise, about 2,330 centipoise, about 2,340
centipoise, about 2,350 centipoise, about 2,360 centipoise,
about 2,370 centipoise, about 2,380 centipoise, about 2,390
centipoise, or about 2,400 centipoise.

[0110] Optionally, in some embodiments, the solid matter
content of the conductive graphene ink is about 2.5% to
about 10.5%. Optionally, in some embodiments, the solid
matter content of the conductive graphene ink is at least
about 2.5%. Optionally, in some embodiments, the solid
matter content of the conductive graphene ink is at most
about 10.5%. Optionally, in some embodiments, the solid
matter content of the conductive graphene ink is about 2.5%
to about 3.5%, about 2.5% to about 4.5%, about 2.5% to
about 5.5%, about 2.5% to about 6.5%, about 2.5% to about
7.5%, about 2.5% to about 8.5%, about 2.5% to about 9.5%,
about 2.5% to about 10.5%, about 3.5% to about 4.5%, about
3.5% to about 5.5%, about 3.5% to about 6.5%, about 3.5%
to about 7.5%, about 3.5% to about 8.5%, about 3.5% to
about 9.5%, about 3.5% to about 10.5%, about 4.5% to about
5.5%, about 4.5% to about 6.5%, about 4.5% to about 7.5%,
about 4.5% to about 8.5%, about 4.5% to about 9.5%, about
4.5% to about 10.5%, about 5.5% to about 6.5%, about 5.5%
to about 7.5%, about 5.5% to about 8.5%, about 5.5% to
about 9.5%, about 5.5% to about 10.5%, about 6.5% to about
7.5%, about 6.5% to about 8.5%, about 6.5% to about 9.5%,
about 6.5% to about 10.5%, about 7.5% to about 8.5%, about
7.5% to about 9.5%, about 7.5% to about 10.5%, about 8.5%
to about 9.5%, about 8.5% to about 10.5%, or about 9.5% to
about 10.5%. Optionally, in some embodiments, the solid
matter content of the conductive graphene ink is about 2.5%,
about 3.5%, about 4.5%, about 5.5%, about 6.5%, about
7.5%., about 8.5%, about 9.5%, or about 10.5%. Optionally,
in some embodiments, the solid matter content of the
conductive graphene ink is at least about 2.5%, about 3.5%,
about 4.5%, about 5.5%, about 6.5%, about 7.5%, about
8.5%, about 9.5%, or about 10.5%. Optionally, in some
embodiments, the solid matter content of the conductive
graphene ink is no more than about 2.5%, about 3.5%, about
4.5%, about 5.5%, about 6.5%, about 7.5%, about 8.5%,
about 9.5%, or about 10.5%.

[0111] Optionally, in some embodiments, the density of
the conductive graphene ink at a temperature of about 20° C.
is about 2.5 g/cm? to about 10.5 g/cm®. Optionally, in some
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embodiments, the density of the conductive graphene ink at
a temperature of about 20° C. is at least about 2.5 g/cm®.
Optionally, in some embodiments, the density of the con-
ductive graphene ink at a temperature of about 20° C. is at
most about 10.5 g/cm®. Optionally, in some embodiments,
the density of the conductive graphene ink at a temperature
of about 20° C. is about 2.5 g/cm? to about 3.5 g/cm?, about
2.5 g/cm® to about 4.5 g/cm®, about 2.5 g/cm’ to about 5.5
g/em?, about 2.5 g/cm® to about 6.5 g/cm?, about 2.5 g/cm®
to about 7.5 g/em®, about 2.5 g/cm® to about 8.5 g/cm’,
about 2.5 g/cm? to about 9.5 g/em?, about 2.5 g/cm? to about
10.5 g/em?®, about 3.5 g/cm® to about 4.5 g/cm?, about 3.5
g/cm® to about 5.5 g/cm®, about 3.5 g/cm® to about 6.5
g/em?, about 3.5 g/cm? to about 7.5 g/cm?, about 3.5 g/cm®
to about 8.5 g/em®, about 3.5 g/cm® to about 9.5 g/cm®,
about 3.5 g/em® to about 10.5 g/cm?®, about 4.5 g/cm? to
about 5.5 g/cm?, about 4.5 g/cm® to about 6.5 g/cm®, about
4.5 g/cm® to about 7.5 g/cm®, about 4.5 g/cm’ to about 8.5
g/em?, about 4.5 g/cm® to about 9.5 g/cm?, about 4.5 g/cm®
to about 10.5 g/cm?, about 5.5 g/cm® to about 6.5 g/cm®,
about 5.5 g/cm? to about 7.5 g/em?, about 5.5 g/cm? to about
8.5 g/em’, about 5.5 g/cm® to about 9.5 g/cm®, about 5.5
g/em® to about 10.5 g/cm?®, about 6.5 g/cm® to about 7.5
g/cm’, about 6.5 g/cm’ to about 8.5 g/cm>, about 6.5 g/cm®
to about 9.5 g/cm?, about 6.5 g/cm® to about 10.5 g/cm?,
about 7.5 g/cm?® to about 8.5 g/cm?, about 7.5 g/cm? to about
9.5 g/em?, about 7.5 g/cm® to about 10.5 g/cm?®, about 8.5
g/em® to about 9.5 g/em®, about 8.5 g/cm® to about 10.5
g/cm®, or about 9.5 g/cm® to about 10.5 g/cm>. Optionally,
in some embodiments, the density of the conductive gra-
phene ink at a temperature of about 20° C. is at most about
10.5 g/em®. Optionally, in some embodiments, the density of
the conductive graphene ink at a temperature of about 20° C.
is about 2.5 g/cm>, about 3.5 g/cm?, about 4.5 g/cm?®, about
5.5 g/em®, about 6.5 g/cm®, about 7.5 g/cm’, about 8.5
g/cm’, about 9.5 g/cm?, or about 10.5 g/cm>. Optionally, in
some embodiments, the density of the conductive graphene
ink at a temperature of at least about 20° C. is about 2.5
g/cm’, about 3.5 g/cm®, about 4.5 g/em?®, about 5.5 g/cm®,
about 6.5 g/cm?, about 7.5 g/cm?, about 8.5 g/cm?, about 9.5
g/cm®, or about 10.5 g/cm>. Optionally, in some embodi-
ments, the density of the conductive graphene ink at a
temperature of no more than about 20° C. is about 2.5 g/cm?,
about 3.5 g/cm?, about 4.5 g/cm?, about 5.5 g/cm?, about 6.5
g/cm’, about 7.5 g/cm?, about 8.5 g/cm>, about 9.5 g/cm®, or
about 10.5 g/em®.

[0112] Optionally, in some embodiments the conductive
graphene ink has a surface area of about 40 m*/g to about
2,400 m*/g. Optionally, in some embodiments the conduc-
tive graphene ink has a surface area of at least about 40 m*/g.
Optionally, in some embodiments the conductive graphene
ink has a surface area of at most about 2,400 m?/g. Option-
ally, in some embodiments the conductive graphene ink has
a surface area of about 40 m*/g to about 80 m?/g, about 40
m?/g to about 120 m*/g, about 40 m*/g to about 240 m*/g,
about 40 m*/g to about 480 m?/g, about 40 m*/g to about
1,000 m*/g, about 40 m*/g to about 1,400 m*/g, about 40
m?/g to about 1,800 m*/g, about 40 m*/g to about 2,200
m?/g, about 40 m*/g to about 2,400 m*/g, about 80 m*/g to
about 120 m*/g, about 80 m*/g to about 240 m*/g, about 80
m?/g to about 480 m*/g, about 80 m*/g to about 1,000 m*/g,
about 80 m*/g to about 1,400 m*/g, about 80 m*/g to about
1,800 m*/g, about 80 m*/g to about 2,200 m*/g, about 80
m?/g to about 2,400 m*/g, about 120 m*/g to about 240 m*/g,
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about 120 m*/g to about 480 m*/g, about 120 m*/g to about
1,000 m*/g, about 120 m*/g to about 1,400 m?/g, about 120
m?/g to about 1,800 m*/g, about 120 m*/g to about 2,200
m?/g, about 120 m*/g to about 2,400 m*/g, about 240 m*/g
to about 480 m?%/g, about 240 m?*/g to about 1,000 m*/g,
about 240 m*/g to about 1,400 m*/g, about 240 m*/g to about
1,800 m*/g, about 240 m?/g to about 2,200 m?/g, about 240
m?/g to about 2,400 m*/g, about 480 m*/g to about 1,000
m?/g, about 480 m*/g to about 1,400 m*/g, about 480 m*/g
to about 1,800 m*/g, about 480 m*/g to about 2,200 m*/g,
about 480 m*/g to about 2,400 m*/g, about 1,000 m*/g to
about 1,400 m*/g, about 1,000 m*/g to about 1,800 m*/g,
about 1,000 m*/g to about 2,200 m*/g, about 1,000 m*/g to
about 2,400 m*/g, about 1,400 m*/g to about 1,800 m%/g,
about 1,400 m*/g to about 2,200 m*/g, about 1,400 m*/g to
about 2,400 m*/g, about 1,800 m*/g to about 2,200 m*/g,
about 1,800 m*/g to about 2,400 m*/g, or about 2,200 m*/g
to about 2,400 m*/g. Optionally, in some embodiments the
conductive graphene ink has a surface area of about 40 m*/g,
about 80 m*/g, about 120 m*/g, about 240 m*/g, about 480
m?/g, about 1,000 m*/g, about 1,400 m*/g, about 1,800 m*/g,
about 2,200 m*/g, or about 2,400 m*/g. Optionally, in some
embodiments the conductive graphene ink has a surface area
of at least about 40 m*/g, about 80 m?/g, about 120 m*/g,
about 240 m*/g, about 480 m*/g, about 1,000 m*/g, about
1,400 m?/g, about 1,800 m*/g, about 2,200 m?/g, or about
2,400 m*/g. Optionally, in some embodiments the conduc-
tive graphene ink has a surface area of no more than about
40 m?*g, about 80 m*/g, about 120 m?*/g, about 240 m*/g,
about 480 m*/g, about 1,000 m*/g, about 1,400 m*/g, about
1,800 m*/g, about 2,200 m*/g, or about 2,400 m*/g.

[0113] Optionally, in some embodiments the conductive
graphene ink has a conductivity of about 400 S/m to about
1,600 S/m. Optionally, in some embodiments the conductive
graphene ink has a conductivity of at least about 400 S/m.
Optionally, in some embodiments the conductive graphene
ink has a conductivity of at most about 1,600 S/m. Option-
ally, in some embodiments the conductive graphene ink has
a conductivity of about 400 S/m to about 500 S/m, about 400
S/m to about 600 S/m, about 400 S/m to about 700 S/m,
about 400 S/m to about 800 S/m, about 400 S/m to about 900
S/m, about 400 S/m to about 1,000 S/m, about 400 S/m to
about 1,200 S/m, about 400 S/m to about 1,400 S/m, about
400 S/m to about 1,600 S/m, about 500 S/m to about 600
S/m, about 500 S/m to about 700 S/m, about 500 S/m to
about 800 S/m, about 500 S/m to about 900 S/m, about 500
S/m to about 1,000 S/m, about 500 S/m to about 1,200 S/m,
about 500 S/m to about 1,400 S/m, about 500 S/m to about
1,600 S/m, about 600 S/m to about 700 S/m, about 600 S/m
to about 800 S/m, about 600 S/m to about 900 S/m, about
600 S/m to about 1,000 S/m, about 600 S/m to about 1,200
S/m, about 600 S/m to about 1,400 S/m, about 600 S/m to
about 1,600 S/m, about 700 S/m to about 800 S/m, about 700
S/m to about 900 S/m, about 700 S/m to about 1,000 S/m,
about 700 S/m to about 1,200 S/m, about 700 S/m to about
1,400 S/m, about 700 S/m to about 1,600 S/m, about 800
S/m to about 900 S/m, about 800 S/m to about 1,000 S/m,
about 800 S/m to about 1,200 S/m, about 800 S/m to about
1,400 S/m, about 800 S/m to about 1,600 S/m, about 900
S/m to about 1,000 S/m, about 900 S/m to about 1,200 S/m,
about 900 S/m to about 1,400 S/m, about 900 S/m to about
1,600 S/m, about 1,000 S/m to about 1,200 S/m, about 1,000
S/m to about 1,400 S/m, about 1,000 S/m to about 1,600
S/m, about 1,200 S/m to about 1,400 S/m, about 1,200 S/m



US 2018/0305570 Al

to about 1,600 S/m, or about 1,400 S/m to about 1,600 S/m.
Optionally, in some embodiments the conductive graphene
ink has a conductivity of about 400 S/m, about 500 S/m,
about 600 S/m, about 700 S/m, about 800 S/m, about 900
S/m, about 1,000 S/m, about 1,200 S/m, about 1,400 S/m, or
about 1,600 S/m. Optionally, in some embodiments the
conductive graphene ink has a conductivity of at least about
400 S/m, about 500 S/m, about 600 S/m, about 700 S/m,
about 800 S/m, about 900 S/m, about 1,000 S/m, about 1,200
S/m, about 1,400 S/m, or about 1,600 S/m. Optionally, in
some embodiments the conductive graphene ink has a
conductivity of no more than about 400 S/m, about 500 S/m,
about 600 S/m, about 700 S/m, about 800 S/m, about 900
S/m, about 1,000 S/m, about 1,200 S/m, about 1,400 S/m, or
about 1,600 S/m.

[0114] Optionally, in some embodiments the conductive
graphene ink has a C:O mass ratio of about 2:1 to about 40:1.
Optionally, in some embodiments the conductive graphene
ink has a C:O mass ratio of at least about 2:1. Optionally, in
some embodiments the conductive graphene ink has a C:O
mass ratio of at most about 40:1. Optionally, in some
embodiments the conductive graphene ink has a C:O mass
ratio of about 2:1 to about 4:1, about 2:1 to about 6:1, about
2:1 to about 8:1, about 2:1 to about 10:1, about 2:1 to about
15:1, about 2:1 to about 20:1, about 2:1 to about 25:1, about
2:1 to about 30:1, about 2:1 to about 34:1, about 2:1 to about
40:1, about 4:1 to about 6:1, about 4:1 to about 8:1, about 4:1
to about 10:1, about 4:1 to about 15:1, about 4:1 to about
20:1, about 4:1 to about 25:1, about 4:1 to about 30:1, about
4:1 to about 34:1, about 4:1 to about 40:1, about 6:1 to about
8:1, about 6:1 to about 10:1, about 6:1 to about 15:1, about
6:1 to about 20:1, about 6:1 to about 25:1, about 6:1 to about
30:1, about 6:1 to about 34:1, about 6:1 to about 40:1, about
8:1 to about 10:1, about 8:1 to about 15:1, about 8:1 to about
20:1, about 8:1 to about 25:1, about 8:1 to about 30:1, about
8:1 to about 34:1, about 8:1 to about 40:1, about 10:1 to
about 15:1, about 10:1 to about 20:1, about 10:1 to about
25:1, about 10:1 to about 30:1, about 10:1 to about 34:1,
about 10:1 to about 40:1, about 15:1 to about 20:1, about
15:1 to about 25:1, about 15:1 to about 30:1, about 15:1 to
about 34:1, about 15:1 to about 40:1, about 20:1 to about
25:1, about 20:1 to about 30:1, about 20:1 to about 34:1,
about 20:1 to about 40:1, about 25:1 to about 30:1, about
25:1 to about 34:1, about 25:1 to about 40:1, about 30:1 to
about 34:1, about 30:1 to about 40:1, or about 34:1 to about
40:1. Optionally, in some embodiments the conductive gra-
phene ink has a C:O mass ratio of about 2:1, about 4:1, about
6:1, about 8:1, about 10:1, about 15:1, about 20:1, about
25:1, about 30:1, about 34:1, or about 40:1. Optionally, in
some embodiments, one of the conductivity, the surface
area, and the C:O ratio of the conductive graphene ink is
measured by methylene blue absorption. Optionally, in some
embodiments the conductive graphene ink has a C:O mass
ratio of at least about 2:1, about 4:1, about 6:1, about 8:1,
about 10:1, about 15:1, about 20:1, about 25:1, about 30:1,
about 34:1, or about 40:1. Optionally, in some embodiments
the conductive graphene ink has a C:O mass ratio of no more
than about 2:1, about 4:1, about 6:1, about 8:1, about 10:1,
about 15:1, about 20:1, about 25:1, about 30:1, about 34:1,
or about 40:1.

[0115] Optionally, in some embodiments, one of the con-
ductivity, the surface area, and the C:O ratio, of the con-
ductive graphene ink is measured by methylene blue absorp-
tion.
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[0116] Optionally, in some embodiments, the conductive
graphene ink is a conductive graphene hydrate.

[0117] Another aspect provided herein is a method of
forming a graphene film comprising, forming a conductive
graphene ink; coating a substrate with the conductive gra-
phene ink to form a coating of the conductive graphene ink
on the substrate.

[0118] Optionally, in some embodiments, the thickness of
the coating of the conductive graphene ink is about 0.05
micrometer to about 200 micrometers. Optionally, in some
embodiments, the thickness of the coating of the conductive
graphene ink is at least about 0.05 micrometers. Optionally,
in some embodiments, the thickness of the coating of the
conductive graphene ink is at most about 200 micrometers.
Optionally, in some embodiments, the thickness of the
coating of the conductive graphene ink is about 0.05
micrometers to about 0.1 micrometer, about 0.05 microm-
eter to about 0.5 micrometer, about 0.05 micrometer to about
1 micrometer, about 0.05 micrometer to about 10 microm-
eters, about 0.05 micrometer to about 50 micrometers, about
0.05 micrometer to about 100 micrometers, about 0.05
micrometer to about 150 micrometers, about 0.05 microm-
eter to about 200 micrometers, about 0.1 micrometer to
about 0.5 micrometer, about 0.1 micrometer to about 1
micrometer, about 0.1 micrometer to about 10 micrometers,
about 0.1 micrometer to about 50 micrometers, about 0.1
micrometer to about 100 micrometers, about 0.1 micrometer
to about 150 micrometers, about 0.1 micrometer to about
200 micrometers, about 0.5 micrometer to about 1 microm-
eter, about 0.5 micrometer to about 10 micrometers, about
0.5 micrometer to about 50 micrometers, about 0.5 microm-
eter to about 100 micrometers, about 0.5 micrometer to
about 150 micrometers, about 0.5 micrometer to about 200
micrometers, about 1 micrometer to about 10 micrometers,
about 1 micrometer to about 50 micrometers, about 1
micrometer to about 100 micrometers, about 1 micrometer
to about 150 micrometers, about 1 micrometer to about 200
micrometers, about 10 micrometers to about 50 microm-
eters, about 10 micrometers to about 100 micrometers, about
10 micrometers to about 150 micrometers, about 10
micrometers to about 200 micrometers, about 50 microm-
eters to about 100 micrometers, about 50 micrometers to
about 150 micrometers, about 50 micrometers to about 200
micrometers, about 100 micrometers to about 150 microm-
eters, about 100 micrometers to about 200 micrometers, or
about 150 micrometers to about 200 micrometers. Option-
ally, in some embodiments, the thickness of the coating of
the conductive graphene ink is about 0.05 micrometer, about
0.1 micrometer, about 0.5 micrometer, about 1 micrometer,
about 10 micrometers, about 50 micrometers, about 100
micrometers, about 150 micrometers, or about 200 microm-
eters. Optionally, in some embodiments, the thickness of the
coating of the conductive graphene ink is at least about 0.05
micrometer, about 0.1 micrometer, about 0.5 micrometer,
about 1 micrometer, about 10 micrometers, about 50
micrometers, about 100 micrometers, about 150 microm-
eters, or about 200 micrometers. Optionally, in some
embodiments, the thickness of the coating of the conductive
graphene ink is no more than about 0.05 micrometer, about
0.1 micrometer, about 0.5 micrometer, about 1 micrometer,
about 10 micrometers, about 50 micrometers, about 100
micrometers, about 150 micrometers, or about 200 microm-
eters.
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[0119] Optionally, in some embodiments, the substrate
comprises metal, plastic, paper, wood, silicon, metal, glass,
fiberglass, carbon fiber, ceramics, fabric, or any combination
thereof.

[0120] Optionally, in some embodiments, the coating of
the substrate with a conductive graphene ink is performed by
hand. Optionally, in some embodiments, the coating of the
substrate with a conductive graphene ink is performed with
a brush. Optionally, in some embodiments, the coating of the
substrate with a conductive graphene ink is performed by a
doctor blade. Optionally, in some embodiments, the coating
of the substrate with a conductive graphene ink is performed
by a screen printer. Optionally, in some embodiments, the
coating of the substrate with a conductive graphene ink is
performed by a roll-to-roll process.

[0121] Optionally, in some embodiments, the process of
forming a conductive graphene ink comprises: forming a
binder solution comprising: heating a first solvent, adding a
binder to the first solvent, mixing the binder and the first
solvent, and cooling the binder and the first solvent; forming
a RGO dispersion comprising a second solvent and RGO;
and forming a graphene solution comprising the binder
solution, the reduced graphene dispersion a third solvent, a
conductive additive, a surfactant, a defoamer; and mixing
the graphene solution to form a conductive graphene ink.
[0122] Optionally, in some embodiments, at least one of
the first solvent, the second solvent, and the third solvent
comprises water and an organic solvent. Optionally, in some
embodiments, the organic solvent comprises ethanol, iso-
propyl alcohol, NMP, cyclohexanone, terpineol, 3-methoxy-
3-methyl-1-butanol,  4-hydroxyl-4-methyl-pentan-2-one,
methyl isobutyl ketone, or any combination thereof. Option-
ally, in some embodiments, at least one of the first solvent,
the second solvent, and the third solvent comprises water,
ethanol, isopropyl alcohol, NMP, cyclohexanone, terpineol,
3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-methyl-pen-
tan-2-one, methyl isobutyl ketone, or any combination
thereof.

[0123] Optionally, in some embodiments, a percentage by
mass of at least one of the first solvent, the second solvent,
and the third solvent in the conductive graphene ink is about
1% to about 99%. Optionally, in some embodiments, a
percentage by mass of at least one of the first solvent, the
second solvent, and the third solvent in the conductive
graphene ink is at least about 1%. Optionally, in some
embodiments, a percentage by mass of at least one of the
first solvent, the second solvent, and the third solvent in the
conductive graphene ink is at most about 99%. Optionally,
in some embodiments, a percentage by mass of at least one
of the first solvent, the second solvent, and the third solvent
in the conductive graphene ink is about 1% to about 2%,
about 1% to about 5%, about 1% to about 10%, about 1% to
about 20%, about 1% to about 30%, about 1% to about 40%,
about 1% to about 50%, about 1% to about 60%, about 1%
to about 70%, about 1% to about 80%, about 1% to about
99%, about 2% to about 5%, about 2% to about 10%, about
2% to about 20%, about 2% to about 30%, about 2% to about
40%, about 2% to about 50%, about 2% to about 60%, about
2% to about 70%, about 2% to about 80%, about 2% to about
99%, about 5% to about 10%, about 5% to about 20%, about
5% to about 30%, about 5% to about 40%, about 5% to about
50%, about 5% to about 60%, about 5% to about 70%, about
5% to about 80%, about 5% to about 99%, about 10% to
about 20%, about 10% to about 30%, about 10% to about
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40%, about 10% to about 50%, about 10% to about 60%,
about 10% to about 70%, about 10% to about 80%, about
10% to about 99%, about 20% to about 30%, about 20% to
about 40%, about 20% to about 50%, about 20% to about
60%, about 20% to about 70%, about 20% to about 80%,
about 20% to about 99%, about 30% to about 40%, about
30% to about 50%, about 30% to about 60%, about 30% to
about 70%, about 30% to about 80%, about 30% to about
99%, about 40% to about 50%, about 40% to about 60%,
about 40% to about 70%, about 40% to about 80%, about
40% to about 99%, about 50% to about 60%, about 50% to
about 70%, about 50% to about 80%, about 50% to about
99%, about 60% to about 70%, about 60% to about 80%,
about 60% to about 99%, about 70% to about 80%, about
70% to about 99%, or about 80% to about 99%. Optionally,
in some embodiments, a percentage by mass of at least one
of the first solvent, the second solvent, and the third solvent
in the conductive graphene ink is about 1%, about 2%, about
5%, about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, or about 99%.
Optionally, in some embodiments, a percentage by mass of
at least one of the first solvent, the second solvent, and the
third solvent in the conductive graphene ink is at least about
1%, about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, or
about 80%. Optionally, in some embodiments, a percentage
by mass of at least one of the first solvent, the second
solvent, and the third solvent in the conductive graphene ink
is at most about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about
80%, or about 99%.

[0124] Optionally, in some embodiments, the binder solu-
tion comprises a binder and a first solvent. Optionally, in
some embodiments, the binder comprises a polymer.
Optionally, in some embodiments, the polymer comprises a
synthetic polymer. Optionally, in some embodiments, the
synthetic polymer comprises carboxymethyl cellulose,
PVDFEF, poly(vinyl alcohol), poly(vinyl pyrrolidone), poly
(ethylene oxide), ethyl cellulose, or any combination
thereof. Optionally, in some embodiments, the binder is a
dispersant.

[0125] Optionally, in some embodiments, the first solvent
comprises water, an organic solvent, or any combination
thereof. Optionally, in some embodiments, the organic sol-
vent comprises: ethanol, isopropyl alcohol, NMP, cyclo-
hexanone, terpineol, 3-methoxy-3-methyl-1-butanol, 4-hy-
droxyl-4-methyl-pentan-2-one, methyl isobutyl ketone, or
any combination thereof.

[0126] Optionally, in some embodiments, a percentage by
mass of the binder solution in the conductive graphene ink
is about 0.5% to about 99%. Optionally, in some embodi-
ments, a percentage by mass of the binder solution in the
conductive graphene ink is at least about 0.5%. Optionally,
in some embodiments, a percentage by mass of the binder
solution in the conductive graphene ink is at most about
99%. Optionally, in some embodiments, a percentage by
mass of the binder solution in the conductive graphene ink
is about 0.5% to about 1%, about 0.5% to about 2%, about
0.5% to about 5%, about 0.5% to about 10%, about 0.5% to
about 20%, about 0.5% to about 30%, about 0.5% to about
40%, about 0.5% to about 50%, about 0.5% to about 70%,
about 0.5% to about 90%, about 0.5% to about 99%, about
1% to about 2%, about 1% to about 5%, about 1% to about
10%, about 1% to about 20%, about 1% to about 30%, about
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1% to about 40%, about 1% to about 50%, about 1% to about
70%, about 1% to about 90%, about 1% to about 99%, about
2% to about 5%, about 2% to about 10%, about 2% to about
20%, about 2% to about 30%, about 2% to about 40%, about
2% to about 50%, about 2% to about 70%, about 2% to about
90%, about 2% to about 99%, about 5% to about 10%, about
5% to about 20%, about 5% to about 30%, about 5% to about
40%, about 5% to about 50%, about 5% to about 70%, about
5% to about 90%, about 5% to about 99%, about 10% to
about 20%, about 10% to about 30%, about 10% to about
40%, about 10% to about 50%, about 10% to about 70%,
about 10% to about 90%, about 10% to about 99%, about
20% to about 30%, about 20% to about 40%, about 20% to
about 50%, about 20% to about 70%, about 20% to about
90%, about 20% to about 99%, about 30% to about 40%,
about 30% to about 50%, about 30% to about 70%, about
30% to about 90%, about 30% to about 99%, about 40% to
about 50%, about 40% to about 70%, about 40% to about
90%, about 40% to about 99%, about 50% to about 70%,
about 50% to about 90%, about 50% to about 99%, about
70% to about 90%, about 70% to about 99%, or about 90%
to about 99%. Optionally, in some embodiments, a percent-
age by mass of the binder solution in the conductive gra-
phene ink is at most about 99%. Optionally, in some
embodiments, a percentage by mass of the binder solution in
the conductive graphene ink is about 0.5%, about 1%, about
2%, about 5%, about 10%, about 20%, about 30%, about
40%, about 50%, about 70%, about 90%, or about 99%.
Optionally, in some embodiments, a percentage by mass of
the binder solution in the conductive graphene ink is at least
about 0.5%, about 1%, about 2%, about 5%, about 10%,
about 20%, about 30%, about 40%, about 50%, about 60%,
about 70%, about 80%, about 90%, about 95%, or about
99%. Alternatively or in combination, in some embodi-
ments, a percentage by mass of the binder solution in the
conductive graphene ink is no more than about 0.5%, about
1%, about 2%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about
80%, about 90%, about 95%, or about 99%.

[0127] Optionally, in some embodiments, a concentration
of the binder solution by mass is about 0.5% to about 2%.
Optionally, in some embodiments, a concentration of the
binder solution by mass is at least about 0.5%. Optionally,
in some embodiments, a concentration of the binder solution
by mass is at most about 2%. Optionally, in some embodi-
ments, a concentration of the binder solution by mass is
about 0.5% to about 0.625%, about 0.5% to about 0.75%,
about 0.5% to about 0.875%, about 0.5% to about 1%, about
0.5% to about 1.25%, about 0.5% to about 1.5%, about 0.5%
to about 1.75%, about 0.5% to about 2%, about 0.625% to
about 0.75%, about 0.625% to about 0.875%, about 0.625%
to about 1%, about 0.625% to about 1.25%, about 0.625%
to about 1.5%, about 0.625% to about 1.75%, about 0.625%
to about 2%, about 0.75% to about 0.875%, about 0.75% to
about 1%, about 0.75% to about 1.25%, about 0.75% to
about 1.5%, about 0.75% to about 1.75%, about 0.75% to
about 2%, about 0.875% to about 1%, about 0.875% to about
1.25%, about 0.875% to about 1.5%, about 0.875% to about
1.75%, about 0.875% to about 2%, about 1% to about
1.25%, about 1% to about 1.5%, about 1% to about 1.75%,
about 1% to about 2%, about 1.25% to about 1.5%, about
1.25% to about 1.75%, about 1.25% to about 2%, about
1.5% to about 1.75%, about 1.5% to about 2%, or about
1.75% to about 2%. Optionally, in some embodiments, a
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concentration of the binder solution by mass is about 0.5%,
about 0.625%, about 0.75%, about 0.875%, about 1%, about
1.25%, about 1.5%, about 1.75%, or about 2%. Optionally,
in some embodiments, a concentration of the binder solution
by mass is at least about 0.5%, about 0.625%, about 0.75%,
about 0.875%, about 1%, about 1.25%, about 1.5%, about
1.75%, or about 2%. Optionally, in some embodiments, a
concentration of the binder solution by mass is no more than
about 0.5%, about 0.625%, about 0.75%, about 0.875%,
about 1%, about 1.25%, about 1.5%, about 1.75%, or about
2%.

[0128] Optionally, in some embodiments, the RGO dis-
persion comprises RGO and a second solvent.

[0129] Optionally, in some embodiments, the second sol-
vent comprises water, an organic solvent, or any combina-
tion thereof. Optionally, in some embodiments, the organic
solvent comprises: ethanol, isopropyl alcohol, NMP, cyclo-
hexanone, terpineol, 3-methoxy-3-methyl-1-butanol, 4-hy-
droxyl-4-methyl-pentan-2-one, methyl isobutyl ketone, or
any combination thereof.

[0130] Optionally, in some embodiments, a percentage by
mass of the RGO dispersion in the conductive graphene ink
is about 0.25% to about 1%. Optionally, in some embodi-
ments, a percentage by mass of the RGO dispersion in the
conductive graphene ink is at least about 0.25%. Optionally,
in some embodiments, a percentage by mass of the RGO
dispersion in the conductive graphene ink is at most about
1%. Optionally, in some embodiments, a percentage by mass
of the RGO dispersion in the conductive graphene ink is
about 0.25% to about 0.375%, about 0.25% to about 0.5%,
about 0.25% to about 0.625%, about 0.25% to about 0.75%,
about 0.25% to about 1%, about 0.375% to about 0.5%,
about 0.375% to about 0.625%, about 0.375% to about
0.75%, about 0.375% to about 1%, about 0.5% to about
0.625%, about 0.5% to about 0.75%, about 0.5% to about
1%, about 0.625% to about 0.75%, about 0.625% to about
1%, or about 0.75% to about 1%. Optionally, in some
embodiments, a percentage by mass of the RGO dispersion
in the conductive graphene ink is about 0.25%, about
0.375%, about 0.5%, about 0.625%, about 0.75%, or about
1%. Optionally, in some embodiments, a percentage by mass
of the RGO dispersion in the conductive graphene ink is at
least about 0.25%, about 0.375%, about 0.5%, about
0.625%, about 0.75%, or about 1%. Optionally, in some
embodiments, a percentage by mass of the RGO dispersion
in the conductive graphene ink is no more than about 0.25%,
about 0.375%, about 0.5%, about 0.625%, about 0.75%, or
about 1%.

[0131] Optionally, in some embodiments, a concentration
by mass of the RGO in the RGO dispersion is about 3% to
about 12%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is at least
about 3%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is at most
about 12%. Optionally, in some embodiments, a concentra-
tion by mass of the RGO in the RGO dispersion is about 3%
to about 4%, about 3% to about 5%, about 3% to about 6%,
about 3% to about 7%, about 3% to about 8%, about 3% to
about 9%, about 3% to about 10%, about 3% to about 11%,
about 3% to about 12%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 4% to
about 11%, about 4% to about 12%, about 5% to about 6%,
about 5% to about 7%, about 5% to about 8%, about 5% to
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about 9%, about 5% to about 10%, about 5% to about 11%,
about 5% to about 12%, about 6% to about 7%, about 6% to
about 8%, about 6% to about 9%, about 6% to about 10%,
about 6% to about 11%, about 6% to about 12%, about 7%
to about 8%, about 7% to about 9%, about 7% to about 10%,
about 7% to about 11%, about 7% to about 12%, about 8%
to about 9%, about 8% to about 10%, about 8% to about
11%, about 8% to about 12%, about 9% to about 10%, about
9% to about 11%, about 9% to about 12%, about 10% to
about 11%, about 10% to about 12%, or about 11% to about
12%. Optionally, in some embodiments, a concentration by
mass of the RGO in the RGO dispersion is about 3%, about
4%, about 5%, about 6%, about 7%, about 8%, about 9%,
about 10%, about 11%, or about 12%. Optionally, in some
embodiments, a concentration by mass of the RGO in the
RGO dispersion is at least about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, about 10%, about
11%, or about 12%. Optionally, in some embodiments, a
concentration by mass of the RGO in the RGO dispersion is
no more than about 3%, about 4%, about 5%, about 6%,
about 7%, about 8%, about 9%, about 10%, about 11%, or
about 12%.

[0132] Optionally, in some embodiments, a percentage by
mass of the RGO in the conductive graphene ink is about
0.1% to about 99%. Optionally, in some embodiments, a
percentage by mass of the RGO in the conductive graphene
ink is at least about 0.1%. Optionally, in some embodiments,
apercentage by mass of the RGO in the conductive graphene
ink is at most about 99%. Optionally, in some embodiments,
apercentage by mass of the RGO in the conductive graphene
ink is about 0.1% to about 0.2%, about 0.1% to about 0.5%,
about 0.1% to about 1%, about 0.1% to about 10%, about
0.1% to about 20%, about 0.1% to about 40%, about 0.1%
to about 60%, about 0.1% to about 80%, about 0.1% to about
90%, about 0.1% to about 99%, about 0.2% to about 0.5%,
about 0.2% to about 1%, about 0.2% to about 10%, about
0.2% to about 20%, about 0.2% to about 40%, about 0.2%
to about 60%, about 0.2% to about 80%, about 0.2% to about
90%, about 0.2% to about 99%, about 0.5% to about 1%,
about 0.5% to about 10%, about 0.5% to about 20%, about
0.5% to about 40%, about 0.5% to about 60%, about 0.5%
to about 80%, about 0.5% to about 90%, about 0.5% to about
99%, about 1% to about 10%, about 1% to about 20%, about
1% to about 40%, about 1% to about 60%, about 1% to about
80%, about 1% to about 90%, about 1% to about 99%, about
10% to about 20%, about 10% to about 40%, about 10% to
about 60%, about 10% to about 80%, about 10% to about
90%, about 10% to about 99%, about 20% to about 40%,
about 20% to about 60%, about 20% to about 80%, about
20% to about 90%, about 20% to about 99%, about 40% to
about 60%, about 40% to about 80%, about 40% to about
90%, about 40% to about 99%, about 60% to about 80%,
about 60% to about 90%, about 60% to about 99%, about
80% to about 90%, about 80% to about 99%, or about 90%
to about 99%. Optionally, in some embodiments, a percent-
age by mass of the RGO in the conductive graphene ink is
about 0.1%, about 0.2%, about 0.5%, about 1%, about 10%,
about 20%, about 40%, about 60%, about 80%, about 90%,
or about 99%. Optionally, in some embodiments, a percent-
age by mass of the RGO in the conductive graphene ink is
at least about 0.1%, about 0.2%, about 0.5%, about 1%,
about 10%, about 20%, about 40%, about 60%, about 80%,
about 90%, or about 99%. Optionally, in some embodi-
ments, a percentage by mass of the RGO in the conductive
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graphene ink is no more than about 0.1%, about 0.2%, about
0.5%, about 1%, about 10%, about 20%, about 40%, about
60%, about 80%, about 90%, or about 99%.

[0133] Optionally, in some embodiments, the conductive
additive comprises a carbon-based material. Optionally, in
some embodiments, the carbon-based material comprises a
paracrystalline carbon. Optionally, in some embodiments,
the paracrystalline carbon comprises carbon black, acetylene
black, channel black, furnace black, lamp black, thermal
black, or any combination thereof.

[0134] Optionally, in some embodiments, the conductive
additive comprises silver. Optionally, in some embodiments,
the silver comprises silver nanoparticles, silver nanorods,
silver nanowires, silver nanoflowers, silver nanofibers, silver
nanoplatelets, silver nanoribbons, silver nanocubes, silver
bipyramids, or any combination thereof.

[0135] Optionally, in some embodiments, a percentage by
mass of the conductive additive in the conductive graphene
ink is about 2% to about 99%. Optionally, in some embodi-
ments, a percentage by mass of the conductive additive in
the conductive graphene ink is at least about 2%. Optionally,
in some embodiments, a percentage by mass of the conduc-
tive additive in the conductive graphene ink is at most about
99%. Optionally, in some embodiments, a percentage by
mass of the conductive additive in the conductive graphene
ink is about 2% to about 5%, about 2% to about 10%, about
2% to about 20%, about 2% to about 30%, about 2% to about
40%, about 2% to about 50%, about 2% to about 60%, about
2% to about 70%, about 2% to about 80%, about 2% to about
90%, about 2% to about 99%, about 5% to about 10%, about
5% to about 20%, about 5% to about 30%, about 5% to about
40%, about 5% to about 50%, about 5% to about 60%, about
5% to about 70%, about 5% to about 80%, about 5% to about
90%, about 5% to about 99%, about 10% to about 20%,
about 10% to about 30%, about 10% to about 40%, about
10% to about 50%, about 10% to about 60%, about 10% to
about 70%, about 10% to about 80%, about 10% to about
90%, about 10% to about 99%, about 20% to about 30%,
about 20% to about 40%, about 20% to about 50%, about
20% to about 60%, about 20% to about 70%, about 20% to
about 80%, about 20% to about 90%, about 20% to about
99%, about 30% to about 40%, about 30% to about 50%,
about 30% to about 60%, about 30% to about 70%, about
30% to about 80%, about 30% to about 90%, about 30% to
about 99%, about 40% to about 50%, about 40% to about
60%, about 40% to about 70%, about 40% to about 80%,
about 40% to about 90%, about 40% to about 99%, about
50% to about 60%, about 50% to about 70%, about 50% to
about 80%, about 50% to about 90%, about 50% to about
99%, about 60% to about 70%, about 60% to about 80%,
about 60% to about 90%, about 60% to about 99%, about
70% to about 80%, about 70% to about 90%, about 70% to
about 99%, about 80% to about 90%, about 80% to about
99%, or about 90% to about 99%. Optionally, in some
embodiments, a percentage by mass of the conductive
additive in the conductive graphene ink is about 2%, about
5%, about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, about 90%, or
about 99%. Optionally, in some embodiments, a percentage
by mass of the conductive additive in the conductive gra-
phene ink is at least about 2%, about 5%, about 10%, about
20%, about 30%, about 40%, about 50%, about 60%, about
70%, about 80%, about 90%, or about 99%. Optionally, in
some embodiments, a percentage by mass of the conductive
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additive in the conductive graphene ink is no more than
about 2%, about 5%, about 10%, about 20%, about 30%,
about 40%, about 50%, about 60%, about 70%, about 80%,
about 90%, or about 99%.

[0136] Some embodiments further comprise a surfactant.
Optionally, in some embodiments, the surfactant comprises
an acid, a nonionic surfactant, or any combination thereof.
Optionally, in some embodiments, the acid comprises per-
fluorooctanoic acid, perfluorooctane sulfonate, perfluoro-
hexane sulfonic acid, perfluorononanoic acid, pertluorode-
canoic acid, or any combination thereof. Optionally, in some
embodiments, the nonionic surfactant comprises a polyeth-
ylene glycol alkyl ether, a octacthylene glycol monododecyl
ether, a pentaethylene glycol monododecyl ether, a polypro-
pylene glycol alkyl ether, a glucoside alkyl ether, decyl
glucoside, lauryl glucoside, octyl glucoside, a polyethylene
glycol octylphenyl ether, dodecyldimethylamine oxide, a
polyethylene glycol alkylphenyl ether, a polyethylene glycol
octylphenyl ether, Triton X-100, polyethylene glycol alky-
Iphenyl ether, nonoxynol-9, a glycerol alkyl ester polysor-
bate, sorbitan alkyl ester, polyethoxylated tallow amine,
Dynol 604, or any combination thereof.

[0137] Optionally, in some embodiments, a percentage by
mass of the surfactant in the conductive graphene ink is
about 0.5% to about 10%. Optionally, in some embodiments,
a percentage by mass of the surfactant in the conductive
graphene ink is at least about 0.5%. Optionally, in some
embodiments, a percentage by mass of the surfactant in the
conductive graphene ink is at most about 10%. Optionally,
in some embodiments, a percentage by mass of the surfac-
tant in the conductive graphene ink is about 0.5% to about
1%, about 0.5% to about 2%, about 0.5% to about 3%, about
0.5% to about 4%, about 0.5% to about 5%, about 0.5% to
about 6%, about 0.5% to about 7%, about 0.5% to about 8%,
about 0.5% to about 9%, about 0.5% to about 10%, about
1% to about 2%, about 1% to about 3%, about 1% to about
4%, about 1% to about 5%, about 1% to about 6%, about 1%
to about 7%, about 1% to about 8%, about 1% to about 9%,
about 1% to about 10%, about 2% to about 3%, about 2% to
about 4%, about 2% to about 5%, about 2% to about 6%,
about 2% to about 7%, about 2% to about 8%, about 2% to
about 9%, about 2% to about 10%, about 3% to about 4%,
about 3% to about 5%, about 3% to about 6%, about 3% to
about 7%, about 3% to about 8%, about 3% to about 9%,
about 3% to about 10%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 5% to
about 6%, about 5% to about 7%, about 5% to about 8%,
about 5% to about 9%, about 5% to about 10%, about 6% to
about 7%, about 6% to about 8%, about 6% to about 9%,
about 6% to about 10%, about 7% to about 8%, about 7% to
about 9%, about 7% to about 10%, about 8% to about 9%,
about 8% to about 10%, or about 9% to about 10%.
Optionally, in some embodiments, a percentage by mass of
the surfactant in the conductive graphene ink is about 0.5%,
about 1%, about 2%, about 3%, about 4%, about 5%, about
6%, about 7%, about 8%, about 9%, or about 10%. Option-
ally, in some embodiments, a percentage by mass of the
surfactant in the conductive graphene ink is at least about
0.5%, about 1%, about 2%, about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, or about 10%.
Optionally, in some embodiments, a percentage by mass of
the surfactant in the conductive graphene ink is no more than
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about 0.5%, about 1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, or about
10%.

[0138] Some embodiments further comprise a defoamer,
wherein the defoamer comprises an insoluble oil, a silicone,
a glycol, a stearate, an organic solvent, Surfynol DF-1100,
alkyl polyacrylate, or any combination thereof. Optionally,
in some embodiments, the insoluble oil comprises mineral
oil, vegetable oil, white oil, or any combination thereof.
Optionally, in some embodiments, the silicone comprises
polydimethylsiloxane, silicone glycol, a fluorosilicone, or
any combination thereof. Optionally, in some embodiments,
the glycol comprises polyethylene glycol, ethylene glycol,
propylene glycol, or any combination thereof. Optionally, in
some embodiments, the stearate comprises glycol stearate,
stearin, or any combination thereof. Optionally, in some
embodiments, the organic solvent comprises ethanol, iso-
propyl alcohol, NMP, cyclohexanone, terpineol, 3-methoxy-
3-methyl-1-butanol,  4-hydroxyl-4-methyl-pentan-2-one,
methyl isobutyl ketone, or any combination thereof.

[0139] Optionally, in some embodiments, a percentage by
mass of the defoamer in the conductive graphene ink is
about 0.5% to about 10%. Optionally, in some embodiments,
a percentage by mass of the defoamer in the conductive
graphene ink is at least about 0.5%. Optionally, in some
embodiments, a percentage by mass of the defoamer in the
conductive graphene ink is at most about 10%. Optionally,
in some embodiments, a percentage by mass of the defoamer
in the conductive graphene ink is about 0.5% to about 1%,
about 0.5% to about 2%, about 0.5% to about 3%, about
0.5% to about 4%, about 0.5% to about 5%, about 0.5% to
about 6%, about 0.5% to about 7%, about 0.5% to about 8%,
about 0.5% to about 9%, about 0.5% to about 10%, about
1% to about 2%, about 1% to about 3%, about 1% to about
4%, about 1% to about 5%, about 1% to about 6%, about 1%
to about 7%, about 1% to about 8%, about 1% to about 9%,
about 1% to about 10%, about 2% to about 3%, about 2% to
about 4%, about 2% to about 5%, about 2% to about 6%,
about 2% to about 7%, about 2% to about 8%, about 2% to
about 9%, about 2% to about 10%, about 3% to about 4%,
about 3% to about 5%, about 3% to about 6%, about 3% to
about 7%, about 3% to about 8%, about 3% to about 9%,
about 3% to about 10%, about 4% to about 5%, about 4% to
about 6%, about 4% to about 7%, about 4% to about 8%,
about 4% to about 9%, about 4% to about 10%, about 5% to
about 6%, about 5% to about 7%, about 5% to about 8%,
about 5% to about 9%, about 5% to about 10%, about 6% to
about 7%, about 6% to about 8%, about 6% to about 9%,
about 6% to about 10%, about 7% to about 8%, about 7% to
about 9%, about 7% to about 10%, about 8% to about 9%,
about 8% to about 10%, or about 9% to about 10%.
Optionally, in some embodiments, a percentage by mass of
the defoamer in the conductive graphene ink is about 0.5%,
about 1%, about 2%, about 3%, about 4%, about 5%, about
6%, about 7%, about 8%, about 9%, or about 10%. Option-
ally, in some embodiments, a percentage by mass of the
defoamer in the conductive graphene ink is at least about
0.5%, about 1%, about 2%, about 3%, about 4%, about 5%,
about 6%, about 7%, about 8%, about 9%, or about 10%.
Optionally, in some embodiments, a percentage by mass of
the defoamer in the conductive graphene ink is no more than
about 0.5%, about 1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, or about
10%.
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[0140] Optionally, in some embodiments, the solid matter
content by mass of the conductive graphene ink is about
2.5% to about 10.5%. Optionally, in some embodiments, the
solid matter content by mass of the conductive graphene ink
is at least about 2.5%. Optionally, in some embodiments, the
solid matter content by mass of the conductive graphene ink
is at most about 10.5%. Optionally, in some embodiments,
the solid matter content by mass of the conductive graphene
ink is about 2.5% to about 3.5%, about 2.5% to about 4.5%,
about 2.5% to about 5.5%, about 2.5% to about 6.5%, about
2.5% to about 7.5%, about 2.5% to about 8.5%, about 2.5%
to about 9.5%, about 2.5% to about 10.5%, about 3.5% to
about 4.5%, about 3.5% to about 5.5%, about 3.5% to about
6.5%, about 3.5% to about 7.5%, about 3.5% to about 8.5%,
about 3.5% to about 9.5%, about 3.5% to about 10.5%, about
4.5% to about 5.5%, about 4.5% to about 6.5%, about 4.5%
to about 7.5%, about 4.5% to about 8.5%, about 4.5% to
about 9.5%, about 4.5% to about 10.5%, about 5.5% to about
6.5%, about 5.5% to about 7.5%, about 5.5% to about 8.5%,
about 5.5% to about 9.5%, about 5.5% to about 10.5%, about
6.5% to about 7.5%, about 6.5% to about 8.5%, about 6.5%
to about 9.5%, about 6.5% to about 10.5%, about 7.5% to
about 8.5%, about 7.5% to about 9.5%, about 7.5% to about
10.5%, about 8.5% to about 9.5%, about 8.5% to about
10.5%, or about 9.5% to about 10.5%. Optionally, in some
embodiments, the solid matter content by mass of the
conductive graphene ink is about 2.5%, about 3.5%, about
4.5%, about 5.5%, about 6.5%, about 7.5%, about 8.5%,
about 9.5%, or about 10.5%. Optionally, in some embodi-
ments, the solid matter content by mass of the conductive
graphene ink is at least about 2.5%, about 3.5%, about 4.5%,
about 5.5%, about 6.5%, about 7.5%, about 8.5%, about
9.5%, or about 10.5%. Optionally, in some embodiments,
the solid matter content by mass of the conductive graphene
ink is no more than about 2.5%, about 3.5%, about 4.5%,
about 5.5%, about 6.5%, about 7.5%, about 8.5%, about
9.5%, or about 10.5%.

[0141] Optionally, in some embodiments, the first solvent
is heated to a temperature of about 35° C. to about 125° C.
Optionally, in some embodiments, the first solvent is heated
to a temperature of at least about 35° C. Optionally, in some
embodiments, the first solvent is heated to a temperature of
at most about 125° C. Optionally, in some embodiments, the
first solvent is heated to a temperature of about 35° C. to
about 40° C., about 35° C. to about 50° C., about 35° C. to
about 60° C., about 35° C. to about 70° C., about 35° C. to
about 80° C., about 35° C. to about 90° C., about 35° C. to
about 100° C., about 35° C. to about 125° C., about 40° C.
to about 50° C., about 40° C. to about 60° C., about 40° C.
to about 70° C., about 40° C. to about 80° C., about 40° C.
to about 90° C., about 40° C. to about 100° C., about 40° C.
to about 125° C., about 50° C. to about 60° C., about 50° C.
to about 70° C., about 50° C. to about 80° C., about 50° C.
to about 90° C., about 50° C. to about 100° C., about 50° C.
to about 125° C., about 60° C. to about 70° C., about 60° C.
to about 80° C., about 60° C. to about 90° C., about 60° C.
to about 100° C., about 60° C. to about 125° C., about 70°
C. to about 80° C., about 70° C. to about 90° C., about 70°
C. to about 100° C., about 70° C. to about 125° C., about 80°
C. to about 90° C., about 80° C. to about 100° C., about 80°
C. to about 125° C., about 90° C. to about 100° C., about 90°
C. to about 125° C., or about 100° C. to about 125° C.
Optionally, in some embodiments, the first solvent is heated
to a temperature of about 35° C., about 40° C., about 50° C.,
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about 60° C., about 70° C., about 80° C., about 90° C., about
100° C., or about 125° C. Optionally, in some embodiments,
the first solvent is heated to a temperature of at least about
35° C., about 40° C., about 50° C., about 60° C., about 70°
C., about 80° C., about 90° C., about 100° C., or about 125°
C. Optionally, in some embodiments, the first solvent is
heated to a temperature of no more than about 35° C., about
40° C., about 50° C., about 60° C., about 70° C., about 80°
C., about 90° C., about 100° C., or about 125° C.

[0142] Optionally, in some embodiments, the process of
adding a binder to the first solvent and the process of mixing
the binder and the first solvent are preformed simultane-
ously.

[0143] Optionally, in some embodiments, the binder is
added to the first solvent over a period of time of about 45
minutes to about 240 minutes. Optionally, in some embodi-
ments, the binder is added to the first solvent over a period
of time of at least about 45 minutes. Optionally, in some
embodiments, the binder is added to the first solvent over a
period of time of at most about 240 minutes. Optionally, in
some embodiments, the binder is added to the first solvent
over a period of time of about 45 minutes to about 60
minutes, about 45 minutes to about 90 minutes, about 45
minutes to about 120 minutes, about 45 minutes to about 150
minutes, about 45 minutes to about 180 minutes, about 45
minutes to about 210 minutes, about 45 minutes to about 240
minutes, about 60 minutes to about 90 minutes, about 60
minutes to about 120 minutes, about 60 minutes to about 150
minutes, about 60 minutes to about 180 minutes, about 60
minutes to about 210 minutes, about 60 minutes to about 240
minutes, about 90 minutes to about 120 minutes, about 90
minutes to about 150 minutes, about 90 minutes to about 180
minutes, about 90 minutes to about 210 minutes, about 90
minutes to about 240 minutes, about 120 minutes to about
150 minutes, about 120 minutes to about 180 minutes, about
120 minutes to about 210 minutes, about 120 minutes to
about 240 minutes, about 150 minutes to about 180 minutes,
about 150 minutes to about 210 minutes, about 150 minutes
to about 240 minutes, about 180 minutes to about 210
minutes, about 180 minutes to about 240 minutes, or about
210 minutes to about 240 minutes. Optionally, in some
embodiments, the binder is added to the first solvent over a
period of time of about 45 minutes, about 60 minutes, about
90 minutes, about 120 minutes, about 150 minutes, about
180 minutes, about 210 minutes, or about 240 minutes.
Optionally, in some embodiments, the binder is added to the
first solvent over a period of time of at least about 45
minutes, about 60 minutes, about 90 minutes, about 120
minutes, about 150 minutes, about 180 minutes, about 210
minutes, or about 240 minutes. Optionally, in some embodi-
ments, the binder is added to the first solvent over a period
of time of no more than about 45 minutes, about 60 minutes,
about 90 minutes, about 120 minutes, about 150 minutes,
about 180 minutes, about 210 minutes, or about 240 min-
utes.

[0144] Optionally, in some embodiments, after the binder
is fully added to the first solvent, the binder and the first
solvent are mixed for a period of time of about 7 minutes to
about 30 minutes. Optionally, in some embodiments, after
the binder is fully added to the first solvent, the binder and
the first solvent are mixed for a period of time of at least
about 7 minutes. Optionally, in some embodiments, after the
binder is fully added to the first solvent, the binder and the
first solvent are mixed for a period of time of at most about
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30 minutes. Optionally, in some embodiments, after the
binder is fully added to the first solvent, the binder and the
first solvent are mixed for a period of time of about 7
minutes to about 9 minutes, about 7 minutes to about 11
minutes, about 7 minutes to about 13 minutes, about 7
minutes to about 15 minutes, about 7 minutes to about 20
minutes, about 7 minutes to about 25 minutes, about 7
minutes to about 30 minutes, about 9 minutes to about 11
minutes, about 9 minutes to about 13 minutes, about 9
minutes to about 15 minutes, about 9 minutes to about 20
minutes, about 9 minutes to about 25 minutes, about 9
minutes to about 30 minutes, about 11 minutes to about 13
minutes, about 11 minutes to about 15 minutes, about 11
minutes to about 20 minutes, about 11 minutes to about 25
minutes, about 11 minutes to about 30 minutes, about 13
minutes to about 15 minutes, about 13 minutes to about 20
minutes, about 13 minutes to about 25 minutes, about 13
minutes to about 30 minutes, about 15 minutes to about 20
minutes, about 15 minutes to about 25 minutes, about 15
minutes to about 30 minutes, about 20 minutes to about 25
minutes, about 20 minutes to about 30 minutes, or about 25
minutes to about 30 minutes. Optionally, in some embodi-
ments, after the binder is fully added to the first solvent, the
binder and the first solvent are mixed for a period of time of
about 7 minutes, about 9 minutes, about 11 minutes, about
13 minutes, about 15 minutes, about 20 minutes, about 25
minutes, or about 30 minutes. Optionally, in some embodi-
ments, after the binder is fully added to the first solvent, the
binder and the first solvent are mixed for a period of time of
at least about 7 minutes, about 9 minutes, about 11 minutes,
about 13 minutes, about 15 minutes, about 20 minutes, about
25 minutes, or about 30 minutes. Optionally, in some
embodiments, after the binder is fully added to the first
solvent, the binder and the first solvent are mixed for a
period of time of no more than about 7 minutes, about 9
minutes, about 11 minutes, about 13 minutes, about 15
minutes, about 20 minutes, about 25 minutes, or about 30
minutes.

[0145] Optionally, in some embodiments, the mixing of
the binder solution, the binder solution, the reduced gra-
phene dispersion, the third solvent, the conductive additive,
a surfactant, and the defoamer is performed by a first
mechanical mixer. Optionally, in some embodiments, the
mixing of the binder and the first solvent is performed by a
second mechanical mixer.

[0146] Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a stirring
speed of about 15 rpm to about 125 rpm. Optionally, in some
embodiments, the second mechanical mixer mixes the gra-
phene solution at a stirring speed of at least about 15 rpm.
Optionally, in some embodiments, the second mechanical
mixer mixes the graphene solution at a stirring speed of at
most about 125 rpm. Optionally, in some embodiments, the
second mechanical mixer mixes the graphene solution at a
stirring speed of about 15 rpm to about 20 rpm, about 15 rpm
to about 25 rpm, about 15 rpm to about 30 rpm, about 15 rpm
to about 40 rpm, about 15 rpm to about 50 rpm, about 15 rpm
to about 75 rpm, about 15 rpm to about 100 rpm, about 15
rpm to about 125 rpm, about 20 rpm to about 25 rpm, about
20 rpm to about 30 rpm, about 20 rpm to about 40 rpm, about
20 rpm to about 50 rpm, about 20 rpm to about 75 rpm, about
20 rpm to about 100 rpm, about 20 rpm to about 125 rpm,
about 25 rpm to about 30 rpm, about 25 rpm to about 40 rpm,
about 25 rpm to about 50 rpm, about 25 rpm to about 75 rpm,
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about 25 rpm to about 100 rpm, about 25 rpm to about 125
rpm, about 30 rpm to about 40 rpm, about 30 rpm to about
50 rpm, about 30 rpm to about 75 rpm, about 30 rpm to about
100 rpm, about 30 rpm to about 125 rpm, about 40 rpm to
about 50 rpm, about 40 rpm to about 75 rpm, about 40 rpm
to about 100 rpm, about 40 rpm to about 125 rpm, about 50
rpm to about 75 rpm, about 50 rpm to about 100 rpm, about
50 rpm to about 125 rpm, about 75 rpm to about 100 rpm,
about 75 rpm to about 125 rpm, or about 100 rpm to about
125 rpm. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a stirring
speed of about 15 rpm, about 20 rpm, about 25 rpm, about
30 rpm, about 40 rpm, about 50 rpm, about 75 rpm, about
100 rpm, or about 125 rpm. Optionally, in some embodi-
ments, the second mechanical mixer mixes the graphene
solution at a stirring speed of at least about 15 rpm, about 20
rpm, about 25 rpm, about 30 rpm, about 40 rpm, about 50
rpm, about 75 rpm, about 100 rpm, or about 125 rpm.
Optionally, in some embodiments, the second mechanical
mixer mixes the graphene solution at a stirring speed of no
more than about 15 rpm, about 20 rpm, about 25 rpm, about
30 rpm, about 40 rpm, about 50 rpm, about 75 rpm, about
100 rpm, or about 125 rpm.

[0147] Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a dispers-
ing speed of about 50 rpm to about 4,500 rpm. Optionally,
in some embodiments, the second mechanical mixer mixes
the graphene solution at a dispersing speed of at least about
50 rpm. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a dispers-
ing speed of at most about 4,500 rpm. Optionally, in some
embodiments, the second mechanical mixer mixes the gra-
phene solution at a dispersing speed of about 50 rpm to
about 100 rpm, about 50 rpm to about 200 rpm, about 50 rpm
to about 500 rpm, about 50 rpm to about 1,000 rpm, about
50 rpm to about 1,500 rpm, about 50 rpm to about 2,000
rpm, about 50 rpm to about 2,500 rpm, about 50 rpm to
about 3,000 rpm, about 50 rpm to about 3,500 rpm, about 50
rpm to about 4,000 rpm, about 50 rpm to about 4,500 rpm,
about 100 rpm to about 200 rpm, about 100 rpm to about 500
rpm, about 100 rpm to about 1,000 rpm, about 100 rpm to
about 1,500 rpm, about 100 rpm to about 2,000 rpm, about
100 rpm to about 2,500 rpm, about 100 rpm to about 3,000
rpm, about 100 rpm to about 3,500 rpm, about 100 rpm to
about 4,000 rpm, about 100 rpm to about 4,500 rpm, about
200 rpm to about 500 rpm, about 200 rpm to about 1,000
rpm, about 200 rpm to about 1,500 rpm, about 200 rpm to
about 2,000 rpm, about 200 rpm to about 2,500 rpm, about
200 rpm to about 3,000 rpm, about 200 rpm to about 3,500
rpm, about 200 rpm to about 4,000 rpm, about 200 rpm to
about 4,500 rpm, about 500 rpm to about 1,000 rpm, about
500 rpm to about 1,500 rpm, about 500 rpm to about 2,000
rpm, about 500 rpm to about 2,500 rpm, about 500 rpm to
about 3,000 rpm, about 500 rpm to about 3,500 rpm, about
500 rpm to about 4,000 rpm, about 500 rpm to about 4,500
rpm, about 1,000 rpm to about 1,500 rpm, about 1,000 rpm
to about 2,000 rpm, about 1,000 rpm to about 2,500 rpm,
about 1,000 rpm to about 3,000 rpm, about 1,000 rpm to
about 3,500 rpm, about 1,000 rpm to about 4,000 rpm, about
1,000 rpm to about 4,500 rpm, about 1,500 rpm to about
2,000 rpm, about 1,500 rpm to about 2,500 rpm, about 1,500
rpm to about 3,000 rpm, about 1,500 rpm to about 3,500
rpm, about 1,500 rpm to about 4,000 rpm, about 1,500 rpm
to about 4,500 rpm, about 2,000 rpm to about 2,500 rpm,
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about 2,000 rpm to about 3,000 rpm, about 2,000 rpm to
about 3,500 rpm, about 2,000 rpm to about 4,000 rpm, about
2,000 rpm to about 4,500 rpm, about 2,500 rpm to about
3,000 rpm, about 2,500 rpm to about 3,500 rpm, about 2,500
rpm to about 4,000 rpm, about 2,500 rpm to about 4,500
rpm, about 3,000 rpm to about 3,500 rpm, about 3,000 rpm
to about 4,000 rpm, about 3,000 rpm to about 4,500 rpm,
about 3,500 rpm to about 4,000 rpm, about 3,500 rpm to
about 4,500 rpm, or about 4,000 rpm to about 4,500 rpm.
Optionally, in some embodiments, the second mechanical
mixer mixes the graphene solution at a dispersing speed of
about 50 rpm, about 100 rpm, about 200 rpm, about 500
rpm, about 1,000 rpm, about 1,500 rpm, about 2,000 rpm,
about 2,500 rpm, about 3,000 rpm, about 3,500 rpm, about
4,000 rpm, about 4,500 rpm, about 100 rpm to about 200
rpm, about 100 rpm to about 500 rpm, about 100 rpm to
about 1,000 rpm, about 100 rpm to about 1,500 rpm, about
100 rpm to about 2,000 rpm, about 100 rpm to about 2,500
rpm, about 100 rpm to about 3,000 rpm, about 100 rpm to
about 3,500 rpm, about 100 rpm to about 4,000 rpm, about
100 rpm to about 4,500 rpm. Optionally, in some embodi-
ments, the second mechanical mixer mixes the graphene
solution at a dispersing speed of at least about 50 rpm, about
100 rpm, about 200 rpm, about 500 rpm, about 1,000 rpm,
about 1,500 rpm, about 2,000 rpm, about 2,500 rpm, about
3,000 rpm, about 3,500 rpm, about 4,000 rpm, or about
4,500 rpm. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution at a dispers-
ing speed of no more than about 50 rpm, about 100 rpm,
about 200 rpm, about 500 rpm, about 1,000 rpm, about 1,500
rpm, about 2,000 rpm, about 2,500 rpm, about 3,000 rpm,
about 3,500 rpm, about 4,000 rpm, or about 4,500 rpm.

[0148] Optionally, in some embodiments, the second
mechanical mixer mixes graphene solution under a vacuum
degree, and wherein the vacuum degree is equal to the
ambient pressure.

[0149] Optionally, in some embodiments, the second
mechanical mixer mixes graphene solution under a vacuum
degree, and wherein the vacuum degree is about —0.05 MPa
to about —0.2 MPa. Optionally, in some embodiments, the
second mechanical mixer mixes graphene solution under a
vacuum degree, and wherein the vacuum degree is at least
about -0.05 MPa. Optionally, in some embodiments, the
second mechanical mixer mixes graphene solution under a
vacuum degree, and wherein the vacuum degree is at most
about -0.2 MPa. Optionally, in some embodiments, the
second mechanical mixer mixes graphene solution under a
vacuum degree, and wherein the vacuum degree is about
—-0.05 MPa to about -0.0625 MPa, about -0.05 MPa to
about —0.0875 MPa, about —-0.05 MPa to about —0.1 MPa,
about —-0.05 MPa to about -0.1125 MPa, about -0.05 MPa
to about -0.125 MPa, about -0.05 MPa to about —-0.1375
MPa, about —0.05 MPa to about -0.15 MPa, about -0.05
MPa to about -0.1625 MPa, about -0.05 MPa to about
—-0.1875 MPa, about —-0.05 MPa to about —0.2 MPa, about
—-0.0625 MPa to about —0.0875 MPa, about —0.0625 MPa to
about =0.1 MPa, about -0.0625 MPa to about =0.1125 MPa,
about -0.0625 MPa to about —-0.125 MPa, about -0.0625
MPa to about -0.1375 MPa, about -0.0625 MPa to about
-0.15 MPa, about -0.0625 MPa to about -0.1625 MPa,
about —0.0625 MPa to about —0.1875 MPa, about —-0.0625
MPa to about —0.2 MPa, about —0.0875 MPa to about -0.1
MPa, about -0.0875 MPa to about —-0.1125 MPa, about
—-0.0875 MPa to about —0.125 MPa, about —0.0875 MPa to
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about -0.1375 MPa, about -0.0875 MPa to about -0.15
MPa, about —-0.0875 MPa to about -0.1625 MPa, about
—0.0875 MPa to about —0.1875 MPa, about —0.0875 MPa to
about -0.2 MPa, about —0.1 MPa to about -0.1125 MPa,
about -0.1 MPa to about -0.125 MPa, about —0.1 MPa to
about —-0.1375 MPa, about -0.1 MPa to about -0.15 MPa,
about —0.1 MPa to about —0.1625 MPa, about -0.1 MPa to
about -0.1875 MPa, about -0.1 MPa to about -0.2 MPa,
about -0.1125 MPa to about -0.125 MPa, about -0.1125
MPa to about —0.1375 MPa, about —0.1125 MPa to about
—0.15 MPa, about -0.1125 MPa to about -0.1625 MPa,
about -0.1125 MPa to about —0.1875 MPa, about -0.1125
MPa to about -0.2 MPa, about -0.125 MPa to about
—0.1375 MPa, about -0.125 MPa to about -0.15 MPa, about
—0.125 MPa to about —-0.1625 MPa, about —-0.125 MPa to
about —0.1875 MPa, about —0.125 MPa to about -0.2 MPa,
about -0.1375 MPa to about —0.15 MPa, about -0.1375
MPa to about -0.1625 MPa, about -0.1375 MPa to about
—0.1875 MPa, about —0.1375 MPa to about —0.2 MPa, about
—0.15 MPa to about -0.1625 MPa, about -0.15 MPa to
about —-0.1875 MPa, about -0.15 MPa to about —0.2 MPa,
about —0.1625 MPa to about —0.1875 MPa, about —-0.1625
MPa to about —0.2 MPa, or about -0.1875 MPa to about
-0.2 MPa. Optionally, in some embodiments, the second
mechanical mixer mixes graphene solution under a vacuum
degree, and wherein the vacuum degree is about —0.05 MPa,
about —-0.0625 MPa, about —0.0875 MPa, about -0.1 MPa,
about -0.1125 MPa, about -0.125 MPa, about -0.1375
MPa, about —=0.15 MPa, about -0.1625 MPa, about -0.1875
MPa, or about —0.2 MPa. Optionally, in some embodiments,
the second mechanical mixer mixes graphene solution under
a vacuum degree, and wherein the vacuum degree is at least
about —0.05 MPa, about —0.0625 MPa, about —0.0875 MPa,
about -0.1 MPa, about -0.1125 MPa, about —-0.125 MPa,
about =0.1375 MPa, about -0.15 MPa, about —0.1625 MPa,
about —0.1875 MPa, or about —0.2 MPa. Optionally, in some
embodiments, the second mechanical mixer mixes graphene
solution under a vacuum degree, and wherein the vacuum
degree is no more than about —-0.05 MPa, about -0.0625
MPa, about -0.0875 MPa, about -0.1 MPa, about -0.1125
MPa, about -0.125 MPa, about -0.1375 MPa, about -0.15
MPa, about -0.1625 MPa, about -0.1875 MPa, or about
-0.2 MPa.

[0150] Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution during one or
more intervals, wherein each interval comprises a period of
time of about 0.5 minute to about 30 minutes. Optionally, in
some embodiments, the second mechanical mixer mixes the
graphene solution during one or more intervals, wherein
each interval comprises a period of time of at least about 0.5
minute. Optionally, in some embodiments, the second
mechanical mixer mixes the graphene solution during one or
more intervals, wherein each interval comprises a period of
time of at most about 30 minutes. Optionally, in some
embodiments, the second mechanical mixer mixes the gra-
phene solution during one or more intervals, wherein each
interval comprises a period of time of about 0.5 minute to
about 1 minute, about 0.5 minute to about 2 minutes, about
0.5 minute to about 3 minutes, about 0.5 minute to about 4
minutes, about 0.5 minute to about 5 minutes, about 0.5
minute to about 10 minutes, about 0.5 minute to about 15
minutes, about 0.5 minute to about 20 minutes, about 0.5
minute to about 25 minutes, about 0.5 minute to about 30
minutes, about 1 minute to about 2 minutes, about 1 minute
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to about 3 minutes, about 1 minute to about 4 minutes, about
1 minute to about 5 minutes, about 1 minute to about 10
minutes, about 1 minute to about 15 minutes, about 1 minute
to about 20 minutes, about 1 minute to about 25 minutes,
about 1 minute to about 30 minutes, about 2 minutes to about
3 minutes, about 2 minutes to about 4 minutes, about 2
minutes to about 5 minutes, about 2 minutes to about 10
minutes, about 2 minutes to about 15 minutes, about 2
minutes to about 20 minutes, about 2 minutes to about 25
minutes, about 2 minutes to about 30 minutes, about 3
minutes to about 4 minutes, about 3 minutes to about 5
minutes, about 3 minutes to about 10 minutes, about 3
minutes to about 15 minutes, about 3 minutes to about 20
minutes, about 3 minutes to about 25 minutes, about 3
minutes to about 30 minutes, about 4 minutes to about 5
minutes, about 4 minutes to about 10 minutes, about 4
minutes to about 15 minutes, about 4 minutes to about 20
minutes, about 4 minutes to about 25 minutes, about 4
minutes to about 30 minutes, about 5 minutes to about 10
minutes, about 5 minutes to about 15 minutes, about 5
minutes to about 20 minutes, about 5 minutes to about 25
minutes, about 5 minutes to about 30 minutes, about 10
minutes to about 15 minutes, about 10 minutes to about 20
minutes, about 10 minutes to about 25 minutes, about 10
minutes to about 30 minutes, about 15 minutes to about 20
minutes, about 15 minutes to about 25 minutes, about 15
minutes to about 30 minutes, about 20 minutes to about 25
minutes, about 20 minutes to about 30 minutes, or about 25
minutes to about 30 minutes. Optionally, in some embodi-
ments, the second mechanical mixer mixes the graphene
solution during one or more intervals, wherein each interval
comprises a period of time of about 0.5 minute, about 1
minute, about 2 minutes, about 3 minutes, about 4 minutes,
about 5 minutes, about 10 minutes, about 15 minutes, about
20 minutes, about 25 minutes, or about 30 minutes. Option-
ally, in some embodiments, the second mechanical mixer
mixes the graphene solution during one or more intervals,
wherein each interval comprises a period of time of at least
about 0.5 minute, about 1 minute, about 2 minutes, about 3
minutes, about 4 minutes, about 5 minutes, about 10 min-
utes, about 15 minutes, about 20 minutes, about 25 minutes,
or about 30 minutes. Optionally, in some embodiments, the
second mechanical mixer mixes the graphene solution dur-
ing one or more intervals, wherein each interval comprises
a period of time of no more than about 0.5 minute, about 1
minute, about 2 minutes, about 3 minutes, about 4 minutes,
about 5 minutes, about 10 minutes, about 15 minutes, about
20 minutes, about 25 minutes, or about 30 minutes.

[0151] Optionally, in some embodiments, the number of
intervals is about 1 to about 60. Optionally, in some embodi-
ments, the number of intervals is at least about 1. Optionally,
in some embodiments, the number of intervals is at most
about 60. Optionally, in some embodiments, the number of
intervals is about 1 to about 2, about 1 to about 5, about 1
to about 10, about 1 to about 20, about 1 to about 30, about
1 to about 40, about 1 to about 50, about 1 to about 60, about
2 to about 5, about 2 to about 10, about 2 to about 20, about
2 to about 30, about 2 to about 40, about 2 to about 50, about
2 to about 60, about 5 to about 10, about 5 to about 20, about
5 to about 30, about 5 to about 40, about 5 to about 50, about
5 to about 60, about 10 to about 20, about 10 to about 30,
about 10 to about 40, about 10 to about 50, about 10 to about
60, about 20 to about 30, about 20 to about 40, about 20 to
about 50, about 20 to about 60, about 30 to about 40, about
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30 to about 50, about 30 to about 60, about 40 to about 50,
about 40 to about 60, or about 50 to about 60. Optionally, in
some embodiments, the number of intervals is about 1, about
2, about 5, about 10, about 20, about 30, about 40, about 50,
or about 60. Optionally, in some embodiments, the number
of intervals is at least about 1, about 2, about 5, about 10,
about 20, about 30, about 40, about 50, or about 60.
Optionally, in some embodiments, the number of intervals is
no more than about 1, about 2, about 5, about 10, about 20,
about 30, about 40, about 50, or about 60.

[0152] Optionally, in some embodiments, the RGO dis-
persion is added after the first, second, third, fourth, fifth,
sixth, seventh, eighth, ninth, tenth, eleventh, twelfth, thir-
teenth, fourteenth, or the fifteenth interval, or any combina-
tion thereof.

[0153] Optionally, in some embodiments, a period of time
of a first interval is about 5 minutes, wherein the stirring
speed is about 30 rpm. Optionally, in some embodiments, a
period of time of a second interval is about 5 minutes, and
wherein the stirring speed is about 50 rpm. Optionally, in
some embodiments, a period of time of a third interval is
about 5 minutes, wherein the stirring speed is about 75 rpm,
wherein the dispersing speed is about 100 rpm. Optionally,
in some embodiments, a period of time of a fourth interval
is about 5 minutes, wherein the stirring speed is about 75
rpm, and wherein the dispersing speed is about 300 rpm.
Optionally, in some embodiments, a period of time of a fifth
interval is about 5 minutes, wherein the stirring speed is
about 75 rpm, and wherein the dispersing speed is about 500
rpm. Optionally, in some embodiments, a period of time of
a sixth interval is about 1 minute, and wherein the stirring
speed is about 30 rpm. Optionally, in some embodiments, a
period of time of a seventh interval is about 1 minute,
wherein the stirring speed is about 100 rpm, and wherein the
dispersing speed is about 50 rpm. Optionally, in some
embodiments, a period of time of an eighth interval is about
5 minutes, wherein the stirring speed is about 75 rpm, and
wherein the dispersing speed is about 500 rpm. Optionally,
in some embodiments, a period of time of a ninth interval is
about 10 minutes, wherein the stirring speed is about 75 rpm,
and wherein the dispersing speed is about 1,000 rpm.
Optionally, in some embodiments, a period of time of a tenth
interval is about 5 minutes, wherein the stirring speed is
about 75 rpm, and wherein the dispersing speed is about
3,000 rpm. Optionally, in some embodiments, a period of
time of an eleventh interval is about 5 minutes, wherein the
stirring speed is about 30 rpm, and wherein the dispersing
speed is about 100 rpm. Optionally, in some embodiments,
a period of time of a twelfth interval is about 5 minutes,
wherein the stirring speed is about 50 rpm, and wherein the
dispersing speed is about 500 rpm. Optionally, in some
embodiments, a period of time of a thirteenth interval is
about 5 minutes, wherein the stirring speed is about 750 rpm,
and wherein the dispersing speed is about 1,000 rpm.
Optionally, in some embodiments, a period of time of a
fourteenth interval is about 5 minutes, wherein the stirring
speed is about 750 rpm, and wherein the dispersing speed is
about 3,000 rpm. Optionally, in some embodiments, a period
of time of a fifteenth interval is about 30 minutes, wherein
the stirring speed is about 750 rpm, and wherein the dis-
persing speed is about 3,000 rpm.

[0154] Optionally, in some embodiments, the binder and
the first solvent are cooled to a temperature of about 10° C.
to about 40° C. Optionally, in some embodiments, the binder
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and the first solvent are cooled to a temperature of at least
about 10° C. Optionally, in some embodiments, the binder
and the first solvent are cooled to a temperature of at most
about 40° C. Optionally, in some embodiments, the binder
and the first solvent are cooled to a temperature of about 10°
. to about 15° C., about 10° C. to about 20° C., about 10°
. to about 25° C., about 10° C. to about 30° C., about 10°
. to about 35° C., about 10° C. to about 40° C., about 15°
. to about 20° C., about 15° C. to about 25° C., about 15°
. to about 30° C., about 15° C. to about 35° C., about 15°
. to about 40° C., about 20° C. to about 25° C., about 20°
. to about 30° C., about 20° C. to about 35° C., about 20°
. to about 40° C., about 25° C. to about 30° C., about 25°
. to about 35° C., about 25° C. to about 40° C., about 30°
C. to about 35° C., about 30° C. to about 40° C., or about 35°
C. to about 40° C. Optionally, in some embodiments, the
binder and the first solvent are cooled to a temperature of
about 10° C., about 15° C., about 20° C., about 25° C., about
30° C., about 35° C., or about 40° C. Optionally, in some
embodiments, the binder and the first solvent are cooled to
a temperature of at least about 10° C., about 15° C., about
20° C., about 25° C., about 30° C., about 35° C., or about 40°
C. Optionally, in some embodiments, the binder and the first
are cooled to a temperature of no more than about 10° C.,
about 15° C., about 20° C., about 25° C., about 30° C., about
35° C., or about 40° C.

[0155] Optionally, in some embodiments, the viscosity of
the conductive graphene ink is about 10 centipoise to about
10,000 centipoise. Optionally, in some embodiments, the
viscosity of the conductive graphene ink is at least about 10
centipoise. Optionally, in some embodiments, the viscosity
of the conductive graphene ink is at most about 10,000
centipoise. Optionally, in some embodiments, the viscosity
of the conductive graphene ink is about 10 centipoise to
about 20 centipoise, about 10 centipoise to about 50 centi-
poise, about 10 centipoise to about 100 centipoise, about 10
centipoise to about 200 centipoise, about 10 centipoise to
about 500 centipoise, about 10 centipoise to about 1,000
centipoise, about 10 centipoise to about 2,000 centipoise,
about 10 centipoise to about 5,000 centipoise, about 10
centipoise to about 10,000 centipoise, about 20 centipoise to
about 50 centipoise, about 20 centipoise to about 100
centipoise, about 20 centipoise to about 200 centipoise,
about 20 centipoise to about 500 centipoise, about 20
centipoise to about 1,000 centipoise, about 20 centipoise to
about 2,000 centipoise, about 20 centipoise to about 5,000
centipoise, about 20 centipoise to about 10,000 centipoise,
about 50 centipoise to about 100 centipoise, about 50
centipoise to about 200 centipoise, about 50 centipoise to
about 500 centipoise, about 50 centipoise to about 1,000
centipoise, about 50 centipoise to about 2,000 centipoise,
about 50 centipoise to about 5,000 centipoise, about 50
centipoise to about 10,000 centipoise, about 100 centipoise
to about 200 centipoise, about 100 centipoise to about 500
centipoise, about 100 centipoise to about 1,000 centipoise,
about 100 centipoise to about 2,000 centipoise, about 100
centipoise to about 5,000 centipoise, about 100 centipoise to
about 10,000 centipoise, about 200 centipoise to about 500
centipoise, about 200 centipoise to about 1,000 centipoise,
about 200 centipoise to about 2,000 centipoise, about 200
centipoise to about 5,000 centipoise, about 200 centipoise to
about 10,000 centipoise, about 500 centipoise to about 1,000
centipoise, about 500 centipoise to about 2,000 centipoise,
about 500 centipoise to about 5,000 centipoise, about 500
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centipoise to about 10,000 centipoise, about 1,000 centi-
poise to about 2,000 centipoise, about 1,000 centipoise to
about 5,000 centipoise, about 1,000 centipoise to about
10,000 centipoise, about 2,000 centipoise to about 5,000
centipoise, about 2,000 centipoise to about 10,000 centi-
poise, or about 5,000 centipoise to about 10,000 centipoise.
Optionally, in some embodiments, the viscosity of the
conductive graphene ink is about 10 centipoise, about 20
centipoise, about 50 centipoise, about 100 centipoise, about
200 centipoise, about 500 centipoise, about 1,000 centi-
poise, about 2,000 centipoise, about 5,000 centipoise, or
about 10,000 centipoise. Optionally, in some embodiments,
the viscosity of the conductive graphene ink is at least about
10 centipoise, about 20 centipoise, about 50 centipoise,
about 100 centipoise, about 200 centipoise, about 500 cen-
tipoise, about 1,000 centipoise, about 2,000 centipoise,
about 5,000 centipoise, or about 10,000 centipoise. Option-
ally, in some embodiments, the viscosity of the conductive
graphene ink is no more than about 10 centipoise, about 20
centipoise, about 50 centipoise, about 100 centipoise, about
200 centipoise, about 500 centipoise, about 1,000 centi-
poise, about 2,000 centipoise, about 5,000 centipoise, or
about 10,000 centipoise.

[0156] Optionally, in some embodiments, the conductive
graphene ink has a viscosity of about 2,300 centipoise to
about 2,400 centipoise. Optionally, in some embodiments,
the conductive graphene ink has a viscosity of at least about
2,300 centipoise. Optionally, in some embodiments, the
conductive graphene ink has a viscosity of at most about
2,400 centipoise. Optionally, in some embodiments, the
conductive graphene ink has a viscosity of about 2,300
centipoise to about 2,310 centipoise, about 2,300 centipoise
to about 2,320 centipoise, about 2,300 centipoise to about
2,330 centipoise, about 2,300 centipoise to about 2,340
centipoise, about 2,300 centipoise to about 2,350 centipoise,
about 2,300 centipoise to about 2,360 centipoise, about
2,300 centipoise to about 2,370 centipoise, about 2,300
centipoise to about 2,380 centipoise, about 2,300 centipoise
to about 2,390 centipoise, about 2,300 centipoise to about
2,400 centipoise, about 2,310 centipoise to about 2,320
centipoise, about 2,310 centipoise to about 2,330 centipoise,
about 2,310 centipoise to about 2,340 centipoise, about
2,310 centipoise to about 2,350 centipoise, about 2,310
centipoise to about 2,360 centipoise, about 2,310 centipoise
to about 2,370 centipoise, about 2,310 centipoise to about
2,380 centipoise, about 2,310 centipoise to about 2,390
centipoise, about 2,310 centipoise to about 2,400 centipoise,
about 2,320 centipoise to about 2,330 centipoise, about
2,320 centipoise to about 2,340 centipoise, about 2,320
centipoise to about 2,350 centipoise, about 2,320 centipoise
to about 2,360 centipoise, about 2,320 centipoise to about
2,370 centipoise, about 2,320 centipoise to about 2,380
centipoise, about 2,320 centipoise to about 2,390 centipoise,
about 2,320 centipoise to about 2,400 centipoise, about
2,330 centipoise to about 2,340 centipoise, about 2,330
centipoise to about 2,350 centipoise, about 2,330 centipoise
to about 2,360 centipoise, about 2,330 centipoise to about
2,370 centipoise, about 2,330 centipoise to about 2,380
centipoise, about 2,330 centipoise to about 2,390 centipoise,
about 2,330 centipoise to about 2,400 centipoise, about
2,340 centipoise to about 2,350 centipoise, about 2,340
centipoise to about 2,360 centipoise, about 2,340 centipoise
to about 2,370 centipoise, about 2,340 centipoise to about
2,380 centipoise, about 2,340 centipoise to about 2,390
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centipoise, about 2,340 centipoise to about 2,400 centipoise,
about 2,350 centipoise to about 2,360 centipoise, about
2,350 centipoise to about 2,370 centipoise, about 2,350
centipoise to about 2,380 centipoise, about 2,350 centipoise
to about 2,390 centipoise, about 2,350 centipoise to about
2,400 centipoise, about 2,360 centipoise to about 2,370
centipoise, about 2,360 centipoise to about 2,380 centipoise,
about 2,360 centipoise to about 2,390 centipoise, about
2,360 centipoise to about 2,400 centipoise, about 2,370
centipoise to about 2,380 centipoise, about 2,370 centipoise
to about 2,390 centipoise, about 2,370 centipoise to about
2,400 centipoise, about 2,380 centipoise to about 2,390
centipoise, about 2,380 centipoise to about 2,400 centipoise,
or about 2,390 centipoise to about 2,400 centipoise. Option-
ally, in some embodiments, the conductive graphene ink has
aviscosity of about 2,300 centipoise, about 2,310 centipoise,
about 2,320 centipoise, about 2,330 centipoise, about 2,340
centipoise, about 2,350 centipoise, about 2,360 centipoise,
about 2,370 centipoise, about 2,380 centipoise, about 2,390
centipoise, or about 2,400 centipoise.

[0157] Optionally, in some embodiments, the solid matter
content of the conductive graphene ink is about 2.5% to
about 10.5%. Optionally, in some embodiments, the solid
matter content of the conductive graphene ink is at least
about 2.5%. Optionally, in some embodiments, the solid
matter content of the conductive graphene ink is at most
about 10.5%. Optionally, in some embodiments, the solid
matter content of the conductive graphene ink is about 2.5%
to about 3.5%, about 2.5% to about 4.5%, about 2.5% to
about 5.5%, about 2.5% to about 6.5%, about 2.5% to about
7.5%, about 2.5% to about 8.5%, about 2.5% to about 9.5%,
about 2.5% to about 10.5%, about 3.5% to about 4.5%, about
3.5% to about 5.5%, about 3.5% to about 6.5%, about 3.5%
to about 7.5%, about 3.5% to about 8.5%, about 3.5% to
about 9.5%, about 3.5% to about 10.5%, about 4.5% to about
5.5%, about 4.5% to about 6.5%, about 4.5% to about 7.5%,
about 4.5% to about 8.5%, about 4.5% to about 9.5%, about
4.5% to about 10.5%, about 5.5% to about 6.5%, about 5.5%
to about 7.5%, about 5.5% to about 8.5%, about 5.5% to
about 9.5%, about 5.5% to about 10.5%, about 6.5% to about
7.5%, about 6.5% to about 8.5%, about 6.5% to about 9.5%,
about 6.5% to about 10.5%, about 7.5% to about 8.5%, about
7.5% to about 9.5%, about 7.5% to about 10.5%, about 8.5%
to about 9.5%, about 8.5% to about 10.5%, or about 9.5% to
about 10.5%. Optionally, in some embodiments, the solid
matter content of the conductive graphene ink is about 2.5%,
about 3.5%, about 4.5%, about 5.5%, about 6.5%, about
7.5%., about 8.5%, about 9.5%, or about 10.5%. Optionally,
in some embodiments, the solid matter content of the
conductive graphene ink is at least about 2.5%, about 3.5%,
about 4.5%, about 5.5%, about 6.5%, about 7.5%, about
8.5%, about 9.5%, or about 10.5%. Optionally, in some
embodiments, the solid matter content of the conductive
graphene ink is no more than about 2.5%, about 3.5%, about
4.5%, about 5.5%, about 6.5%, about 7.5%, about 8.5%,
about 9.5%, or about 10.5%.

[0158] Optionally, in some embodiments, the density of
the conductive graphene ink at a temperature of about 20° C.
is about 2.5 g/cm? to about 10.5 g/cm®. Optionally, in some
embodiments, the density of the conductive graphene ink at
a temperature of about 20° C. is at least about 2.5 g/cm®.
Optionally, in some embodiments, the density of the con-
ductive graphene ink at a temperature of about 20° C. is at
most about 10.5 g/cm®. Optionally, in some embodiments,
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the density of the conductive graphene ink at a temperature
of about 20° C. is about 2.5 g/cm? to about 3.5 g/cm?, about
2.5 g/cm® to about 4.5 g/cm®, about 2.5 g/em® to about 5.5
g/em?, about 2.5 g/cm® to about 6.5 g/cm?, about 2.5 g/cm’®
to about 7.5 g/em®, about 2.5 g/cm’® to about 8.5 g/cm?,
about 2.5 g/cm’ to about 9.5 g/cm®, about 2.5 g/cm?> to about
10.5 g/cm®, about 3.5 g/cm® to about 4.5 g/cm?, about 3.5
g/cm® to about 5.5 g/cm®, about 3.5 g/cm® to about 6.5
g/em?, about 3.5 g/cm? to about 7.5 g/cm?, about 3.5 g/cm’®
to about 8.5 g/em®, about 3.5 g/em’® to about 9.5 g/em®,
about 3.5 g/cm® to about 10.5 g/cm?®, about 4.5 g/cm? to
about 5.5 g/cm?, about 4.5 g/cm to about 6.5 g/cm®, about
4.5 g/cm® to about 7.5 g/cm®, about 4.5 g/cm® to about 8.5
g/em?, about 4.5 g/cm® to about 9.5 g/cm?, about 4.5 g/cm’®
to about 10.5 g/cm?, about 5.5 g/cm® to about 6.5 g/cm?,
about 5.5 g/cm? to about 7.5 g/em?, about 5.5 g/cm? to about
8.5 g/em’, about 5.5 g/cm® to about 9.5 g/cm®, about 5.5
g/cm’® to about 10.5 g/cm®, about 6.5 g/cm® to about 7.5
g/em?, about 6.5 g/cm? to about 8.5 g/cm?, about 6.5 g/cm®
to about 9.5 g/cm®, about 6.5 g/cm® to about 10.5 g/cm®,
about 7.5 g/cm?® to about 8.5 g/cm?, about 7.5 g/cm? to about
9.5 g/ecm®, about 7.5 g/cm® to about 10.5 g/cm?®, about 8.5
g/em® to about 9.5 g/em®, about 8.5 g/cm® to about 10.5
g/cm®, or about 9.5 g/cm?® to about 10.5 g/cm’. Optionally,
in some embodiments, the density of the conductive gra-
phene ink at a temperature of about 20° C. is at most about
10.5 g/cm®. Optionally, in some embodiments, the density of
the conductive graphene ink at a temperature of about 20° C.
is about 2.5 g/cm>, about 3.5 g/cm?, about 4.5 g/cm?, about
5.5 g/em®, about 6.5 g/cm®, about 7.5 g/cm’, about 8.5
g/cm’, about 9.5 g/cm’, or about 10.5 g/cm>. Optionally, in
some embodiments, the density of the conductive graphene
ink at a temperature of at least about 20° C. is about 2.5
g/cm?, about 3.5 g/cm®, about 4.5 g/cm?®, about 5.5 g/em®,
about 6.5 g/cm?, about 7.5 g/cm?, about 8.5 g/cm?, about 9.5
g/cm®, or about 10.5 g/cm>. Optionally, in some embodi-
ments, the density of the conductive graphene ink at a
temperature of no more than about 20° C. is about 2.5 g/cm?,
about 3.5 g/cm’, about 4.5 g/cm®, about 5.5 g/cm?, about 6.5
g/em?, about 7.5 g/em?, about 8.5 g/cm?, about 9.5 g/cm?, or
about 10.5 g/cm®.

[0159] Optionally, in some embodiments the conductive
graphene ink has a surface area of about 40 m*/g to about
2,400 m*/g. Optionally, in some embodiments the conduc-
tive graphene ink has a surface area of at least about 40 m*/g.
Optionally, in some embodiments the conductive graphene
ink has a surface area of at most about 2,400 m?/g. Option-
ally, in some embodiments the conductive graphene ink has
a surface area of about 40 m*/g to about 80 m?/g, about 40
m?/g to about 120 m*g, about 40 m*/g to about 240 m*/g,
about 40 m*/g to about 480 m?/g, about 40 m*/g to about
1,000 m*/g, about 40 m*/g to about 1,400 m*g, about 40
m?/g to about 1,800 m*/g, about 40 m*/g to about 2,200
m?/g, about 40 m*/g to about 2,400 m*/g, about 80 m*/g to
about 120 m?/g, about 80 m*/g to about 240 m*/g, about 80
m?/g to about 480 m*/g, about 80 m*/g to about 1,000 m*/g,
about 80 m*/g to about 1,400 m*/g, about 80 m*/g to about
1,800 m*/g, about 80 m?*/g to about 2,200 m?g, about 80
m?/g to about 2,400 m*/g, about 120 m*/g to about 240 m*/g,
about 120 m*/g to about 480 m*/g, about 120 m*/g to about
1,000 m*/g, about 120 m*/g to about 1,400 m*/g, about 120
m?/g to about 1,800 m*/g, about 120 m*/g to about 2,200
m?/g, about 120 m*/g to about 2,400 m*/g, about 240 m*/g
to about 480 m?*/g, about 240 m*/g to about 1,000 m*/g,
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about 240 m*/g to about 1,400 m*/g, about 240 m*/g to about
1,800 m*/g, about 240 m*/g to about 2,200 m*/g, about 240
m?/g to about 2,400 m*/g, about 480 m*/g to about 1,000
m?/g, about 480 m*/g to about 1,400 m*/g, about 480 m*/g
to about 1,800 m*/g, about 480 m*/g to about 2,200 m*/g,
about 480 m*/g to about 2,400 m*/g, about 1,000 m?*/g to
about 1,400 m*/g, about 1,000 m*/g to about 1,800 m%/g,
about 1,000 m*/g to about 2,200 m*/g, about 1,000 m*/g to
about 2,400 m*/g, about 1,400 m*/g to about 1,800 m%/g,
about 1,400 m*/g to about 2,200 m*/g, about 1,400 m*/g to
about 2,400 m*/g, about 1,800 m*/g to about 2,200 m*/g,
about 1,800 m*/g to about 2,400 m*/g, or about 2,200 m?/g
to about 2,400 m*/g. Optionally, in some embodiments the
conductive graphene ink has a surface area of about 40 m*/g,
about 80 m*/g, about 120 m*/g, about 240 m*/g, about 480
m?/g, about 1,000 m*/g, about 1,400 m*/g, about 1,800 m*/g,
about 2,200 m*/g, or about 2,400 m*/g. Optionally, in some
embodiments the conductive graphene ink has a surface area
of at least about 40 m*/g, about 80 m*/g, about 120 m*/g,
about 240 m*/g, about 480 m*/g, about 1,000 m*/g, about
1,400 m*/g, about 1,800 m*/g, about 2,200 m?/g, or about
2,400 m*/g. Optionally, in some embodiments the conduc-
tive graphene ink has a surface area of no more than about
40 m?*g, about 80 m*/g, about 120 m*/g, about 240 m*/g,
about 480 m?/g, about 1,000 m*/g, about 1,400 m*/g, about
1,800 m?/g, about 2,200 m?/g, or about 2,400 m?/g.

[0160] Optionally, in some embodiments the conductive
graphene ink has a conductivity of about 400 S/m to about
1,600 S/m. Optionally, in some embodiments the conductive
graphene ink has a conductivity of at least about 400 S/m.
Optionally, in some embodiments the conductive graphene
ink has a conductivity of at most about 1,600 S/m. Option-
ally, in some embodiments the conductive graphene ink has
a conductivity of about 400 S/m to about 500 S/m, about 400
S/m to about 600 S/m, about 400 S/m to about 700 S/m,
about 400 S/m to about 800 S/m, about 400 S/m to about 900
S/m, about 400 S/m to about 1,000 S/m, about 400 S/m to
about 1,200 S/m, about 400 S/m to about 1,400 S/m, about
400 S/m to about 1,600 S/m, about 500 S/m to about 600
S/m, about 500 S/m to about 700 S/m, about 500 S/m to
about 800 S/m, about 500 S/m to about 900 S/m, about 500
S/m to about 1,000 S/m, about 500 S/m to about 1,200 S/m,
about 500 S/m to about 1,400 S/m, about 500 S/m to about
1,600 S/m, about 600 S/m to about 700 S/m, about 600 S/m
to about 800 S/m, about 600 S/m to about 900 S/m, about
600 S/m to about 1,000 S/m, about 600 S/m to about 1,200
S/m, about 600 S/m to about 1,400 S/m, about 600 S/m to
about 1,600 S/m, about 700 S/m to about 800 S/m, about 700
S/m to about 900 S/m, about 700 S/m to about 1,000 S/m,
about 700 S/m to about 1,200 S/m, about 700 S/m to about
1,400 S/m, about 700 S/m to about 1,600 S/m, about 800
S/m to about 900 S/m, about 800 S/m to about 1,000 S/m,
about 800 S/m to about 1,200 S/m, about 800 S/m to about
1,400 S/m, about 800 S/m to about 1,600 S/m, about 900
S/m to about 1,000 S/m, about 900 S/m to about 1,200 S/m,
about 900 S/m to about 1,400 S/m, about 900 S/m to about
1,600 S/m, about 1,000 S/m to about 1,200 S/m, about 1,000
S/m to about 1,400 S/m, about 1,000 S/m to about 1,600
S/m, about 1,200 S/m to about 1,400 S/m, about 1,200 S/m
to about 1,600 S/m, or about 1,400 S/m to about 1,600 S/m.
Optionally, in some embodiments the conductive graphene
ink has a conductivity of about 400 S/m, about 500 S/m,
about 600 S/m, about 700 S/m, about 800 S/m, about 900
S/m, about 1,000 S/m, about 1,200 S/m, about 1,400 S/m, or

Oct. 25, 2018

about 1,600 S/m. Optionally, in some embodiments the
conductive graphene ink has a conductivity of at least about
400 S/m, about 500 S/m, about 600 S/m, about 700 S/m,
about 800 S/m, about 900 S/m, about 1,000 S/m, about 1,200
S/m, about 1,400 S/m, or about 1,600 S/m. Optionally, in
some embodiments the conductive graphene ink has a
conductivity of no more than about 400 S/m, about 500 S/m,
about 600 S/m, about 700 S/m, about 800 S/m, about 900
S/m, about 1,000 S/m, about 1,200 S/m, about 1,400 S/m, or
about 1,600 S/m.

[0161] Optionally, in some embodiments the conductive
graphene ink has a C:O mass ratio of about 2:1 to about 40:1.
Optionally, in some embodiments the conductive graphene
ink has a C:O mass ratio of at least about 2:1. Optionally, in
some embodiments the conductive graphene ink has a C:O
mass ratio of at most about 40:1. Optionally, in some
embodiments the conductive graphene ink has a C:O mass
ratio of about 2:1 to about 4:1, about 2:1 to about 6:1, about
2:1 to about 8:1, about 2:1 to about 10:1, about 2:1 to about
15:1, about 2:1 to about 20:1, about 2:1 to about 25:1, about
2:1 to about 30:1, about 2:1 to about 34:1, about 2:1 to about
40:1, about 4:1 to about 6:1, about 4:1 to about 8:1, about 4:1
to about 10:1, about 4:1 to about 15:1, about 4:1 to about
20:1, about 4:1 to about 25:1, about 4:1 to about 30:1, about
4:1 to about 34:1, about 4:1 to about 40:1, about 6:1 to about
8:1, about 6:1 to about 10:1, about 6:1 to about 15:1, about
6:1 to about 20:1, about 6:1 to about 25:1, about 6:1 to about
30:1, about 6:1 to about 34:1, about 6:1 to about 40:1, about
8:1 to about 10:1, about 8:1 to about 15:1, about 8:1 to about
20:1, about 8:1 to about 25:1, about 8:1 to about 30:1, about
8:1 to about 34:1, about 8:1 to about 40:1, about 10:1 to
about 15:1, about 10:1 to about 20:1, about 10:1 to about
25:1, about 10:1 to about 30:1, about 10:1 to about 34:1,
about 10:1 to about 40:1, about 15:1 to about 20:1, about
15:1 to about 25:1, about 15:1 to about 30:1, about 15:1 to
about 34:1, about 15:1 to about 40:1, about 20:1 to about
25:1, about 20:1 to about 30:1, about 20:1 to about 34:1,
about 20:1 to about 40:1, about 25:1 to about 30:1, about
25:1 to about 34:1, about 25:1 to about 40:1, about 30:1 to
about 34:1, about 30:1 to about 40:1, or about 34:1 to about
40:1. Optionally, in some embodiments the conductive gra-
phene ink has a C:O mass ratio of about 2:1, about 4:1, about
6:1, about 8:1, about 10:1, about 15:1, about 20:1, about
25:1, about 30:1, about 34:1, or about 40:1. Optionally, in
some embodiments, one of the conductivity, the surface
area, and the C:O ratio of the conductive graphene ink is
measured by methylene blue absorption. Optionally, in some
embodiments the conductive graphene ink has a C:O mass
ratio of at least about 2:1, about 4:1, about 6:1, about 8:1,
about 10:1, about 15:1, about 20:1, about 25:1, about 30:1,
about 34:1, or about 40:1. Optionally, in some embodiments
the conductive graphene ink has a C:O mass ratio of no more
than about 2:1, about 4:1, about 6:1, about 8:1, about 10:1,
about 15:1, about 20:1, about 25:1, about 30:1, about 34:1,
or about 40:1.

[0162] Another aspect provided herein is a method of
forming silver nanowires comprising: heating a secondary
solvent; adding a catalyst solution and a polymer solution to
the secondary solvent to form a first solution; injecting a
silver-based solution into the first solution to form a second
solution; centrifuging the second solution; and washing the
second solution with a washing solution to extract the silver
nanowires. Alternatively, in some embodiments, the meth-
ods herein are configured form at least one of a silver
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nanoparticle, a silver nanorod, a silver nanoflower, a silver
nanofiber, a silver nanoplatelet, a silver nanoribbon, a silver
nanocube, a silver bipyramid. In some embodiments, the
silver nanowires are configured to be used in a conductive
silver-based ink. Alternatively, in some embodiments, the
silver nanowires are configured to be used as a conductive
additive in a conductive graphene ink.

[0163] Optionally, in some embodiments, the secondary
solvent comprises a glycol. Optionally, in some embodi-
ments the glycol comprises ethylene glycol, polyethylene
glycol 200, polyethylene glycol 400, propylene glycol, or
any combination thereof.

[0164] Optionally, in some embodiments, the polymer
solution comprises a polymer comprising polyvinyl pyrroli-
done, sodium dodecyl sulfonate, vitamin B2, poly(vinyl
alcohol), dextrin, poly(methyl vinyl ether), or any combi-
nation thereof.

[0165] Optionally, in some embodiments, the polymer has
a molecular weight of about 10,000 to about 40,000. Option-
ally, in some embodiments, the polymer has a molecular
weight of at least about 10,000. Optionally, in some embodi-
ments, the polymer has a molecular weight of at most about
40,000. Optionally, in some embodiments, the polymer has
a molecular weight of about 10,000 to about 12,500, about
10,000 to about 15,000, about 10,000 to about 17,500, about
10,000 to about 20,000, about 10,000 to about 22,500, about
10,000 to about 25,000, about 10,000 to about 27,500, about
10,000 to about 30,000, about 10,000 to about 35,000, about
10,000 to about 40,000, about 12,500 to about 15,000, about
12,500 to about 17,500, about 12,500 to about 20,000, about
12,500 to about 22,500, about 12,500 to about 25,000, about
12,500 to about 27,500, about 12,500 to about 30,000, about
12,500 to about 35,000, about 12,500 to about 40,000, about
15,000 to about 17,500, about 15,000 to about 20,000, about
15,000 to about 22,500, about 15,000 to about 25,000, about
15,000 to about 27,500, about 15,000 to about 30,000, about
15,000 to about 35,000, about 15,000 to about 40,000, about
17,500 to about 20,000, about 17,500 to about 22,500, about
17,500 to about 25,000, about 17,500 to about 27,500, about
17,500 to about 30,000, about 17,500 to about 35,000, about
17,500 to about 40,000, about 20,000 to about 22,500, about
20,000 to about 25,000, about 20,000 to about 27,500, about
20,000 to about 30,000, about 20,000 to about 35,000, about
20,000 to about 40,000, about 22,500 to about 25,000, about
22,500 to about 27,500, about 22,500 to about 30,000, about
22,500 to about 35,000, about 22,500 to about 40,000, about
25,000 to about 27,500, about 25,000 to about 30,000, about
25,000 to about 35,000, about 25,000 to about 40,000, about
27,500 to about 30,000, about 27,500 to about 35,000, about
27,500 to about 40,000, about 30,000 to about 35,000, about
30,000 to about 40,000, or about 35,000 to about 40,000.
Optionally, in some embodiments, the polymer has a
molecular weight of about 10,000, about 12,500, about
15,000, about 17,500, about 20,000, about 22,500, about
25,000, about 27,500, about 30,000, about 35,000, or about
40,000. Optionally, in some embodiments, the polymer has
a molecular weight of at least about 10,000, about 12,500,
about 15,000, about 17,500, about 20,000, about 22,500,
about 25,000, about 27,500, about 30,000, about 35,000, or
about 40,000. Optionally, in some embodiments, the poly-
mer has a molecular weight of no more than about 10,000,
about 12,500, about 15,000, about 17,500, about 20,000,
about 22,500, about 25,000, about 27,500, about 30,000,
about 35,000, or about 40,000.
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[0166] Optionally, in some embodiments, the polymer
solution has a concentration of about 0.075 M to about 0.25
M. Optionally, in some embodiments, the polymer solution
has a concentration of at least about 0.075 M. Optionally, in
some embodiments, the polymer solution has a concentra-
tion of at most about 0.25 M. Optionally, in some embodi-
ments, the polymer solution has a concentration of about
0.075 M to about 0.1 M, about 0.075 M to about 0.125 M,
about 0.075 M to about 0.15 M, about 0.075 M to about
0.175 M, about 0.075 M to about 0.2 M, about 0.075 M to
about 0.225 M, about 0.075 M to about 0.25 M, about 0.1 M
to about 0.125 M, about 0.1 M to about 0.15 M, about 0.1
M to about 0.175 M, about 0.1 M to about 0.2 M, about 0.1
M to about 0.225 M, about 0.1 M to about 0.25 M, about
0.125 M to about 0.15 M, about 0.125 M to about 0.175 M,
about 0.125 M to about 0.2 M, about 0.125 M to about 0.225
M, about 0.125 M to about 0.25 M, about 0.15 M to about
0.175 M, about 0.15 M to about 0.2 M, about 0.15 M to
about 0.225 M, about 0.15 M to about 0.25 M, about 0.175
M to about 0.2 M, about 0.175 M to about 0.225 M, about
0.175 M to about 0.25 M, about 0.2 M to about 0.225 M,
about 0.2 M to about 0.25 M, or about 0.225 M to about 0.25
M. Optionally, in some embodiments, the polymer solution
has a concentration of about 0.075 M, about 0.1 M, about
0.125 M, about 0.15 M, about 0.175 M, about 0.2 M, about
0.225 M, or about 0.25 M. Optionally, in some embodi-
ments, the polymer solution has a concentration of at least
about 0.075 M, about 0.1 M, about 0.125 M, about 0.15 M,
about 0.175 M, about 0.2 M, about 0.225 M, or about 0.25
M. Optionally, in some embodiments, the polymer solution
has a concentration of no more than about 0.075 M, about
0.1 M, about 0.125 M, about 0.15 M, about 0.175 M, about
0.2 M, about 0.225 M, or about 0.25 M.

[0167] Optionally, in some embodiments, the secondary
solvent is heated to a temperature of about 75° C. to about
300° C. Optionally, in some embodiments, the secondary
solvent is heated to a temperature of at least about 75° C.
Optionally, in some embodiments, the secondary solvent is
heated to a temperature of at most about 300° C. Optionally,
in some embodiments, the secondary solvent is heated to a
temperature of about 75° C. to about 100° C., about 75° C.
to about 125° C., about 75° C. to about 150° C., about 75°
C. to about 175° C., about 75° C. to about 200° C., about 75°
C. to about 225° C., about 75° C. to about 250° C., about 75°
C. to about 275° C., about 75° C. to about 300° C., about
100° C. to about 125° C., about 100° C. to about 150° C.,
about 100° C. to about 175° C., about 100° C. to about 200°
C., about 100° C. to about 225° C., about 100° C. to about
250° C., about 100° C. to about 275° C., about 100° C. to
about 300° C., about 125° C. to about 150° C., about 125°
C. to about 175° C., about 125° C. to about 200° C., about
125° C. to about 225° C., about 125° C. to about 250° C.,
about 125° C. to about 275° C., about 125° C. to about 300°
C., about 150° C. to about 175° C., about 150° C. to about
200° C., about 150° C. to about 225° C., about 150° C. to
about 250° C., about 150° C. to about 275° C., about 150°
C. to about 300° C., about 175° C. to about 200° C., about
175° C. to about 225° C., about 175° C. to about 250° C.,
about 175° C. to about 275° C., about 175° C. to about 300°
C., about 200° C. to about 225° C., about 200° C. to about
250° C., about 200° C. to about 275° C., about 200° C. to
about 300° C., about 225° C. to about 250° C., about 225°
C. to about 275° C., about 225° C. to about 300° C., about
250° C. to about 275° C., about 250° C. to about 300° C., or
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about 275° C. to about 300° C. Optionally, in some embodi-
ments, the secondary solvent is heated to a temperature of
about 75° C., about 100° C., about 125° C., about 150° C.,
about 175° C., about 200° C., about 225° C., about 250° C.,
about 275° C., or about 300° C. Optionally, in some embodi-
ments, the secondary solvent is heated to a temperature of at
least about 75° C., about 100° C., about 125° C., about 150°
C., about 175° C., about 200° C., about 225° C., about 250°
C., about 275° C., or about 300° C. Optionally, in some
embodiments, the secondary solvent is heated to a tempera-
ture of no more than about 75° C., about 100° C., about 125°
C., about 150° C., about 175° C., about 200° C., about 225°
C., about 250° C., about 275° C., or about 300° C.

[0168] Optionally, in some embodiments, the secondary
solvent is heated for a period of time of about 30 minutes to
about 120 minutes. Optionally, in some embodiments, the
secondary solvent is heated for a period of time of at least
about 30 minutes. Optionally, in some embodiments, the
secondary solvent is heated for a period of time of at most
about 120 minutes. Optionally, in some embodiments, the
secondary solvent is heated for a period of time of about 30
minutes to about 40 minutes, about 30 minutes to about 50
minutes, about 30 minutes to about 60 minutes, about 30
minutes to about 70 minutes, about 30 minutes to about 80
minutes, about 30 minutes to about 90 minutes, about 30
minutes to about 100 minutes, about 30 minutes to about 110
minutes, about 30 minutes to about 120 minutes, about 40
minutes to about 50 minutes, about 40 minutes to about 60
minutes, about 40 minutes to about 70 minutes, about 40
minutes to about 80 minutes, about 40 minutes to about 90
minutes, about 40 minutes to about 100 minutes, about 40
minutes to about 110 minutes, about 40 minutes to about 120
minutes, about 50 minutes to about 60 minutes, about 50
minutes to about 70 minutes, about 50 minutes to about 80
minutes, about 50 minutes to about 90 minutes, about 50
minutes to about 100 minutes, about 50 minutes to about 110
minutes, about 50 minutes to about 120 minutes, about 60
minutes to about 70 minutes, about 60 minutes to about 80
minutes, about 60 minutes to about 90 minutes, about 60
minutes to about 100 minutes, about 60 minutes to about 110
minutes, about 60 minutes to about 120 minutes, about 70
minutes to about 80 minutes, about 70 minutes to about 90
minutes, about 70 minutes to about 100 minutes, about 70
minutes to about 110 minutes, about 70 minutes to about 120
minutes, about 80 minutes to about 90 minutes, about 80
minutes to about 100 minutes, about 80 minutes to about 110
minutes, about 80 minutes to about 120 minutes, about 90
minutes to about 100 minutes, about 90 minutes to about 110
minutes, about 90 minutes to about 120 minutes, about 100
minutes to about 110 minutes, about 100 minutes to about
120 minutes, or about 110 minutes to about 120 minutes.
Optionally, in some embodiments, the secondary solvent is
heated for a period of time of about 30 minutes, about 40
minutes, about 50 minutes, about 60 minutes, about 70
minutes, about 80 minutes, about 90 minutes, about 100
minutes, about 110 minutes, or about 120 minutes. Option-
ally, in some embodiments, the secondary solvent is heated
for a period of time of at least about 30 minutes, about 40
minutes, about 50 minutes, about 60 minutes, about 70
minutes, about 80 minutes, about 90 minutes, about 100
minutes, about 110 minutes, or about 120 minutes. Option-
ally, in some embodiments, the secondary solvent is heated
for a period of time of no more than about 30 minutes, about
40 minutes, about 50 minutes, about 60 minutes, about 70
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minutes, about 80 minutes, about 90 minutes, about 100
minutes, about 110 minutes, or about 120 minutes.

[0169] Optionally, in some embodiments, the secondary
solvent is stirred while being heated. Optionally, in some
embodiments, the stirring is performed by a magnetic stir
bar.

[0170] Optionally, in some embodiments, the stirring is
performed at a rate of about 100 rpm to about 400 rpm.
Optionally, in some embodiments, the stirring is performed
at a rate of at least about 100 rpm. Optionally, in some
embodiments, the stirring is performed at a rate of at most
about 400 rpm. Optionally, in some embodiments, the stir-
ring is performed at a rate of about 100 rpm to about 125
rpm, about 100 rpm to about 150 rpm, about 100 rpm to
about 175 rpm, about 100 rpm to about 200 rpm, about 100
rpm to about 225 rpm, about 100 rpm to about 250 rpm,
about 100 rpm to about 275 rpm, about 100 rpm to about 300
rpm, about 100 rpm to about 350 rpm, about 100 rpm to
about 400 rpm, about 125 rpm to about 150 rpm, about 125
rpm to about 175 rpm, about 125 rpm to about 200 rpm,
about 125 rpm to about 225 rpm, about 125 rpm to about 250
rpm, about 125 rpm to about 275 rpm, about 125 rpm to
about 300 rpm, about 125 rpm to about 350 rpm, about 125
rpm to about 400 rpm, about 150 rpm to about 175 rpm,
about 150 rpm to about 200 rpm, about 150 rpm to about 225
rpm, about 150 rpm to about 250 rpm, about 150 rpm to
about 275 rpm, about 150 rpm to about 300 rpm, about 150
rpm to about 350 rpm, about 150 rpm to about 400 rpm,
about 175 rpm to about 200 rpm, about 175 rpm to about 225
rpm, about 175 rpm to about 250 rpm, about 175 rpm to
about 275 rpm, about 175 rpm to about 300 rpm, about 175
rpm to about 350 rpm, about 175 rpm to about 400 rpm,
about 200 rpm to about 225 rpm, about 200 rpm to about 250
rpm, about 200 rpm to about 275 rpm, about 200 rpm to
about 300 rpm, about 200 rpm to about 350 rpm, about 200
rpm to about 400 rpm, about 225 rpm to about 250 rpm,
about 225 rpm to about 275 rpm, about 225 rpm to about 300
rpm, about 225 rpm to about 350 rpm, about 225 rpm to
about 400 rpm, about 250 rpm to about 275 rpm, about 250
rpm to about 300 rpm, about 250 rpm to about 350 rpm,
about 250 rpm to about 400 rpm, about 275 rpm to about 300
rpm, about 275 rpm to about 350 rpm, about 275 rpm to
about 400 rpm, about 300 rpm to about 350 rpm, about 300
rpm to about 400 rpm, or about 350 rpm to about 400 rpm.
Optionally, in some embodiments, the stirring is performed
at a rate of about 100 rpm, about 125 rpm, about 150 rpm,
about 175 rpm, about 200 rpm, about 225 rpm, about 250
rpm, about 275 rpm, about 300 rpm, about 350 rpm, or about
400 rpm. Optionally, in some embodiments, the stirring is
performed at a rate of at least about 100 rpm, about 125 rpm,
about 150 rpm, about 175 rpm, about 200 rpm, about 225
rpm, about 250 rpm, about 275 rpm, about 300 rpm, about
350 rpm, or about 400 rpm. Optionally, in some embodi-
ments, the stirring is performed at a rate of no more than
about 100 rpm, about 125 rpm, about 150 rpm, about 175
rpm, about 200 rpm, about 225 rpm, about 250 rpm, about
275 rpm, about 300 rpm, about 350 rpm, or about 400 rpm.

[0171] Optionally, in some embodiments, the catalyst
solution comprises a catalyst comprising a chloride. Option-
ally, in some embodiments, the catalyst solution comprises
a catalyst comprising CuCl,, CuCl, NaCl, PtCl,, AgCl,
FeCl,, FeCl,, tetrapropylammonium chloride, tetrapropy-
lammonium bromide, or any combination thereof.
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[0172] Optionally, in some embodiments, the catalyst
solution has a concentration of about 2 mM to about 8 mM.
Optionally, in some embodiments, the catalyst solution has
a concentration of at least about 2 mM. Optionally, in some
embodiments, the catalyst solution has a concentration of at
most about 8 mM. Optionally, in some embodiments, the
catalyst solution has a concentration of about 2 mM to about
2.5 mM, about 2 mM to about 3 mM, about 2 mM to about
3.5 mM, about 2 mM to about 4 mM, about 2 mM to about
4.5 mM, about 2 mM to about 5 mM, about 2 mM to about
5.5 mM, about 2 mM to about 6 mM, about 2 mM to about
6.5 mM, about 2 mM to about 7 mM, about 2 mM to about
8 mM, about 2.5 mM to about 3 mM, about 2.5 mM to about
3.5 mM, about 2.5 mM to about 4 mM, about 2.5 mM to
about 4.5 mM, about 2.5 mM to about 5 mM, about 2.5 mM
to about 5.5 mM, about 2.5 mM to about 6 mM, about 2.5
mM to about 6.5 mM, about 2.5 mM to about 7 mM, about
2.5 mM to about 8 mM, about 3 mM to about 3.5 mM, about
3 mM to about 4 mM, about 3 mM to about 4.5 mM, about
3 mM to about 5 mM, about 3 mM to about 5.5 mM, about
3 mM to about 6 mM, about 3 mM to about 6.5 mM, about
3 mM to about 7 mM, about 3 mM to about 8 mM, about 3.5
mM to about 4 mM, about 3.5 mM to about 4.5 mM, about
3.5 mM to about 5 mM, about 3.5 mM to about 5.5 mM,
about 3.5 mM to about 6 mM, about 3.5 mM to about 6.5
mM, about 3.5 mM to about 7 mM, about 3.5 mM to about
8 mM, about 4 mM to about 4.5 mM, about 4 mM to about
5 mM, about 4 mM to about 5.5 mM, about 4 mM to about
6 mM, about 4 mM to about 6.5 mM, about 4 mM to about
7 mM, about 4 mM to about 8 mM, about 4.5 mM to about
5 mM, about 4.5 mM to about 5.5 mM, about 4.5 mM to
about 6 mM, about 4.5 mM to about 6.5 mM, about 4.5 mM
to about 7 mM, about 4.5 mM to about 8 mM, about 5 mM
to about 5.5 mM, about 5 mM to about 6 mM, about 5 mM
to about 6.5 mM, about 5 mM to about 7 mM, about 5 mM
to about 8 mM, about 5.5 mM to about 6 mM, about 5.5 mM
to about 6.5 mM, about 5.5 mM to about 7 mM, about 5.5
mM to about 8 mM, about 6 mM to about 6.5 mM, about 6
mM to about 7 mM, about 6 mM to about 8 mM, about 6.5
mM to about 7 mM, about 6.5 mM to about 8 mM, or about
7 mM to about 8 mM. Optionally, in some embodiments, the
catalyst solution has a concentration of about 2 mM, about
2.5 mM, about 3 mM, about 3.5 mM, about 4 mM, about 4.5
mM, about 5 mM, about 5.5 mM, about 6 mM, about 6.5
mM, about 7 mM, or about 8 mM. Optionally, in some
embodiments, the catalyst solution has a concentration of at
least about 2 mM, about 2.5 mM, about 3 mM, about 3.5
mM, about 4 mM, about 4.5 mM, about 5 mM, about 5.5
mM, about 6 mM, about 6.5 mM, about 7 mM, or about 8
mM. Optionally, in some embodiments, the catalyst solution
has a concentration of no more than about 2 mM, about 2.5
mM, about 3 mM, about 3.5 mM, about 4 mM, about 4.5
mM, about 5 mM, about 5.5 mM, about 6 mM, about 6.5
mM, about 7 mM, or about 8 mM.

[0173] Optionally, in some embodiments, the volume of
the secondary solvent is greater than the volume of the
catalyst solution by a factor of about 75 to about 250.
Optionally, in some embodiments, the volume of the sec-
ondary solvent is greater than the volume of the catalyst
solution by a factor of at least about 75. Optionally, in some
embodiments, the volume of the secondary solvent is greater
than the volume of the catalyst solution by a factor of at most
about 250. Optionally, in some embodiments, the volume of
the secondary solvent is greater than the volume of the
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catalyst solution by a factor of about 75 to about 100, about
75 to about 125, about 75 to about 150, about 75 to about
175, about 75 to about 200, about 75 to about 225, about 75
to about 250, about 100 to about 125, about 100 to about
150, about 100 to about 175, about 100 to about 200, about
100 to about 225, about 100 to about 250, about 125 to about
150, about 125 to about 175, about 125 to about 200, about
125 to about 225, about 125 to about 250, about 150 to about
175, about 150 to about 200, about 150 to about 225, about
150 to about 250, about 175 to about 200, about 175 to about
225, about 175 to about 250, about 200 to about 225, about
200 to about 250, or about 225 to about 250. Optionally, in
some embodiments, the volume of the secondary solvent is
greater than the volume of the catalyst solution by a factor
of about 75, about 100, about 125, about 150, about 175,
about 200, about 225, or about 250. Optionally, in some
embodiments, the volume of the secondary solvent is greater
than the volume of the catalyst solution by a factor of at least
about 75, about 100, about 125, about 150, about 175, about
200, about 225, or about 250. Optionally, in some embodi-
ments, the volume of the secondary solvent is greater than
the volume of the catalyst solution by a factor of no more
than about 75, about 100, about 125, about 150, about 175,
about 200, about 225, or about 250.

[0174] Optionally, in some embodiments, the volume of
the secondary solvent is greater than the volume of the
polymer solution by a factor of about 1.5 to about 6.5.
Optionally, in some embodiments, the volume of the sec-
ondary solvent is greater than the volume of the polymer
solution by a factor of at least about 1.5. Optionally, in some
embodiments, the volume of the secondary solvent is greater
than the volume of the polymer solution by a factor of at
most about 6.5. Optionally, in some embodiments, the
volume of the secondary solvent is greater than the volume
of the polymer solution by a factor of about 1.5 to about 2,
about 1.5 to about 2.5, about 1.5 to about 3, about 1.5 to
about 3.5, about 1.5 to about 4, about 1.5 to about 4.5, about
1.5 to about 5, about 1.5 to about 5.5, about 1.5 to about 6,
about 1.5 to about 6.5, about 2 to about 2.5, about 2 to about
3, about 2 to about 3.5, about 2 to about 4, about 2 to about
4.5, about 2 to about 5, about 2 to about 5.5, about 2 to about
6, about 2 to about 6.5, about 2.5 to about 3, about 2.5 to
about 3.5, about 2.5 to about 4, about 2.5 to about 4.5, about
2.5 to about 5, about 2.5 to about 5.5, about 2.5 to about 6,
about 2.5 to about 6.5, about 3 to about 3.5, about 3 to about
4, about 3 to about 4.5, about 3 to about 5, about 3 to about
5.5, about 3 to about 6, about 3 to about 6.5, about 3.5 to
about 4, about 3.5 to about 4.5, about 3.5 to about 5, about
3.5 to about 5.5, about 3.5 to about 6, about 3.5 to about 6.5,
about 4 to about 4.5, about 4 to about 5, about 4 to about 5.5,
about 4 to about 6, about 4 to about 6.5, about 4.5 to about
5, about 4.5 to about 5.5, about 4.5 to about 6, about 4.5 to
about 6.5, about 5 to about 5.5, about 5 to about 6, about 5
to about 6.5, about 5.5 to about 6, about 5.5 to about 6.5, or
about 6 to about 6.5. Optionally, in some embodiments, the
volume of the secondary solvent is greater than the volume
of the polymer solution by a factor of about 1.5, about 2,
about 2.5, about 3, about 3.5, about 4, about 4.5, about 5,
about 5.5, about 6, or about 6.5. Optionally, in some embodi-
ments, the volume of the secondary solvent is greater than
the volume of the polymer solution by a factor of at least
about 1.5, about 2, about 2.5, about 3, about 3.5, about 4,
about 4.5, about 5, about 5.5, about 6, or about 6.5. Option-
ally, in some embodiments, the volume of the secondary
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solvent is greater than the volume of the polymer solution by
a factor of no more than about 1.5, about 2, about 2.5, about
3, about 3.5, about 4, about 4.5, about 5, about 5.5, about 6,
or about 6.5.

[0175] Optionally, in some embodiments, the silver-based
solution comprises a silver-based material comprising
AgNO;. Optionally, in some embodiments, the silver-based
solution has a concentration of about 0.05 M to about 0.2 M.
Optionally, in some embodiments, the silver-based solution
has a concentration of at least about 0.05 M. Optionally, in
some embodiments, the silver-based solution has a concen-
tration of at most about 0.2 M. Optionally, in some embodi-
ments, the silver-based solution has a concentration of about
0.05 M to about 0.075 M, about 0.05 M to about 0.1 M,
about 0.05 M to about 0.125 M, about 0.05 M to about 0.15
M, about 0.05 M to about 0.175 M, about 0.05 M to about
0.2 M, about 0.075 M to about 0.1 M, about 0.075 M to
about 0.125 M, about 0.075 M to about 0.15 M, about 0.075
M to about 0.175 M, about 0.075 M to about 0.2 M, about
0.1 M to about 0.125 M, about 0.1 M to about 0.15 M, about
0.1 M to about 0.175 M, about 0.1 M to about 0.2 M, about
0.125 M to about 0.15 M, about 0.125 M to about 0.175 M,
about 0.125 M to about 0.2 M, about 0.15 M to about 0.175
M, about 0.15 M to about 0.2 M, or about 0.175 M to about
0.2 M. Optionally, in some embodiments, the silver-based
solution has a concentration of about 0.05 M, about 0.075 M,
about 0.1 M, about 0.125 M, about 0.15 M, about 0.175 M,
or about 0.2 M. Optionally, in some embodiments, the
silver-based solution has a concentration of at least about
0.05 M, about 0.075 M, about 0.1 M, about 0.125 M, about
0.15 M, about 0.175 M, or about 0.2 M. Optionally, in some
embodiments, the silver-based solution has a concentration
of no more than about 0.05 M, about 0.075 M, about 0.1 M,
about 0.125 M, about 0.15 M, about 0.175 M, or about 0.2
M.

[0176] Optionally, in some embodiments, the volume of
the secondary solvent is greater than the volume of the
silver-based solution by a factor of about 1.5 to about 6.5.
Optionally, in some embodiments, the volume of the sec-
ondary solvent is greater than the volume of the silver-based
solution by a factor of at least about 1.5. Optionally, in some
embodiments, the volume of the secondary solvent is greater
than the volume of the silver-based solution by a factor of at
most about 6.5. Optionally, in some embodiments, the
volume of the secondary solvent is greater than the volume
of the silver-based solution by a factor of about 1.5 to about
2, about 1.5 to about 2.5, about 1.5 to about 3, about 1.5 to
about 3.5, about 1.5 to about 4, about 1.5 to about 4.5, about
1.5 to about 5, about 1.5 to about 5.5, about 1.5 to about 6,
about 1.5 to about 6.5, about 2 to about 2.5, about 2 to about
3, about 2 to about 3.5, about 2 to about 4, about 2 to about
4.5, about 2 to about 5, about 2 to about 5.5, about 2 to about
6, about 2 to about 6.5, about 2.5 to about 3, about 2.5 to
about 3.5, about 2.5 to about 4, about 2.5 to about 4.5, about
2.5 to about 5, about 2.5 to about 5.5, about 2.5 to about 6,
about 2.5 to about 6.5, about 3 to about 3.5, about 3 to about
4, about 3 to about 4.5, about 3 to about 5, about 3 to about
5.5, about 3 to about 6, about 3 to about 6.5, about 3.5 to
about 4, about 3.5 to about 4.5, about 3.5 to about 5, about
3.5 to about 5.5, about 3.5 to about 6, about 3.5 to about 6.5,
about 4 to about 4.5, about 4 to about 5, about 4 to about 5.5,
about 4 to about 6, about 4 to about 6.5, about 4.5 to about
5, about 4.5 to about 5.5, about 4.5 to about 6, about 4.5 to
about 6.5, about 5 to about 5.5, about 5 to about 6, about 5
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to about 6.5, about 5.5 to about 6, about 5.5 to about 6.5, or
about 6 to about 6.5. Optionally, in some embodiments, the
volume of the secondary solvent is greater than the volume
of' the silver-based solution by a factor of about 1.5, about 2,
about 2.5, about 3, about 3.5, about 4, about 4.5, about 5,
about 5.5, about 6, or about 6.5. Optionally, in some embodi-
ments, the volume of the secondary solvent is greater than
the volume of the silver-based solution by a factor of at least
about 1.5, about 2, about 2.5, about 3, about 3.5, about 4,
about 4.5, about 5, about 5.5, about 6, or about 6.5. Option-
ally, in some embodiments, the volume of the secondary
solvent is greater than the volume of the silver-based solu-
tion by a factor of no more than about 1.5, about 2, about 2.5,
about 3, about 3.5, about 4, about 4.5, about 5, about 5.5,
about 6, or about 6.5.

[0177] Optionally, in some embodiments, the silver-based
solution is injected into the first solution over a period of
time of about 1 second to about 900 seconds. Optionally, in
some embodiments, the silver-based solution is injected into
the first solution over a period of time of at least about 1
second. Optionally, in some embodiments, the silver-based
solution is injected into the first solution over a period of
time of at most about 900 seconds. Optionally, in some
embodiments, the silver-based solution is injected into the
first solution over a period of time of about 1 second to about
2 seconds, about 1 second to about 5 seconds, about 1
second to about 10 seconds, about 1 second to about 50
seconds, about 1 second to about 100 seconds, about 1
second to about 200 seconds, about 1 second to about 300
seconds, about 1 second to about 400 seconds, about 1
second to about 600 seconds, about 1 second to about 800
seconds, about 1 second to about 900 seconds, about 2
seconds to about 5 seconds, about 2 seconds to about 10
seconds, about 2 seconds to about 50 seconds, about 2
seconds to about 100 seconds, about 2 seconds to about 200
seconds, about 2 seconds to about 300 seconds, about 2
seconds to about 400 seconds, about 2 seconds to about 600
seconds, about 2 seconds to about 800 seconds, about 2
seconds to about 900 seconds, about 5 seconds to about 10
seconds, about 5 seconds to about 50 seconds, about 5
seconds to about 100 seconds, about 5 seconds to about 200
seconds, about 5 seconds to about 300 seconds, about 5
seconds to about 400 seconds, about 5 seconds to about 600
seconds, about 5 seconds to about 800 seconds, about 5
seconds to about 900 seconds, about 10 seconds to about 50
seconds, about 10 seconds to about 100 seconds, about 10
seconds to about 200 seconds, about 10 seconds to about 300
seconds, about 10 seconds to about 400 seconds, about 10
seconds to about 600 seconds, about 10 seconds to about 800
seconds, about 10 seconds to about 900 seconds, about 50
seconds to about 100 seconds, about 50 seconds to about 200
seconds, about 50 seconds to about 300 seconds, about 50
seconds to about 400 seconds, about 50 seconds to about 600
seconds, about 50 seconds to about 800 seconds, about 50
seconds to about 900 seconds, about 100 seconds to about
200 seconds, about 100 seconds to about 300 seconds, about
100 seconds to about 400 seconds, about 100 seconds to
about 600 seconds, about 100 seconds to about 800 seconds,
about 100 seconds to about 900 seconds, about 200 seconds
to about 300 seconds, about 200 seconds to about 400
seconds, about 200 seconds to about 600 seconds, about 200
seconds to about 800 seconds, about 200 seconds to about
900 seconds, about 300 seconds to about 400 seconds, about
300 seconds to about 600 seconds, about 300 seconds to



US 2018/0305570 Al

about 800 seconds, about 300 seconds to about 900 seconds,
about 400 seconds to about 600 seconds, about 400 seconds
to about 800 seconds, about 400 seconds to about 900
seconds, about 600 seconds to about 800 seconds, about 600
seconds to about 900 seconds, or about 800 seconds to about
900 seconds. Optionally, in some embodiments, the silver-
based solution is injected into the first solution over a period
of time of about 1 second, about 2 seconds, about 5 seconds,
about 10 seconds, about 50 seconds, about 100 seconds,
about 200 seconds, about 300 seconds, about 400 seconds,
about 600 seconds, about 800 seconds, or about 900 sec-
onds. Optionally, in some embodiments, the silver-based
solution is injected into the first solution over a period of
time of at least about 1 second, about 2 seconds, about 5
seconds, about 10 seconds, about 50 seconds, about 100
seconds, about 200 seconds, about 300 seconds, about 400
seconds, about 600 seconds, about 800 seconds, or about
900 seconds. Optionally, in some embodiments, the silver-
based solution is injected into the first solution over a period
of time of no more than about 1 second, about 2 seconds,
about 5 seconds, about 10 seconds, about 50 seconds, about
100 seconds, about 200 seconds, about 300 seconds, about
400 seconds, about 600 seconds, about 800 seconds, or
about 900 seconds.

[0178] Some embodiments further comprise heating the
second solution before the process of centrifuging the sec-
ond solution.

[0179] Optionally, in some embodiments, the heating of
the second solution occurs over a period of time of about 30
minutes to about 120 minutes. Optionally, in some embodi-
ments, the heating of the second solution occurs over a
period of time of at least about 30 minutes. Optionally, in
some embodiments, the heating of the second solution
occurs over a period of time of at most about 120 minutes.
Optionally, in some embodiments, the heating of the second
solution occurs over a period of time of about 30 minutes to
about 40 minutes, about 30 minutes to about 50 minutes,
about 30 minutes to about 60 minutes, about 30 minutes to
about 70 minutes, about 30 minutes to about 80 minutes,
about 30 minutes to about 90 minutes, about 30 minutes to
about 100 minutes, about 30 minutes to about 110 minutes,
about 30 minutes to about 120 minutes, about 40 minutes to
about 50 minutes, about 40 minutes to about 60 minutes,
about 40 minutes to about 70 minutes, about 40 minutes to
about 80 minutes, about 40 minutes to about 90 minutes,
about 40 minutes to about 100 minutes, about 40 minutes to
about 110 minutes, about 40 minutes to about 120 minutes,
about 50 minutes to about 60 minutes, about 50 minutes to
about 70 minutes, about 50 minutes to about 80 minutes,
about 50 minutes to about 90 minutes, about 50 minutes to
about 100 minutes, about 50 minutes to about 110 minutes,
about 50 minutes to about 120 minutes, about 60 minutes to
about 70 minutes, about 60 minutes to about 80 minutes,
about 60 minutes to about 90 minutes, about 60 minutes to
about 100 minutes, about 60 minutes to about 110 minutes,
about 60 minutes to about 120 minutes, about 70 minutes to
about 80 minutes, about 70 minutes to about 90 minutes,
about 70 minutes to about 100 minutes, about 70 minutes to
about 110 minutes, about 70 minutes to about 120 minutes,
about 80 minutes to about 90 minutes, about 80 minutes to
about 100 minutes, about 80 minutes to about 110 minutes,
about 80 minutes to about 120 minutes, about 90 minutes to
about 100 minutes, about 90 minutes to about 110 minutes,
about 90 minutes to about 120 minutes, about 100 minutes
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to about 110 minutes, about 100 minutes to about 120
minutes, or about 110 minutes to about 120 minutes. Option-
ally, in some embodiments, the heating of the second solu-
tion occurs over a period of time of about 30 minutes, about
40 minutes, about 50 minutes, about 60 minutes, about 70
minutes, about 80 minutes, about 90 minutes, about 100
minutes, about 110 minutes, or about 120 minutes. Option-
ally, in some embodiments, the heating of the second solu-
tion occurs over a period of time of at least about 30 minutes,
about 40 minutes, about 50 minutes, about 60 minutes, about
70 minutes, about 80 minutes, about 90 minutes, about 100
minutes, about 110 minutes, or about 120 minutes. Option-
ally, in some embodiments, the heating of the second solu-
tion occurs over a period of time of no more than about 30
minutes, about 40 minutes, about 50 minutes, about 60
minutes, about 70 minutes, about 80 minutes, about 90
minutes, about 100 minutes, about 110 minutes, or about
120 minutes.

[0180] Optionally, in some embodiments, the centrifuging
occurs at a speed of about 1,500 rpm to about 6,000 rpm.
Optionally, in some embodiments, the centrifuging occurs at
a speed of at least about 1,500 rpm. Optionally, in some
embodiments, the centrifuging occurs at a speed of at most
about 6,000 rpm. Optionally, in some embodiments, the
centrifuging occurs at a speed of about 1,500 rpm to about
2,000 rpm, about 1,500 rpm to about 2,500 rpm, about 1,500
rpm to about 3,000 rpm, about 1,500 rpm to about 3,500
rpm, about 1,500 rpm to about 4,000 rpm, about 1,500 rpm
to about 4,500 rpm, about 1,500 rpm to about 5,000 rpm,
about 1,500 rpm to about 5,500 rpm, about 1,500 rpm to
about 6,000 rpm, about 2,000 rpm to about 2,500 rpm, about
2,000 rpm to about 3,000 rpm, about 2,000 rpm to about
3,500 rpm, about 2,000 rpm to about 4,000 rpm, about 2,000
rpm to about 4,500 rpm, about 2,000 rpm to about 5,000
rpm, about 2,000 rpm to about 5,500 rpm, about 2,000 rpm
to about 6,000 rpm, about 2,500 rpm to about 3,000 rpm,
about 2,500 rpm to about 3,500 rpm, about 2,500 rpm to
about 4,000 rpm, about 2,500 rpm to about 4,500 rpm, about
2,500 rpm to about 5,000 rpm, about 2,500 rpm to about
5,500 rpm, about 2,500 rpm to about 6,000 rpm, about 3,000
rpm to about 3,500 rpm, about 3,000 rpm to about 4,000
rpm, about 3,000 rpm to about 4,500 rpm, about 3,000 rpm
to about 5,000 rpm, about 3,000 rpm to about 5,500 rpm,
about 3,000 rpm to about 6,000 rpm, about 3,500 rpm to
about 4,000 rpm, about 3,500 rpm to about 4,500 rpm, about
3,500 rpm to about 5,000 rpm, about 3,500 rpm to about
5,500 rpm, about 3,500 rpm to about 6,000 rpm, about 4,000
rpm to about 4,500 rpm, about 4,000 rpm to about 5,000
rpm, about 4,000 rpm to about 5,500 rpm, about 4,000 rpm
to about 6,000 rpm, about 4,500 rpm to about 5,000 rpm,
about 4,500 rpm to about 5,500 rpm, about 4,500 rpm to
about 6,000 rpm, about 5,000 rpm to about 5,500 rpm, about
5,000 rpm to about 6,000 rpm, or about 5,500 rpm to about
6,000 rpm. Optionally, in some embodiments, the centrifug-
ing occurs at a speed of about 1,500 rpm, about 2,000 rpm,
about 2,500 rpm, about 3,000 rpm, about 3,500 rpm, about
4,000 rpm, about 4,500 rpm, about 5,000 rpm, about 5,500
rpm, or about 6,000 rpm. Optionally, in some embodiments,
the centrifuging occurs at a speed of at least about 1,500
rpm, about 2,000 rpm, about 2,500 rpm, about 3,000 rpm,
about 3,500 rpm, about 4,000 rpm, about 4,500 rpm, about
5,000 rpm, about 5,500 rpm, or about 6,000 rpm. Optionally,
in some embodiments, the centrifuging occurs at a speed of
no more than about 1,500 rpm, about 2,000 rpm, about 2,500
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rpm, about 3,000 rpm, about 3,500 rpm, about 4,000 rpm,
about 4,500 rpm, about 5,000 rpm, about 5,500 rpm, or
about 6,000 rpm.

[0181] Optionally, in some embodiments, the centrifuging
occurs over a period of time of about 10 minutes to about 40
minutes. Optionally, in some embodiments, the centrifuging
occurs over a period of time of at least about 10 minutes.
Optionally, in some embodiments, the centrifuging occurs
over a period of time of at most about 40 minutes. Option-
ally, in some embodiments, the centrifuging occurs over a
period of time of about 10 minutes to about 15 minutes,
about 10 minutes to about 20 minutes, about 10 minutes to
about 25 minutes, about 10 minutes to about 30 minutes,
about 10 minutes to about 35 minutes, about 10 minutes to
about 40 minutes, about 15 minutes to about 20 minutes,
about 15 minutes to about 25 minutes, about 15 minutes to
about 30 minutes, about 15 minutes to about 35 minutes,
about 15 minutes to about 40 minutes, about 20 minutes to
about 25 minutes, about 20 minutes to about 30 minutes,
about 20 minutes to about 35 minutes, about 20 minutes to
about 40 minutes, about 25 minutes to about 30 minutes,
about 25 minutes to about 35 minutes, about 25 minutes to
about 40 minutes, about 30 minutes to about 35 minutes,
about 30 minutes to about 40 minutes, or about 35 minutes
to about 40 minutes. Optionally, in some embodiments, the
centrifuging occurs over a period of time of about 10
minutes, about 15 minutes, about 20 minutes, about 25
minutes, about 30 minutes, about 35 minutes, or about 40
minutes. Optionally, in some embodiments, the centrifuging
occurs over a period of time of at least about 10 minutes,
about 15 minutes, about 20 minutes, about 25 minutes, about
30 minutes, about 35 minutes, or about 40 minutes. Option-
ally, in some embodiments, the centrifuging occurs over a
period of time of no more than about 10 minutes, about 15
minutes, about 20 minutes, about 25 minutes, about 30
minutes, about 35 minutes, or about 40 minutes.

[0182] Some embodiments further comprise cooling the
second solution before the process of centrifuging the sec-
ond solution. Optionally, in some embodiments, the second
solution is cooled to room temperature. Optionally, in some
embodiments, the washing solution comprises ethanol,
acetone, water, or any combination thereof.

[0183] Optionally, in some embodiments, washing the
second solution comprises a plurality of washing cycles
comprising about two cycles to about six cycles. Optionally,
in some embodiments, washing the second solution com-
prises a plurality of washing cycles comprising at least about
two cycles. Optionally, in some embodiments, washing the
second solution comprises a plurality of washing cycles
comprising at most about six cycles. Optionally, in some
embodiments, washing the second solution comprises a
plurality of washing cycles comprising about two cycles to
about three cycles, about two cycles to about four cycles,
about two cycles to about five cycles, about two cycles to
about six cycles, about three cycles to about four cycles,
about three cycles to about five cycles, about three cycles to
about six cycles, about four cycles to about five cycles, about
four cycles to about six cycles, or about five cycles to about
six cycles. Optionally, in some embodiments, washing the
second solution comprises a plurality of washing cycles
comprising about two cycles, about three cycles, about four
cycles, about five cycles, or about six cycles. Optionally, in
some embodiments, washing the second solution comprises
a plurality of washing cycles comprising at least about two
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cycles, about three cycles, about four cycles, about five
cycles, or about six cycles. Optionally, in some embodi-
ments, washing the second solution comprises a plurality of
washing cycles comprising no more than about two cycles,
about three cycles, about four cycles, about five cycles, or
about six cycles.

[0184] Some embodiments further comprise dispersing
the silver nanowires in a dispersing solution. Optionally, in
some embodiments, the dispersing solution comprises etha-
nol, acetone, and water, or any combination thereof.
[0185] Optionally, in some embodiments, the method is
performed in open air. Optionally, in some embodiments, the
method is performed in a solvothermal chamber. Optionally,
in some embodiments, the method is performed under high
pressure.

[0186] Another aspect provided herein is a method of
forming silver nanoparticles comprising: forming a first
solution comprising a silver based solution, a secondary
solvent, and a polymer solution to form a first solution;
stirring the first solution; heating the first solution; cooling
the first solution; centrifuging the first solution; and washing
the first solution. Optionally, in some embodiments, the first
solution is cooled to ambient temperature. Alternatively, in
some embodiments, the methods herein are configured form
at least one of a silver nanoparticle, a silver nanorod, a silver
nanoflower, a silver nanofiber, a silver nanoplatelet, a silver
nanoribbon, a silver nanocube, a silver bipyramid. In some
embodiments, the silver nanowires are configured to be used
in a conductive silver-based ink. Alternatively, in some
embodiments, the silver nanowires are configured to be used
as a conductive additive in a conductive graphene ink.
[0187] Optionally, in some embodiments, the first solution
is washed with water, ethanol, isopropyl alcohol, NMP,
cyclohexanone, terpineol, 3-methoxy-3-methyl-1-butanol,
4-hydroxyl-4-methyl-pentan-2-one, methyl isobutyl ketone,
or any combination thereof. Optionally, in some embodi-
ments, the method further comprises redispersing the first
solution. Optionally, in some embodiments, the first solution
is redispersed in water. Optionally, in some embodiments,
the first solution is washed 1, 2, 3,4, 5, 6,7, 8, 9, 10, or more
times. Optionally, in some embodiments, the first solution is
washed at least 1, 2, 3,4, 5,6, 7, 8, 9, or 10 times.
[0188] Optionally, in some embodiments, the secondary
solvent comprises a glycol. Optionally, in some embodi-
ments the glycol comprises ethylene glycol, polyethylene
glycol 200, polyethylene glycol 400, propylene glycol, or
any combination thereof.

[0189] Optionally, in some embodiments, the polymer
solution comprises a synthetic polymer. Optionally, in some
embodiments, the polymer solution comprises carboxym-
ethyl cellulose, PVDEF, poly(vinyl alcohol), poly(vinyl pyr-
rolidone), poly(ethylene oxide), ethyl cellulose, or any com-
bination thereof. Optionally, in some embodiments, the
binder is a dispersant. Optionally, in some embodiments, the
binder comprises carboxymethyl cellulose, PVDEF, poly(vi-
nyl alcohol), poly(vinyl pyrrolidone), poly(ethylene oxide),
ethyl cellulose, or any combination thereof.

[0190] Optionally, in some embodiments, the first solution
is heated to a temperature of about 50° C. to about 300° C.
Optionally, in some embodiments, the first solution is heated
to a temperature of at least about 50° C. Optionally, in some
embodiments, the first solution is heated to a temperature of
at most about 300° C. Optionally, in some embodiments, the
first solution is heated to a temperature of about 50° C. to



US 2018/0305570 Al

about 75° C., about 50° C. to about 100° C., about 50° C. to
about 125° C., about 50° C. to about 150° C., about 50° C.
to about 175° C., about 50° C. to about 200° C., about 50°
C. to about 225° C., about 50° C. to about 250° C., about 50°
C. to about 275° C., about 50° C. to about 300° C., about 75°
C. to about 100° C., about 75° C. to about 125° C., about 75°
C. to about 150° C., about 75° C. to about 175° C., about 75°
C. to about 200° C., about 75° C. to about 225° C., about 75°
C. to about 250° C., about 75° C. to about 275° C., about 75°
C. to about 300° C., about 100° C. to about 125° C., about
100° C. to about 150° C., about 100° C. to about 175° C.,
about 100° C. to about 200° C., about 100° C. to about 225°
C., about 100° C. to about 250° C., about 100° C. to about
275° C., about 100° C. to about 300° C., about 125° C. to
about 150° C., about 125° C. to about 175° C., about 125°
C. to about 200° C., about 125° C. to about 225° C., about
125° C. to about 250° C., about 125° C. to about 275° C.,
about 125° C. to about 300° C., about 150° C. to about 175°
C., about 150° C. to about 200° C., about 150° C. to about
225° C., about 150° C. to about 250° C., about 150° C. to
about 275° C., about 150° C. to about 300° C., about 175°
C. to about 200° C., about 175° C. to about 225° C., about
175° C. to about 250° C., about 175° C. to about 275° C.,
about 175° C. to about 300° C., about 200° C. to about 225°
C., about 200° C. to about 250° C., about 200° C. to about
275° C., about 200° C. to about 300° C., about 225° C. to
about 250° C., about 225° C. to about 275° C., about 225°
C. to about 300° C., about 250° C. to about 275° C., about
250° C. to about 300° C., or about 275° C. to about 300° C.
Optionally, in some embodiments, the first solution is heated
to a temperature of about 50° C., about 75° C., about 100°
C., about 125° C., about 150° C., about 175° C., about 200°
C., about 225° C., about 250° C., about 275° C., or about
300° C. Optionally, in some embodiments, the first solution
is heated to a temperature of at least about 50° C., about 75°
C., about 100° C., about 125° C., about 150° C., about 175°
C., about 200° C., about 225° C., about 250° C., about 275°
C., or about 300° C. Optionally, in some embodiments, the
first solution is heated to a temperature of at most about 50°
C., about 75° C., about 100° C., about 125° C., about 150°
C., about 175° C., about 200° C., about 225° C., about 250°
C., about 275° C., or about 300° C.

[0191] Optionally, in some embodiments, the first solution
is heated for a period of time of about 20 minutes to about
90 minutes. Optionally, in some embodiments, the first
solution is heated for a period of time of at least about 20
minutes. Optionally, in some embodiments, the first solution
is heated for a period of time of at most about 90 minutes.
Optionally, in some embodiments, the first solution is heated
for a period of time of about 20 minutes to about 25 minutes,
about 20 minutes to about 30 minutes, about 20 minutes to
about 35 minutes, about 20 minutes to about 40 minutes,
about 20 minutes to about 45 minutes, about 20 minutes to
about 50 minutes, about 20 minutes to about 60 minutes,
about 20 minutes to about 70 minutes, about 20 minutes to
about 80 minutes, about 20 minutes to about 90 minutes,
about 25 minutes to about 30 minutes, about 25 minutes to
about 35 minutes, about 25 minutes to about 40 minutes,
about 25 minutes to about 45 minutes, about 25 minutes to
about 50 minutes, about 25 minutes to about 60 minutes,
about 25 minutes to about 70 minutes, about 25 minutes to
about 80 minutes, about 25 minutes to about 90 minutes,
about 30 minutes to about 35 minutes, about 30 minutes to
about 40 minutes, about 30 minutes to about 45 minutes,
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about 30 minutes to about 50 minutes, about 30 minutes to
about 60 minutes, about 30 minutes to about 70 minutes,
about 30 minutes to about 80 minutes, about 30 minutes to
about 90 minutes, about 35 minutes to about 40 minutes,
about 35 minutes to about 45 minutes, about 35 minutes to
about 50 minutes, about 35 minutes to about 60 minutes,
about 35 minutes to about 70 minutes, about 35 minutes to
about 80 minutes, about 35 minutes to about 90 minutes,
about 40 minutes to about 45 minutes, about 40 minutes to
about 50 minutes, about 40 minutes to about 60 minutes,
about 40 minutes to about 70 minutes, about 40 minutes to
about 80 minutes, about 40 minutes to about 90 minutes,
about 45 minutes to about 50 minutes, about 45 minutes to
about 60 minutes, about 45 minutes to about 70 minutes,
about 45 minutes to about 80 minutes, about 45 minutes to
about 90 minutes, about 50 minutes to about 60 minutes,
about 50 minutes to about 70 minutes, about 50 minutes to
about 80 minutes, about 50 minutes to about 90 minutes,
about 60 minutes to about 70 minutes, about 60 minutes to
about 80 minutes, about 60 minutes to about 90 minutes,
about 70 minutes to about 80 minutes, about 70 minutes to
about 90 minutes, or about 80 minutes to about 90 minutes.
Optionally, in some embodiments, the first solution is heated
for a period of time of at least about 20 minutes, about 25
minutes, about 30 minutes, about 35 minutes, about 40
minutes, about 45 minutes, about 50 minutes, about 60
minutes, about 70 minutes, about 80 minutes, or about 90
minutes. Optionally, in some embodiments, the first solution
is heated for a period of time of about 20 minutes, about 25
minutes, about 30 minutes, about 35 minutes, about 40
minutes, about 45 minutes, about 50 minutes, about 60
minutes, about 70 minutes, about 80 minutes, or about 90
minutes. Optionally, in some embodiments, the first solution
is heated for a period of time of at most about 20 minutes,
about 25 minutes, about 30 minutes, about 35 minutes, about
40 minutes, about 45 minutes, about 50 minutes, about 60
minutes, about 70 minutes, about 80 minutes, or about 90
minutes.

[0192] Optionally, in some embodiments a volume of the
secondary solvent is greater than a volume of at least one of
the silver-based solution and the polymer solution by a
factor of about 1.01:1 to about 3.5:1. Optionally, in some
embodiments a volume of the secondary solvent is greater
than a volume of at least one of the silver-based solution and
the polymer solution by a factor of at least about 1.01:1.
Optionally, in some embodiments a volume of the secondary
solvent is greater than a volume of at least one of the
silver-based solution and the polymer solution by a factor of
at most about 3.5:1. Optionally, in some embodiments a
volume of the secondary solvent is greater than a volume of
at least one of the silver-based solution and the polymer
solution by a factor of about 1.01:1 to about 1.05:1, about
1.01:1 to about 1.1:1, about 1.01:1 to about 1.25:1, about
1.01:1 to about 1.5:1, about 1.01:1 to about 1.75:1, about
1.01:1 to about 2:1, about 1.01:1 to about 2.25:1, about
1.01:1 to about 2.5:1, about 1.01:1 to about 2.75:1, about
1.01:1 to about 3:1, about 1.01:1 to about 3.5:1, about 1.05:1
to about 1.1:1, about 1.05:1 to about 1.25:1, about 1.05:1 to
about 1.5:1, about 1.05:1 to about 1.75:1, about 1.05:1 to
about 2:1, about 1.05:1 to about 2.25:1, about 1.05:1 to
about 2.5:1, about 1.05:1 to about 2.75:1, about 1.05:1 to
about 3:1, about 1.05:1 to about 3.5:1, about 1.1:1 to about
1.25:1, about 1.1:1 to about 1.5:1, about 1.1:1 to about
1.75:1, about 1.1:1 to about 2:1, about 1.1:1 to about 2.25:1,
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about 1.1:1 to about 2.5:1, about 1.1:1 to about 2.75:1, about
1.1:1 to about 3:1, about 1.1:1 to about 3.5:1, about 1.25:1
to about 1.5:1, about 1.25:1 to about 1.75:1, about 1.25:1 to
about 2:1, about 1.25:1 to about 2.25:1, about 1.25:1 to
about 2.5:1, about 1.25:1 to about 2.75:1, about 1.25:1 to
about 3:1, about 1.25:1 to about 3.5:1, about 1.5:1 to about
1.75:1, about 1.5:1 to about 2:1, about 1.5:1 to about 2.25:1,
about 1.5:1 to about 2.5:1, about 1.5:1 to about 2.75:1, about
1.5:1 to about 3:1, about 1.5:1 to about 3.5:1, about 1.75:1
to about 2:1, about 1.75:1 to about 2.25:1, about 1.75:1 to
about 2.5:1, about 1.75:1 to about 2.75:1, about 1.75:1 to
about 3:1, about 1.75:1 to about 3.5:1, about 2:1 to about
2.25:1, about 2:1 to about 2.5:1, about 2:1 to about 2.75:1,
about 2:1 to about 3:1, about 2:1 to about 3.5:1, about 2.25:1
to about 2.5:1, about 2.25:1 to about 2.75:1, about 2.25:1 to
about 3:1, about 2.25:1 to about 3.5:1, about 2.5:1 to about
2.75:1, about 2.5:1 to about 3:1, about 2.5:1 to about 3.5:1,
about 2.75:1 to about 3:1, about 2.75:1 to about 3.5:1, or
about 3:1 to about 3.5:1. Optionally, in some embodiments
a volume of the secondary solvent is greater than a volume
of at least one of the silver-based solution and the polymer
solution by a factor of about 1.01:1, about 1.05:1, about
1.1:1, about 1.25:1, about 1.5:1, about 1.75:1, about 2:1,
about 2.25:1, about 2.5:1, about 2.75:1, about 3:1, or about
3.5:1. Optionally, in some embodiments a volume of the
secondary solvent is greater than a volume of at least one of
the silver-based solution and the polymer solution by a
factor of at least about 1.01:1, about 1.05:1, about 1.1:1,
about 1.25:1, about 1.5:1, about 1.75:1, about 2:1, about
2.25:1, about 2.5:1, about 2.75:1, about 3:1, or about 3.5:1.
Optionally, in some embodiments a volume of the secondary
solvent is greater than a volume of at least one of the
silver-based solution and the polymer solution by a factor of
at most about 1.01:1, about 1.05:1, about 1.1:1, about 1.25:1,
about 1.5:1, about 1.75:1, about 2:1, about 2.25:1, about
2.5:1, about 2.75:1, about 3:1, or about 3.5:1.

[0193] Optionally, in some embodiments, the silver-based
solution comprises a silver-based material comprising
AgNO,. Optionally, in some embodiments, a concentration
of the silver-based solution is about 0.125 M to about 0.5 M.
Optionally, in some embodiments, a concentration of the
silver-based solution is at least about 0.125 M. Optionally, in
some embodiments, a concentration of the silver-based
solution is at most about 0.5 M. Optionally, in some embodi-
ments, a concentration of the silver-based solution is about
0.125 M to about 0.15 M, about 0.125 M to about 0.175 M,
about 0.125 M to about 0.2 M, about 0.125 M to about 0.225
M, about 0.125 M to about 0.25 M, about 0.125 M to about
0.3 M, about 0.125 M to about 0.35 M, about 0.125 M to
about 0.4 M, about 0.125 M to about 0.45 M, about 0.125 M
to about 0.5 M, about 0.15 M to about 0.175 M, about 0.15
M to about 0.2 M, about 0.15 M to about 0.225 M, about
0.15 M to about 0.25 M, about 0.15 M to about 0.3 M, about
0.15 M to about 0.35 M, about 0.15 M to about 0.4 M, about
0.15 M to about 0.45 M, about 0.15 M to about 0.5 M, about
0.175 M to about 0.2 M, about 0.175 M to about 0.225 M,
about 0.175 M to about 0.25 M, about 0.175 M to about 0.3
M, about 0.175 M to about 0.35 M, about 0.175 M to about
0.4 M, about 0.175 M to about 0.45 M, about 0.175 M to
about 0.5 M, about 0.2 M to about 0.225 M, about 0.2 M to
about 0.25 M, about 0.2 M to about 0.3 M, about 0.2 M to
about 0.35 M, about 0.2 M to about 0.4 M, about 0.2 M to
about 0.45 M, about 0.2 M to about 0.5 M, about 0.225 M
to about 0.25 M, about 0.225 M to about 0.3 M, about 0.225
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M to about 0.35 M, about 0.225 M to about 0.4 M, about
0.225 M to about 0.45 M, about 0.225 M to about 0.5 M,
about 0.25 M to about 0.3 M, about 0.25 M to about 0.35 M,
about 0.25 M to about 0.4 M, about 0.25 M to about 0.45 M,
about 0.25 M to about 0.5 M, about 0.3 M to about 0.35 M,
about 0.3 M to about 0.4 M, about 0.3 M to about 0.45 M,
about 0.3 M to about 0.5 M, about 0.35 M to about 0.4 M,
about 0.35 M to about 0.45 M, about 0.35 M to about 0.5 M,
about 0.4 M to about 0.45 M, about 0.4 M to about 0.5 M,
or about 0.45 M to about 0.5 M. Optionally, in some
embodiments, a concentration of the silver-based solution is
about 0.125 M, about 0.15 M, about 0.175 M, about 0.2 M,
about 0.225 M, about 0.25 M, about 0.3 M, about 0.35 M,
about 0.4 M, about 0.45 M, or about 0.5 M. Optionally, in
some embodiments, a concentration of the silver-based
solution is at least about 0.125 M, about 0.15 M, about 0.175
M, about 0.2 M, about 0.225 M, about 0.25 M, about 0.3 M,
about 0.35 M, about 0.4 M, about 0.45 M, or about 0.5 M.
Optionally, in some embodiments, a concentration of the
silver-based solution is at most about 0.125 M, about 0.15
M, about 0.175 M, about 0.2 M, about 0.225 M, about 0.25
M, about 0.3 M, about 0.35 M, about 0.4 M, about 0.45 M,
or about 0.5 M.

[0194] Optionally, in some embodiments, a concentration
of the polymer solution is about 0.025 M to about 0.6 M.
Optionally, in some embodiments, a concentration of the
polymer solution is at least about 0.025 M. Optionally, in
some embodiments, a concentration of the polymer solution
is at most about 0.6 M. Optionally, in some embodiments, a
concentration of the polymer solution is about 0.025 M to
about 0.05 M, about 0.025 M to about 0.075 M, about 0.025
M to about 0.1 M, about 0.025 M to about 0.15 M, about
0.025 M to about 0.2 M, about 0.025 M to about 0.25 M,
about 0.025 M to about 0.3 M, about 0.025 M to about 0.35
M, about 0.025 M to about 0.4 M, about 0.025 M to about
0.5 M, about 0.025 M to about 0.6 M, about 0.05 M to about
0.075 M, about 0.05 M to about 0.1 M, about 0.05 M to
about 0.15 M, about 0.05 M to about 0.2 M, about 0.05 M
to about 0.25 M, about 0.05 M to about 0.3 M, about 0.05
M to about 0.35 M, about 0.05 M to about 0.4 M, about 0.05
M to about 0.5 M, about 0.05 M to about 0.6 M, about 0.075
M to about 0.1 M, about 0.075 M to about 0.15 M, about
0.075 M to about 0.2 M, about 0.075 M to about 0.25 M,
about 0.075 M to about 0.3 M, about 0.075 M to about 0.35
M, about 0.075 M to about 0.4 M, about 0.075 M to about
0.5 M, about 0.075 M to about 0.6 M, about 0.1 M to about
0.15 M, about 0.1 M to about 0.2 M, about 0.1 M to about
0.25 M, about 0.1 M to about 0.3 M, about 0.1 M to about
0.35 M, about 0.1 M to about 0.4 M, about 0.1 M to about
0.5 M, about 0.1 M to about 0.6 M, about 0.15 M to about
0.2 M, about 0.15 M to about 0.25 M, about 0.15 M to about
0.3 M, about 0.15 M to about 0.35 M, about 0.15 M to about
0.4 M, about 0.15 M to about 0.5 M, about 0.15 M to about
0.6 M, about 0.2 M to about 0.25 M, about 0.2 M to about
0.3 M, about 0.2 M to about 0.35 M, about 0.2 M to about
0.4 M, about 0.2 M to about 0.5 M, about 0.2 M to about 0.6
M, about 0.25 M to about 0.3 M, about 0.25 M to about 0.35
M, about 0.25 M to about 0.4 M, about 0.25 M to about 0.5
M, about 0.25 M to about 0.6 M, about 0.3 M to about 0.35
M, about 0.3 M to about 0.4 M, about 0.3 M to about 0.5 M,
about 0.3 M to about 0.6 M, about 0.35 M to about 0.4 M,
about 0.35 M to about 0.5 M, about 0.35 M to about 0.6 M,
about 0.4 M to about 0.5 M, about 0.4 M to about 0.6 M, or
about 0.5 M to about 0.6 M. Optionally, in some embodi-
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ments, a concentration of the polymer solution is about
0.025 M, about 0.05 M, about 0.075 M, about 0.1 M, about
0.15 M, about 0.2 M, about 0.25 M, about 0.3 M, about 0.35
M, about 0.4 M, about 0.5 M, or about 0.6 M. Optionally, in
some embodiments, a concentration of the polymer solution
is at least about 0.025 M, about 0.05 M, about 0.075 M,
about 0.1 M, about 0.15 M, about 0.2 M, about 0.25 M,
about 0.3 M, about 0.35 M, about 0.4 M, about 0.5 M, or
about 0.6 M. Optionally, in some embodiments, a concen-
tration of the polymer solution is at most about 0.025 M,
about 0.05 M, about 0.075 M, about 0.1 M, about 0.15 M,
about 0.2 M, about 0.25 M, about 0.3 M, about 0.35 M,
about 0.4 M, about 0.5 M, or about 0.6 M.

[0195] Another aspect provided herein is a method of
forming silver nanoparticles comprising: heating a second-
ary solvent; adding a silver-based solution and a polymer
solution to the secondary solvent to form a first solution;
stirring the first solution; heating the first solution; and
washing the first solution. Optionally, in some embodiments,
the silver-based solution and the polymer solution are added
simultaneously to the secondary solvent. Optionally, in some
embodiments, the silver-based solution and the polymer
solution are added by a two-channel syringe to the second-
ary solvent. Alternatively, in some embodiments, the meth-
ods herein are configured form at least one of a silver
nanowire, a silver nanorod, a silver nanoflower, a silver
nanofiber, a silver nanoplatelet, a silver nanoribbon, a silver
nanocube, a silver bipyramid. In some embodiments, the
silver nanowires are configured to be used in a conductive
silver-based ink. Alternatively, in some embodiments, the
silver nanowires are configured to be used as a conductive
additive in a conductive graphene ink.

[0196] Optionally, in some embodiments, adding the sil-
ver-based solution and the polymer solution to the secondary
solvent to form the first solution and stirring the first solution
are performed simultaneously. Optionally, in some embodi-
ments, the method further comprises redispersing the first
solution. Optionally, in some embodiments, the first solution
is redispersed in water.

[0197] Optionally, in some embodiments, the secondary
solvent comprises a glycol. Optionally, in some embodi-
ments the glycol comprises ethylene glycol, polyethylene
glycol 200, polyethylene glycol 400, propylene glycol, or
any combination thereof.

[0198] Optionally, in some embodiments, the polymer
solution comprises a polymer. Optionally, in some embodi-
ments, the polymer solution comprises a synthetic polymer.
Optionally, in some embodiments, the polymer solution
comprises carboxymethyl cellulose, PVDEF, poly(vinyl alco-
hol), poly(vinyl pyrrolidone), poly(ethylene oxide), ethyl
cellulose, or any combination thereof. Optionally, in some
embodiments, the binder is a dispersant. Optionally, in some
embodiments, the binder comprises carboxymethyl cellu-
lose, PVDF, poly(vinyl alcohol), poly(vinyl pyrrolidone),
poly(ethylene oxide), ethyl cellulose, or any combination
thereof.

[0199] Optionally, in some embodiments, the polymer has
a molecular weight of about 10,000 to about 40,000. Option-
ally, in some embodiments, the polymer has a molecular
weight of at least about 10,000. Optionally, in some embodi-
ments, the polymer has a molecular weight of at most about
40,000. Optionally, in some embodiments, the polymer has
a molecular weight of about 10,000 to about 12,500, about
10,000 to about 15,000, about 10,000 to about 17,500, about
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10,000 to about 20,000, about 10,000 to about 22,500, about
10,000 to about 25,000, about 10,000 to about 27,500, about
10,000 to about 30,000, about 10,000 to about 35,000, about
10,000 to about 40,000, about 12,500 to about 15,000, about
12,500 to about 17,500, about 12,500 to about 20,000, about
12,500 to about 22,500, about 12,500 to about 25,000, about
12,500 to about 27,500, about 12,500 to about 30,000, about
12,500 to about 35,000, about 12,500 to about 40,000, about
15,000 to about 17,500, about 15,000 to about 20,000, about
15,000 to about 22,500, about 15,000 to about 25,000, about
15,000 to about 27,500, about 15,000 to about 30,000, about
15,000 to about 35,000, about 15,000 to about 40,000, about
17,500 to about 20,000, about 17,500 to about 22,500, about
17,500 to about 25,000, about 17,500 to about 27,500, about
17,500 to about 30,000, about 17,500 to about 35,000, about
17,500 to about 40,000, about 20,000 to about 22,500, about
20,000 to about 25,000, about 20,000 to about 27,500, about
20,000 to about 30,000, about 20,000 to about 35,000, about
20,000 to about 40,000, about 22,500 to about 25,000, about
22,500 to about 27,500, about 22,500 to about 30,000, about
22,500 to about 35,000, about 22,500 to about 40,000, about
25,000 to about 27,500, about 25,000 to about 30,000, about
25,000 to about 35,000, about 25,000 to about 40,000, about
27,500 to about 30,000, about 27,500 to about 35,000, about
27,500 to about 40,000, about 30,000 to about 35,000, about
30,000 to about 40,000, or about 35,000 to about 40,000.
Optionally, in some embodiments, the polymer has a
molecular weight of about 10,000, about 12,500, about
15,000, about 17,500, about 20,000, about 22,500, about
25,000, about 27,500, about 30,000, about 35,000, or about
40,000. Optionally, in some embodiments, the polymer has
a molecular weight of at least about 10,000, about 12,500,
about 15,000, about 17,500, about 20,000, about 22,500,
about 25,000, about 27,500, about 30,000, about 35,000, or
about 40,000. Optionally, in some embodiments, the poly-
mer has a molecular weight of no more than about 10,000,
about 12,500, about 15,000, about 17,500, about 20,000,
about 22,500, about 25,000, about 27,500, about 30,000,
about 35,000, or about 40,000.

[0200] Optionally, in some embodiments, the secondary
solvent is heated to a temperature of about 80° C. to about
300° C. Optionally, in some embodiments, the secondary
solvent is heated to a temperature of at least about 80° C.
Optionally, in some embodiments, the secondary solvent is
heated to a temperature of at most about 300° C. Optionally,
in some embodiments, the secondary solvent is heated to a
temperature of about 80° C. to about 90° C., about 80° C. to
about 100° C., about 80° C. to about 120° C., about 80° C.
to about 140° C., about 80° C. to about 160° C., about 80°
C. to about 180° C., about 80° C. to about 200° C., about 80°
C. to about 250° C., about 80° C. to about 300° C., about 90°
C. to about 100° C., about 90° C. to about 120° C., about 90°
C. to about 140° C., about 90° C. to about 160° C., about 90°
C. to about 180° C., about 90° C. to about 200° C., about 90°
C. to about 250° C., about 90° C. to about 300° C., about
100° C. to about 120° C., about 100° C. to about 140° C.,
about 100° C. to about 160° C., about 100° C. to about 180°
C., about 100° C. to about 200° C., about 100° C. to about
250° C., about 100° C. to about 300° C., about 120° C. to
about 140° C., about 120° C. to about 160° C., about 120°
C. to about 180° C., about 120° C. to about 200° C., about
120° C. to about 250° C., about 120° C. to about 300° C.,
about 140° C. to about 160° C., about 140° C. to about 180°
C., about 140° C. to about 200° C., about 140° C. to about
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250° C., about 140° C. to about 300° C., about 160° C. to
about 180° C., about 160° C. to about 200° C., about 160°
C. to about 250° C., about 160° C. to about 300° C., about
180° C. to about 200° C., about 180° C. to about 250° C.,
about 180° C. to about 300° C., about 200° C. to about 250°
C., about 200° C. to about 300° C., or about 250° C. to about
300° C. Optionally, in some embodiments, the secondary
solvent is heated to a temperature of about 80° C., about 90°
C., about 100° C., about 120° C., about 140° C., about 160°
C., about 180° C., about 200° C., about 250° C., or about
300° C. Optionally, in some embodiments, the secondary
solvent is heated to a temperature of at least about 80° C.,
about 90° C., about 100° C., about 120° C., about 140° C.,
about 160° C., about 180° C., about 200° C., about 250° C.,
or about 300° C. Optionally, in some embodiments, the
secondary solvent is heated to a temperature of at most about
80° C., about 90° C., about 100° C., about 120° C., about
140° C., about 160° C., about 180° C., about 200° C., about
250° C., or about 300° C.

[0201] Optionally, in some embodiments, the secondary
solvent is heated for a period of time of about 30 minutes to
about 120 minutes. Optionally, in some embodiments, the
secondary solvent is heated for a period of time of at least
about 30 minutes. Optionally, in some embodiments, the
secondary solvent is heated for a period of time of at most
about 120 minutes. Optionally, in some embodiments, the
secondary solvent is heated for a period of time of about 30
minutes to about 40 minutes, about 30 minutes to about 50
minutes, about 30 minutes to about 60 minutes, about 30
minutes to about 70 minutes, about 30 minutes to about 80
minutes, about 30 minutes to about 90 minutes, about 30
minutes to about 100 minutes, about 30 minutes to about 110
minutes, about 30 minutes to about 120 minutes, about 40
minutes to about 50 minutes, about 40 minutes to about 60
minutes, about 40 minutes to about 70 minutes, about 40
minutes to about 80 minutes, about 40 minutes to about 90
minutes, about 40 minutes to about 100 minutes, about 40
minutes to about 110 minutes, about 40 minutes to about 120
minutes, about 50 minutes to about 60 minutes, about 50
minutes to about 70 minutes, about 50 minutes to about 80
minutes, about 50 minutes to about 90 minutes, about 50
minutes to about 100 minutes, about 50 minutes to about 110
minutes, about 50 minutes to about 120 minutes, about 60
minutes to about 70 minutes, about 60 minutes to about 80
minutes, about 60 minutes to about 90 minutes, about 60
minutes to about 100 minutes, about 60 minutes to about 110
minutes, about 60 minutes to about 120 minutes, about 70
minutes to about 80 minutes, about 70 minutes to about 90
minutes, about 70 minutes to about 100 minutes, about 70
minutes to about 110 minutes, about 70 minutes to about 120
minutes, about 80 minutes to about 90 minutes, about 80
minutes to about 100 minutes, about 80 minutes to about 110
minutes, about 80 minutes to about 120 minutes, about 90
minutes to about 100 minutes, about 90 minutes to about 110
minutes, about 90 minutes to about 120 minutes, about 100
minutes to about 110 minutes, about 100 minutes to about
120 minutes, or about 110 minutes to about 120 minutes.
Optionally, in some embodiments, the secondary solvent is
heated for a period of time of about 30 minutes, about 40
minutes, about 50 minutes, about 60 minutes, about 70
minutes, about 80 minutes, about 90 minutes, about 100
minutes, about 110 minutes, or about 120 minutes. Option-
ally, in some embodiments, the secondary solvent is heated
for a period of time of at least about 30 minutes, about 40
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minutes, about 50 minutes, about 60 minutes, about 70
minutes, about 80 minutes, about 90 minutes, about 100
minutes, about 110 minutes, or about 120 minutes. Option-
ally, in some embodiments, the secondary solvent is heated
for a period of time of at most about 30 minutes, about 40
minutes, about 50 minutes, about 60 minutes, about 70
minutes, about 80 minutes, about 90 minutes, about 100
minutes, about 110 minutes, or about 120 minutes.

[0202] Optionally, in some embodiments, the silver-based
solution and the polymer solution are added to the secondary
solvent at a rate of about 2 ml/min to about 40 ml/min.
Optionally, in some embodiments, the silver-based solution
and the polymer solution are added to the secondary solvent
at a rate of at least about 2 ml./min. Optionally, in some
embodiments, the silver-based solution and the polymer
solution are added to the secondary solvent at a rate of at
most about 40 m[./min. Optionally, in some embodiments,
the silver-based solution and the polymer solution are added
to the secondary solvent at a rate of about 2 mL./min to about
4 mL/min, about 2 mL/min to about 6 mL/min, about 2
ml/min to about 8 ml/min, about 2 ml/min to about 10
ml/min, about 2 ml/min to about 15 ml/min, about 2
ml/min to about 20 mL/min, about 2 mL/min to about 25
ml/min, about 2 ml/min to about 30 mlL/min, about 2
ml/min to about 35 ml/min, about 2 mL/min to about 40
ml/min, about 4 mlL/min to about 6 ml/min, about 4
ml/min to about 8 ml/min, about 4 ml/min to about 10
ml/min, about 4 ml/min to about 15 ml/min, about 4
ml/min to about 20 mL/min, about 4 mL/min to about 25
ml/min, about 4 ml/min to about 30 mlL/min, about 4
ml/min to about 35 ml/min, about 4 mL/min to about 40
ml/min, about 6 mL/min to about 8 ml/min, about 6
ml/min to about 10 mL/min, about 6 mL/min to about 15
ml/min, about 6 ml/min to about 20 mlL/min, about 6
ml/min to about 25 ml/min, about 6 mL/min to about 30
ml/min, about 6 ml/min to about 35 mlL/min, about 6
ml/min to about 40 mL/min, about 8 mL./min to about 10
ml/min, about 8 ml/min to about 15 ml/min, about 8
ml/min to about 20 mL/min, about 8 mL/min to about 25
ml/min, about 8 ml/min to about 30 mlL/min, about 8
ml/min to about 35 ml/min, about 8 mL/min to about 40
ml/min, about 10 mL/min to about 15 mL/min, about 10
ml/min to about 20 mL/min, about 10 mL/min to about 25
ml/min, about 10 mL/min to about 30 mL/min, about 10
ml/min to about 35 mL/min, about 10 mL/min to about 40
ml/min, about 15 mL/min to about 20 mL/min, about 15
ml/min to about 25 mL/min, about 15 mlL/min to about 30
ml/min, about 15 mL/min to about 35 ml/min, about 15
ml/min to about 40 mL/min, about 20 mL/min to about 25
ml/min, about 20 mL/min to about 30 mlL/min, about 20
ml/min to about 35 mL/min, about 20 mL/min to about 40
ml/min, about 25 mL/min to about 30 mL/min, about 25
ml/min to about 35 mL/min, about 25 ml/min to about 40
ml/min, about 30 mL/min to about 35 ml/min, about 30
ml/min to about 40 mL/min, or about 35 mL/min to about
40 mL/min. Optionally, in some embodiments, the silver-
based solution and the polymer solution are added to the
secondary solvent at a rate of about 2 ml/min, about 4
ml/min, about 6 mlL/min, about 8 ml./min, about 10
ml/min, about 15 mL/min, about 20 mL/min, about 25
ml/min, about 30 mL/min, about 35 mL/min, or about 40
ml./min. Optionally, in some embodiments, the silver-based
solution and the polymer solution are added to the secondary
solvent at a rate of at least about 2 mI/min, about 4 mI/min,
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about 6 ml/min, about 8 mL/min, about 10 mL/min, about
15 mL/min, about 20 mL/min, about 25 ml/min, about 30
ml./min, about 35 ml./min, or about 40 mL/min. Optionally,
in some embodiments, the silver-based solution and the
polymer solution are added to the secondary solvent at a rate
of at most about 2 ml/min, about 4 mlL/min, about 6
ml/min, about 8 mlL/min, about 10 ml/min, about 15
ml/min, about 20 ml/min, about 25 ml/min, about 30
ml/min, about 35 mL/min, or about 40 mI/min.

[0203] Optionally, in some embodiments, heating the first
solution is performed at a temperature of about 50° C. to
about 300° C. Optionally, in some embodiments, heating the
first solution is performed at a temperature of at least about
50° C. Optionally, in some embodiments, heating the first
solution is performed at a temperature of at most about 300°
C. Optionally, in some embodiments, heating the first solu-
tion is performed at a temperature of about 50° C. to about
60° C., about 50° C. to about 80° C., about 50° C. to about
100° C., about 50° C. to about 120° C., about 50° C. to about
140° C., about 50° C. to about 160° C., about 50° C. to about
180° C., about 50° C. to about 200° C., about 50° C. to about
250° C., about 50° C. to about 300° C., about 60° C. to about
80° C., about 60° C. to about 100° C., about 60° C. to about
120° C., about 60° C. to about 140° C., about 60° C. to about
160° C., about 60° C. to about 180° C., about 60° C. to about
200° C., about 60° C. to about 250° C., about 60° C. to about
300° C., about 80° C. to about 100° C., about 80° C. to about
120° C., about 80° C. to about 140° C., about 80° C. to about
160° C., about 80° C. to about 180° C., about 80° C. to about
200° C., about 80° C. to about 250° C., about 80° C. to about
300° C., about 100° C. to about 120° C., about 100° C. to
about 140° C., about 100° C. to about 160° C., about 100°
C. to about 180° C., about 100° C. to about 200° C., about
100° C. to about 250° C., about 100° C. to about 300° C.,
about 120° C. to about 140° C., about 120° C. to about 160°
C., about 120° C. to about 180° C., about 120° C. to about
200° C., about 120° C. to about 250° C., about 120° C. to
about 300° C., about 140° C. to about 160° C., about 140°
C. to about 180° C., about 140° C. to about 200° C., about
140° C. to about 250° C., about 140° C. to about 300° C.,
about 160° C. to about 180° C., about 160° C. to about 200°
C., about 160° C. to about 250° C., about 160° C. to about
300° C., about 180° C. to about 200° C., about 180° C. to
about 250° C., about 180° C. to about 300° C., about 200°
C. to about 250° C., about 200° C. to about 300° C., or about
250° C. to about 300° C. Optionally, in some embodiments,
heating the first solution is performed at a temperature of
about 50° C., about 60° C., about 80° C., about 100° C.,
about 120° C., about 140° C., about 160° C., about 180° C.,
about 200° C., about 250° C., or about 300° C. Optionally,
in some embodiments, heating the first solution is performed
at a temperature of at most about 50° C., about 60° C., about
80° C., about 100° C., about 120° C., about 140° C., about
160° C., about 180° C., about 200° C., about 250° C., or
about 300° C. Optionally, in some embodiments, heating the
first solution is performed at a temperature of at least about
50° C., about 60° C., about 80° C., about 100° C., about 120°
C., about 140° C., about 160° C., about 180° C., about 200°
C., about 250° C., or about 300° C.

[0204] Optionally, in some embodiments, heating the first
solution is performed for a period of time of about 25
minutes to about 100 minutes. Optionally, in some embodi-
ments, heating the first solution is performed for a period of
time of at least about 25 minutes. Optionally, in some
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embodiments, heating the first solution is performed for a
period of time of at most about 100 minutes. Optionally, in
some embodiments, heating the first solution is performed
for a period of time of about 25 minutes to about 35 minutes,
about 25 minutes to about 45 minutes, about 25 minutes to
about 55 minutes, about 25 minutes to about 65 minutes,
about 25 minutes to about 75 minutes, about 25 minutes to
about 85 minutes, about 25 minutes to about 95 minutes,
about 25 minutes to about 100 minutes, about 35 minutes to
about 45 minutes, about 35 minutes to about 55 minutes,
about 35 minutes to about 65 minutes, about 35 minutes to
about 75 minutes, about 35 minutes to about 85 minutes,
about 35 minutes to about 95 minutes, about 35 minutes to
about 100 minutes, about 45 minutes to about 55 minutes,
about 45 minutes to about 65 minutes, about 45 minutes to
about 75 minutes, about 45 minutes to about 85 minutes,
about 45 minutes to about 95 minutes, about 45 minutes to
about 100 minutes, about 55 minutes to about 65 minutes,
about 55 minutes to about 75 minutes, about 55 minutes to
about 85 minutes, about 55 minutes to about 95 minutes,
about 55 minutes to about 100 minutes, about 65 minutes to
about 75 minutes, about 65 minutes to about 85 minutes,
about 65 minutes to about 95 minutes, about 65 minutes to
about 100 minutes, about 75 minutes to about 85 minutes,
about 75 minutes to about 95 minutes, about 75 minutes to
about 100 minutes, about 85 minutes to about 95 minutes,
about 85 minutes to about 100 minutes, or about 95 minutes
to about 100 minutes. Optionally, in some embodiments,
heating the first solution is performed for a period of time of
about 25 minutes, about 35 minutes, about 45 minutes, about
55 minutes, about 65 minutes, about 75 minutes, about 85
minutes, about 95 minutes, or about 100 minutes. Option-
ally, in some embodiments, heating the first solution is
performed for a period of time of at least about 25 minutes,
about 35 minutes, about 45 minutes, about 55 minutes, about
65 minutes, about 75 minutes, about 85 minutes, about 95
minutes, or about 100 minutes. Optionally, in some embodi-
ments, heating the first solution is performed for a period of
time of at most about 25 minutes, about 35 minutes, about
45 minutes, about 55 minutes, about 65 minutes, about 75
minutes, about 85 minutes, about 95 minutes, or about 100
minutes.

[0205] Optionally, in some embodiments, the first solution
is washed in ethanol, isopropyl alcohol, NMP, cyclo-
hexanone, terpineol, 3-methoxy-3-methyl-1-butanol, 4-hy-
droxyl-4-methyl-pentan-2-one, methyl isobutyl ketone, or
any combination thereof.

[0206] Optionally, in some embodiments a volume of the
secondary solvent is greater than a volume of at least one of
the silver-based solution and the polymer solution by a
factor of about 1.01:1 to about 3.5:1. Optionally, in some
embodiments a volume of the secondary solvent is greater
than a volume of at least one of the silver-based solution and
the polymer solution by a factor of at least about 1.01:1.
Optionally, in some embodiments a volume of the secondary
solvent is greater than a volume of at least one of the
silver-based solution and the polymer solution by a factor of
at most about 3.5:1. Optionally, in some embodiments a
volume of the secondary solvent is greater than a volume of
at least one of the silver-based solution and the polymer
solution by a factor of about 1.01:1 to about 1.05:1, about
1.01:1 to about 1.1:1, about 1.01:1 to about 1.25:1, about
1.01:1 to about 1.5:1, about 1.01:1 to about 1.75:1, about
1.01:1 to about 2:1, about 1.01:1 to about 2.25:1, about
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1.01:1 to about 2.5:1, about 1.01:1 to about 2.75:1, about
1.01:1 to about 3:1, about 1.01:1 to about 3.5:1, about 1.05:1
to about 1.1:1, about 1.05:1 to about 1.25:1, about 1.05:1 to
about 1.5:1, about 1.05:1 to about 1.75:1, about 1.05:1 to
about 2:1, about 1.05:1 to about 2.25:1, about 1.05:1 to
about 2.5:1, about 1.05:1 to about 2.75:1, about 1.05:1 to
about 3:1, about 1.05:1 to about 3.5:1, about 1.1:1 to about
1.25:1, about 1.1:1 to about 1.5:1, about 1.1:1 to about
1.75:1, about 1.1:1 to about 2:1, about 1.1:1 to about 2.25:1,
about 1.1:1 to about 2.5:1, about 1.1:1 to about 2.75:1, about
1.1:1 to about 3:1, about 1.1:1 to about 3.5:1, about 1.25:1
to about 1.5:1, about 1.25:1 to about 1.75:1, about 1.25:1 to
about 2:1, about 1.25:1 to about 2.25:1, about 1.25:1 to
about 2.5:1, about 1.25:1 to about 2.75:1, about 1.25:1 to
about 3:1, about 1.25:1 to about 3.5:1, about 1.5:1 to about
1.75:1, about 1.5:1 to about 2:1, about 1.5:1 to about 2.25:1,
about 1.5:1 to about 2.5:1, about 1.5:1 to about 2.75:1, about
1.5:1 to about 3:1, about 1.5:1 to about 3.5:1, about 1.75:1
to about 2:1, about 1.75:1 to about 2.25:1, about 1.75:1 to
about 2.5:1, about 1.75:1 to about 2.75:1, about 1.75:1 to
about 3:1, about 1.75:1 to about 3.5:1, about 2:1 to about
2.25:1, about 2:1 to about 2.5:1, about 2:1 to about 2.75:1,
about 2:1 to about 3:1, about 2:1 to about 3.5:1, about 2.25:1
to about 2.5:1, about 2.25:1 to about 2.75:1, about 2.25:1 to
about 3:1, about 2.25:1 to about 3.5:1, about 2.5:1 to about
2.75:1, about 2.5:1 to about 3:1, about 2.5:1 to about 3.5:1,
about 2.75:1 to about 3:1, about 2.75:1 to about 3.5:1, or
about 3:1 to about 3.5:1. Optionally, in some embodiments
a volume of the secondary solvent is greater than a volume
of at least one of the silver-based solution and the polymer
solution by a factor of about 1.01:1, about 1.05:1, about
1.1:1, about 1.25:1, about 1.5:1, about 1.75:1, about 2:1,
about 2.25:1, about 2.5:1, about 2.75:1, about 3:1, or about
3.5:1. Optionally, in some embodiments a volume of the
secondary solvent is greater than a volume of at least one of
the silver-based solution and the polymer solution by a
factor of at least about 1.01:1, about 1.05:1, about 1.1:1,
about 1.25:1, about 1.5:1, about 1.75:1, about 2:1, about
2.25:1, about 2.5:1, about 2.75:1, about 3:1, or about 3.5:1.
Optionally, in some embodiments a volume of the secondary
solvent is greater than a volume of at least one of the
silver-based solution and the polymer solution by a factor of
at most about 1.01:1, about 1.05:1, about 1.1:1, about 1.25:1,
about 1.5:1, about 1.75:1, about 2:1, about 2.25:1, about
2.5:1, about 2.75:1, about 3:1, or about 3.5:1.

[0207] Optionally, in some embodiments, the silver-based
solution comprises a silver-based material comprising
AgNO;. Optionally, in some embodiments, a concentration
of the silver-based solution is about 0.125 M to about 0.5 M.
Optionally, in some embodiments, a concentration of the
silver-based solution is at least about 0.125 M. Optionally, in
some embodiments, a concentration of the silver-based
solution is at most about 0.5 M. Optionally, in some embodi-
ments, a concentration of the silver-based solution is about
0.125 M to about 0.15 M, about 0.125 M to about 0.175 M,
about 0.125 M to about 0.2 M, about 0.125 M to about 0.225
M, about 0.125 M to about 0.25 M, about 0.125 M to about
0.3 M, about 0.125 M to about 0.35 M, about 0.125 M to
about 0.4 M, about 0.125 M to about 0.45 M, about 0.125 M
to about 0.5 M, about 0.15 M to about 0.175 M, about 0.15
M to about 0.2 M, about 0.15 M to about 0.225 M, about
0.15 M to about 0.25 M, about 0.15 M to about 0.3 M, about
0.15 M to about 0.35 M, about 0.15 M to about 0.4 M, about
0.15 M to about 0.45 M, about 0.15 M to about 0.5 M, about
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0.175 M to about 0.2 M, about 0.175 M to about 0.225 M,
about 0.175 M to about 0.25 M, about 0.175 M to about 0.3
M, about 0.175 M to about 0.35 M, about 0.175 M to about
0.4 M, about 0.175 M to about 0.45 M, about 0.175 M to
about 0.5 M, about 0.2 M to about 0.225 M, about 0.2 M to
about 0.25 M, about 0.2 M to about 0.3 M, about 0.2 M to
about 0.35 M, about 0.2 M to about 0.4 M, about 0.2 M to
about 0.45 M, about 0.2 M to about 0.5 M, about 0.225 M
to about 0.25 M, about 0.225 M to about 0.3 M, about 0.225
M to about 0.35 M, about 0.225 M to about 0.4 M, about
0.225 M to about 0.45 M, about 0.225 M to about 0.5 M,
about 0.25 M to about 0.3 M, about 0.25 M to about 0.35 M,
about 0.25 M to about 0.4 M, about 0.25 M to about 0.45 M,
about 0.25 M to about 0.5 M, about 0.3 M to about 0.35 M,
about 0.3 M to about 0.4 M, about 0.3 M to about 0.45 M,
about 0.3 M to about 0.5 M, about 0.35 M to about 0.4 M,
about 0.35 M to about 0.45 M, about 0.35 M to about 0.5 M,
about 0.4 M to about 0.45 M, about 0.4 M to about 0.5 M,
or about 0.45 M to about 0.5 M. Optionally, in some
embodiments, a concentration of the silver-based solution is
about 0.125 M, about 0.15 M, about 0.175 M, about 0.2 M,
about 0.225 M, about 0.25 M, about 0.3 M, about 0.35 M,
about 0.4 M, about 0.45 M, or about 0.5 M. Optionally, in
some embodiments, a concentration of the silver-based
solution is at most about 0.125 M, about 0.15 M, about 0.175
M, about 0.2 M, about 0.225 M, about 0.25 M, about 0.3 M,
about 0.35 M, about 0.4 M, about 0.45 M, or about 0.5 M.
Optionally, in some embodiments, a concentration of the
silver-based solution is at least about 0.125 M, about 0.15 M,
about 0.175 M, about 0.2 M, about 0.225 M, about 0.25 M,
about 0.3 M, about 0.35 M, about 0.4 M, about 0.45 M, or
about 0.5 M.

[0208] Optionally, in some embodiments, a concentration
of the polymer solution is about 0.15 M to about 0.7 M.
Optionally, in some embodiments, a concentration of the
polymer0 solution is at least about 0.15 M. Optionally, in
some embodiments, a concentration of the polymer solution
is at most about 0.7 M. Optionally, in some embodiments, a
concentration of the polymer solution is about 0.15 M to
about 0.2 M, about 0.15 M to about 0.25 M, about 0.15 M
to about 0.3 M, about 0.15 M to about 0.35 M, about 0.15
M to about 0.4 M, about 0.15 M to about 0.45 M, about 0.15
M to about 0.5 M, about 0.15 M to about 0.55 M, about 0.15
M to about 0.6 M, about 0.15 M to about 0.7 M, about 0.2
M to about 0.25 M, about 0.2 M to about 0.3 M, about 0.2
M to about 0.35 M, about 0.2 M to about 0.4 M, about 0.2
M to about 0.45 M, about 0.2 M to about 0.5 M, about 0.2
M to about 0.55 M, about 0.2 M to about 0.6 M, about 0.2
M to about 0.7 M, about 0.25 M to about 0.3 M, about 0.25
M to about 0.35 M, about 0.25 M to about 0.4 M, about 0.25
M to about 0.45 M, about 0.25 M to about 0.5 M, about 0.25
M to about 0.55 M, about 0.25 M to about 0.6 M, about 0.25
M to about 0.7 M, about 0.3 M to about 0.35 M, about 0.3
M to about 0.4 M, about 0.3 M to about 0.45 M, about 0.3
M to about 0.5 M, about 0.3 M to about 0.55 M, about 0.3
M to about 0.6 M, about 0.3 M to about 0.7 M, about 0.35
M to about 0.4 M, about 0.35 M to about 0.45 M, about 0.35
M to about 0.5 M, about 0.35 M to about 0.55 M, about 0.35
M to about 0.6 M, about 0.35 M to about 0.7 M, about 0.4
M to about 0.45 M, about 0.4 M to about 0.5 M, about 0.4
M to about 0.55 M, about 0.4 M to about 0.6 M, about 0.4
M to about 0.7 M, about 0.45 M to about 0.5 M, about 0.45
M to about 0.55 M, about 0.45 M to about 0.6 M, about 0.45
M to about 0.7 M, about 0.5 M to about 0.55 M, about 0.5
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M to about 0.6 M, about 0.5 M to about 0.7 M, about 0.55
M to about 0.6 M, about 0.55 M to about 0.7 M, or about 0.6
M to about 0.7 M. Optionally, in some embodiments, a
concentration of the polymer solution is about 0.15 M, about
0.2 M, about 0.25 M, about 0.3 M, about 0.35 M, about 0.4
M, about 0.45 M, about 0.5 M, about 0.55 M, about 0.6 M,
or about 0.7 M. Optionally, in some embodiments, a con-
centration of the polymer solution is at least about 0.15 M,
about 0.2 M, about 0.25 M, about 0.3 M, about 0.35 M,
about 0.4 M, about 0.45 M, about 0.5 M, about 0.55 M,
about 0.6 M, or about 0.7 M. Optionally, in some embodi-
ments, a concentration of the polymer solution is at most
about 0.15 M, about 0.2 M, about 0.25 M, about 0.3 M,
about 0.35 M, about 0.4 M, about 0.45 M, about 0.5 M,
about 0.55 M, about 0.6 M, or about 0.7 M.

[0209] Another aspect provided herein is a conductive
silver-based film comprising a substrate and a conductive
silver-based ink. Optionally, in some embodiments, the
silver-based ink comprises silver nanoparticles, silver nan-
orods, silver nanowires, silver nanoflowers, silver nanofi-
bers, silver nanoplatelets, silver nanoribbons, silver nano-
cubes, silver bipyramids, or any combination thereof.

[0210] Optionally, in some embodiments, the conductive
silver-based ink comprises silver nanowires, wherein the
conductive silver-based film has a sheet resistance of about
0.3 ohm/sq/mil to about 1.8 ohms/sq/mil. Optionally, in
some embodiments, the conductive silver-based ink com-
prises silver nanowires, wherein the conductive silver-based
film has a sheet resistance of at least about 0.3 ohm/sq/mil.
Optionally, in some embodiments, the conductive silver-
based ink comprises silver nanowires, wherein the conduc-
tive silver-based film has a sheet resistance of at most about
1.8 ohms/sg/mil. Optionally, in some embodiments, the
conductive silver-based ink comprises silver nanowires,
wherein the conductive silver-based film has a sheet resis-
tance of about 0.3 ohm/sq/mil to about 0.4 ohm/sq/mil,
about 0.3 ohm/sq/mil to about 0.5 ohm/sq/mil, about 0.3
ohm/sq/mil to about 0.6 ohm/sq/mil, about 0.3 ohm/sq/mil
to about 0.7 ohm/sq/mil, about 0.3 ohm/sq/mil to about 0.8
ohm/sq/mil, about 0.3 ohm/sq/mil to about 0.9 ohm/sq/mil,
about 0.3 ohm/sq/mil to about 1 ohm/sq/mil, about 0.3
ohm/sq/mil to about 1.2 ohms/sq/mil, about 0.3 ohm/sq/mil
to about 1.4 ohms/sq/mil, about 0.3 ohm/sg/mil to about 1.6
ohms/sq/mil, about 0.3 ohm/sq/mil to about 1.8 ohms/sq/
mil, about 0.4 ohm/sq/mil to about 0.5 ohm/sq/mil, about 0.4
ohm/sq/mil to about 0.6 ohm/sq/mil, about 0.4 ohm/sq/mil
to about 0.7 ohm/sq/mil, about 0.4 ohm/sq/mil to about 0.8
ohm/sq/mil, about 0.4 ohm/sq/mil to about 0.9 ohm/sq/mil,
about 0.4 ohm/sq/mil to about 1 ohm/sq/mil, about 0.4
ohm/sq/mil to about 1.2 ohms/sq/mil, about 0.4 ohm/sq/mil
to about 1.4 ohms/sq/mil, about 0.4 ohm/sg/mil to about 1.6
ohms/sq/mil, about 0.4 ohm/sq/mil to about 1.8 ohms/sq/
mil, about 0.5 ohm/sq/mil to about 0.6 ohm/sq/mil, about 0.5
ohm/sq/mil to about 0.7 ohm/sq/mil, about 0.5 ohm/sq/mil
to about 0.8 ohm/sq/mil, about 0.5 ohm/sq/mil to about 0.9
ohm/sq/mil, about 0.5 ohm/sq/mil to about 1 ohm/sq/mil,
about 0.5 ohm/sq/mil to about 1.2 ohms/sq/mil, about 0.5
ohm/sq/mil to about 1.4 ohms/sq/mil, about 0.5 ohm/sq/mil
to about 1.6 ohms/sq/mil, about 0.5 ohm/sg/mil to about 1.8
ohms/sq/mil, about 0.6 ohm/sg/mil to about 0.7 ohm/sq/mil,
about 0.6 ohm/sq/mil to about 0.8 ohm/sq/mil, about 0.6
ohm/sq/mil to about 0.9 ohm/sq/mil, about 0.6 ohm/sq/mil
to about 1 ohm/sq/mil, about 0.6 ohm/sg/mil to about 1.2
ohms/sq/mil, about 0.6 ohm/sq/mil to about 1.4 ohms/sq/

Oct. 25, 2018

mil, about 0.6 ohm/sq/mil to about 1.6 ohms/sq/mil, about
0.6 ohm/sg/mil to about 1.8 ohms/sq/mil, about 0.7 ohm/
sg/mil to about 0.8 ohm/sq/mil, about 0.7 ohm/sq/mil to
about 0.9 ohm/sq/mil, about 0.7 ohm/sq/mil to about 1
ohm/sq/mil, about 0.7 ohm/sq/mil to about 1.2 ohms/sq/mil,
about 0.7 ohm/sq/mil to about 1.4 ohms/sq/mil, about 0.7
ohm/sq/mil to about 1.6 ohms/sq/mil, about 0.7 ohm/sq/mil
to about 1.8 ohms/sq/mil, about 0.8 ohm/sq/mil to about 0.9
ohm/sq/mil, about 0.8 ohm/sq/mil to about 1 ohm/sq/mil,
about 0.8 ohm/sq/mil to about 1.2 ohms/sq/mil, about 0.8
ohm/sq/mil to about 1.4 ohms/sq/mil, about 0.8 ohm/sq/mil
to about 1.6 ohms/sq/mil, about 0.8 ohm/sq/mil to about 1.8
ohms/sq/mil, about 0.9 ohm/sq/mil to about 1 ohm/sq/mil,
about 0.9 ohm/sq/mil to about 1.2 ohms/sq/mil, about 0.9
ohm/sq/mil to about 1.4 ohms/sq/mil, about 0.9 ohm/sq/mil
to about 1.6 ohms/sq/mil, about 0.9 ohm/sq/mil to about 1.8
ohms/sq/mil, about 1 ohm/sq/mil to about 1.2 ohms/sq/mil,
about 1 ohm/sq/mil to about 1.4 ohms/sq/mil, about 1
ohm/sq/mil to about 1.6 ohms/sq/mil, about 1 ohm/sq/mil to
about 1.8 ohms/sq/mil, about 1.2 ohms/sq/mil to about 1.4
ohms/sq/mil, about 1.2 ohms/sq/mil to about 1.6 ohms/sq/
mil, about 1.2 ohms/sq/mil to about 1.8 ohms/sq/mil, about
1.4 ohms/sq/mil to about 1.6 ohms/sq/mil, about 1.4 ohms/
sgq/mil to about 1.8 ohms/sq/mil, or about 1.6 ohms/sq/mil to
about 1.8 ohms/sq/mil. Optionally, in some embodiments,
the conductive silver-based ink comprises silver nanowires,
wherein the conductive silver-based film has a sheet resis-
tance of about 0.3 ohm/sq/mil, about 0.4 ohm/sq/mil, about
0.5 ohm/sq/mil, about 0.6 ohm/sq/mil, about 0.7 ohm/sq/
mil, about 0.8 ohm/sq/mil, about 0.9 ohm/sq/mil, about 1
ohm/sq/mil, about 1.2 ohms/sq/mil, about 1.4 ohms/sq/mil,
about 1.6 ohms/sg/mil, or about 1.8 ohms/sq/mil. Option-
ally, in some embodiments, the conductive silver-based ink
comprises silver nanowires, wherein the conductive silver-
based film has a sheet resistance of at least about 0.3
ohm/sq/mil, about 0.4 ohm/sq/mil, about 0.5 ohm/sq/mil,
about 0.6 ohm/sq/mil, about 0.7 ohm/sq/mil, about 0.8
ohm/sq/mil, about 0.9 ohm/sq/mil, about 1 ohm/sq/mil,
about 1.2 ohms/sq/mil, about 1.4 ohms/sq/mil, about 1.6
ohms/sq/mil, or about 1.8 ohms/sq/mil. Optionally, in some
embodiments, the conductive silver-based ink comprises
silver nanowires, wherein the conductive silver-based film
has a sheet resistance of at most about 0.3 ohm/sq/mil, about
0.4 ohm/sq/mil, about 0.5 ohm/sq/mil, about 0.6 ohm/sq/
mil, about 0.7 ohm/sq/mil, about 0.8 ohm/sq/mil, about 0.9
ohm/sq/mil, about 1 ohm/sq/mil, about 1.2 ohms/sq/mil,
about 1.4 ohms/sq/mil, about 1.6 ohms/sq/mil, or about 1.8
ohms/sq/mil.

[0211] Optionally, in some embodiments, the conductive
silver-based ink comprises silver nanoparticles, wherein the
conductive silver-based film has a sheet resistance of about
0.01 ohm/sq/mil to about 0.04 ohm/sq/mil. Optionally, in
some embodiments, the conductive silver-based ink com-
prises silver nanoparticles, wherein the conductive silver-
based film has a sheet resistance of at least about 0.01
ohm/sq/mil. Optionally, in some embodiments, the conduc-
tive silver-based ink comprises silver nanoparticles, wherein
the conductive silver-based film has a sheet resistance of at
most about 0.04 ohn/sq/mil. Optionally, in some embodi-
ments, the conductive silver-based ink comprises silver
nanoparticles, wherein the conductive silver-based film has
a sheet resistance of about 0.01 ohm/sq/mil to about 0.011
ohm/sq/mil, about 0.01 ohm/sq/mil to about 0.012 ohm/sq/
mil, about 0.01 ohm/sq/mil to about 0.014 ohm/sq/mil, about
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0.01 ohm/sg/mil to about 0.016 ohm/sg/mil, about 0.01
ohm/sq/mil to about 0.018 ohm/sq/mil, about 0.01 ohm/sq/
mil to about 0.02 ohm/sq/mil, about 0.01 ohm/sq/mil to
about 0.025 ohm/sg/mil, about 0.01 ohm/sq/mil to about
0.03 ohm/sg/mil, about 0.01 ohm/sq/mil to about 0.035
ohm/sq/mil, about 0.01 ohm/sq/mil to about 0.04 ohm/sq/
mil, about 0.011 ohm/sq/mil to about 0.012 ohm/sq/mil,
about 0.011 ohm/sg/mil to about 0.014 ohm/sq/mil, about
0.011 ohm/sq/mil to about 0.016 ohm/sq/mil, about 0.011
ohm/sq/mil to about 0.018 ohm/sg/mil, about 0.011 ohm/
sg/mil to about 0.02 ohm/sq/mil, about 0.011 ohm/sq/mil to
about 0.025 ohm/sq/mil, about 0.011 ohm/sg/mil to about
0.03 ohm/sg/mil, about 0.011 ohm/sq/mil to about 0.035
ohm/sq/mil, about 0.011 ohm/sq/mil to about 0.04 ohm/sq/
mil, about 0.012 ohm/sg/mil to about 0.014 ohm/sq/mil,
about 0.012 ohm/sq/mil to about 0.016 ohm/sq/mil, about
0.012 ohm/sq/mil to about 0.018 ohm/sq/mil, about 0.012
ohm/sq/mil to about 0.02 ohm/sq/mil, about 0.012 ohm/sq/
mil to about 0.025 ohm/sq/mil, about 0.012 ohm/sq/mil to
about 0.03 ohm/sq/mil, about 0.012 ohm/sq/mil to about
0.035 ohm/sg/mil, about 0.012 ohm/sg/mil to about 0.04
ohm/sq/mil, about 0.014 ohm/sq/mil to about 0.016 ohm/
sgq/mil, about 0.014 ohm/sq/mil to about 0.018 ohm/sq/mil,
about 0.014 ohm/sg/mil to about 0.02 ohm/sq/mil, about
0.014 ohm/sq/mil to about 0.025 ohm/sq/mil, about 0.014
ohm/sq/mil to about 0.03 ohm/sq/mil, about 0.014 ohm/sq/
mil to about 0.035 ohm/sq/mil, about 0.014 ohm/sq/mil to
about 0.04 ohm/sq/mil, about 0.016 ohm/sq/mil to about
0.018 ohm/sg/mil, about 0.016 ohm/sg/mil to about 0.02
ohm/sq/mil, about 0.016 ohm/sq/mil to about 0.025 ohm/
sq/mil, about 0.016 ohm/sq/mil to about 0.03 ohm/sq/mil,
about 0.016 ohm/sq/mil to about 0.035 ohm/sq/mil, about
0.016 ohm/sg/mil to about 0.04 ohm/sq/mil, about 0.018
ohm/sq/mil to about 0.02 ohm/sq/mil, about 0.018 ohm/sq/
mil to about 0.025 ohm/sq/mil, about 0.018 ohm/sq/mil to
about 0.03 ohm/sq/mil, about 0.018 ohm/sq/mil to about
0.035 ohm/sg/mil, about 0.018 ohm/sg/mil to about 0.04
ohm/sq/mil, about 0.02 ohm/sq/mil to about 0.025 ohm/sq/
mil, about 0.02 ohm/sq/mil to about 0.03 ohm/sq/mil, about
0.02 ohm/sg/mil to about 0.035 ohm/sg/mil, about 0.02
ohm/sq/mil to about 0.04 ohm/sq/mil, about 0.025 ohm/sq/
mil to about 0.03 ohm/sq/mil, about 0.025 ohm/sg/mil to
about 0.035 ohm/sq/mil, about 0.025 ohm/sg/mil to about
0.04 ohm/sg/mil, about 0.03 ohm/sq/mil to about 0.035
ohm/sq/mil, about 0.03 ohm/sq/mil to about 0.04 ohm/sq/
mil, or about 0.035 ohm/sq/mil to about 0.04 ohm/sq/mil.
Optionally, in some embodiments, the conductive silver-
based ink comprises silver nanoparticles, wherein the con-
ductive silver-based film has a sheet resistance of about 0.01
ohm/sq/mil, about 0.011 ohm/sq/mil, about 0.012 ohm/sq/
mil, about 0.014 ohm/sq/mil, about 0.016 ohm/sq/mil, about
0.018 ohm/sg/mil, about 0.02 ohm/sq/mil, about 0.025 ohm/
sq/mil, about 0.03 ohm/sq/mil, about 0.035 ohm/sq/mil, or
about 0.04 ohm/sq/mil. Optionally, in some embodiments,
the conductive silver-based ink comprises silver nanopar-
ticles, wherein the conductive silver-based film has a sheet
resistance of at least about 0.01 ohm/sq/mil, about 0.011
ohm/sq/mil, about 0.012 ohm/sq/mil, about 0.014 ohm/sq/
mil, about 0.016 ohm/sq/mil, about 0.018 ohm/sq/mil, about
0.02 ohm/sq/mil, about 0.025 ohm/sq/mil, about 0.03 ohm/
sq/mil, about 0.035 ohm/sg/mil, or about 0.04 ohm/sq/mil.
Optionally, in some embodiments, the conductive silver-
based ink comprises silver nanoparticles, wherein the con-
ductive silver-based film has a sheet resistance of at most
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about 0.01 ohm/sq/mil, about 0.011 ohm/sq/mil, about 0.012
ohm/sq/mil, about 0.014 ohm/sq/mil, about 0.016 ohm/sq/
mil, about 0.018 ohm/sq/mil, about 0.02 ohm/sq/mil, about
0.025 ohm/sq/mil, about 0.03 ohm/sq/mil, about 0.035 ohm/
sg/mil, or about 0.04 ohm/sq/mil.

[0212] Optionally, in some embodiments, the substrate
comprises metal, wood, glass, paper, organic material,
cloths, plastics, fiberglass, carbon cloth, carbon fiber, silicon,
or any combination thereof.

[0213] Other goals and advantages of the embodiments
described herein will be further appreciated and understood
when considered in conjunction with the following descrip-
tion and accompanying drawings. While the following
description may contain specific details describing particular
embodiments described herein, this should not be construed
as limitations to the scope of the embodiments described
herein but rather as an exemplification of preferable embodi-
ments. For each embodiment described herein, many varia-
tions are possible as suggested herein that are known to
those of ordinary skill in the art. A variety of changes and
modifications may be made within the scope of the embodi-
ments described herein without departing from the spirit
thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0214] Features of the disclosure are set forth with par-
ticularity in the appended claims. A better understanding of
the features and advantages of the present disclosure will be
obtained by reference to the following detailed description
that sets forth illustrative embodiments, in which the prin-
ciples of the embodiments are utilized, and the accompany-
ing drawings or figures (also “FIG.” and “FIGS.” herein), of
which:

[0215] FIG. 1 shows an illustration of the composition of
an exemplary conductive graphene ink, in accordance with
some embodiments of the present disclosure.

[0216] FIG. 2A shows an exemplary schematic illustration
of chains of carbon black interconnected through a conduc-
tive graphene sheet, in accordance with some embodiments
of the present disclosure.

[0217] FIG. 2B shows an exemplary schematic illustration
of a binder stabilizing the graphene ink, in accordance with
some embodiments of the present disclosure.

[0218] FIG. 2C shows an exemplary schematic illustration
of the chemical interactions between binder and the com-
ponents of the graphene ink, in accordance with some
embodiments of the present disclosure.

[0219] FIG. 3A shows an exemplary image of a carbon
particle comprising carbon black, in accordance with some
embodiments of the present disclosure.

[0220] FIG. 3B shows an exemplary transmission electron
microscopy (TEM) image of a commercially available form
of carbon black, in accordance with some embodiments of
the present disclosure.

[0221] FIG. 3C shows an exemplary TEM image of a
second commercially available form of carbon black, in
accordance with some embodiments of the present disclo-
sure.

[0222] FIG. 3D shows an exemplary TEM image of a third
commercially available form of carbon black, in accordance
with some embodiments of the present disclosure.
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[0223] FIG. 4 shows an exemplary image of raw graphene,
in accordance with some embodiments transmission elec-
tron microscopy, which is used to make the graphene sheet
101.

[0224] FIG. 5A shows an image of an exemplary conduc-
tive graphene ink being removed from a mixer, in accor-
dance with some embodiments of the present disclosure.
[0225] FIG. 5B shows an image of an exemplary conduc-
tive graphene ink being poured into a beaker, in accordance
with some embodiments of the present disclosure.

[0226] FIG. 5C shows an image of an exemplary conduc-
tive graphene ink in a jar, in accordance with some embodi-
ments of the present disclosure.

[0227] FIG. 6A shows a first optical microscopy image of
an exemplary conductive graphene ink, in accordance with
some embodiments of the present disclosure.

[0228] FIG. 6B shows a second optical microscopy image
of an exemplary conductive graphene ink, in accordance
with some embodiments of the present disclosure.

[0229] FIG. 7A shows a first high-magnification scanning
electron microscopy (SEM) image of an exemplary conduc-
tive graphene ink, in accordance with some embodiments of
the present disclosure.

[0230] FIG. 7B shows a second high-magnification SEM
image of an exemplary conductive graphene ink, in accor-
dance with some embodiments of the present disclosure.
[0231] FIG. 7C shows a third high-magnification SEM
image of an exemplary conductive graphene ink, in accor-
dance with some embodiments of the present disclosure.
[0232] FIG. 7D shows a fourth high-magnification SEM
image of an exemplary conductive graphene ink, in accor-
dance with some embodiments of the present disclosure.
[0233] FIG. 8 shows an image of an exemplary apparatus
for forming a conductive graphene ink, in accordance with
some embodiments of the present disclosure.

[0234] FIG. 9 shows a particle size distribution chart of an
exemplary conductive graphene ink.

[0235] FIG. 10 shows a Raman spectra chart of an exem-
plary conductive graphene ink, in accordance with some
embodiments of the present disclosure.

[0236] FIG. 11 shows an X-ray diffraction chart of an
exemplary conductive graphene ink, in accordance with
some embodiments of the present disclosure.

[0237] FIG. 12A shows an image of an exemplary con-
ductive graphene ink on an exemplary substrate, in accor-
dance with some embodiments of the present disclosure.
[0238] FIG. 12B shows an image of an exemplary roll of
a conductive graphene ink-coated substrate, in accordance
with some embodiments of the present disclosure.

[0239] FIG. 13 shows an image of an exemplary graphene
film comprising a conductive graphene logo on an exem-
plary substrate, in accordance with some embodiments of
the present disclosure.

[0240] FIG. 14A shows an image of an exemplary gra-
phene films comprising arrays of two interdigitated elec-
trodes formed from an exemplary conductive graphene ink
and an exemplary substrate, in accordance with some
embodiments of the present disclosure.

[0241] FIG. 14B shows an image of an exemplary gra-
phene films comprising arrays of three interdigitated elec-
trodes formed from an exemplary conductive graphene ink
and an exemplary substrate, in accordance with some
embodiments of the present disclosure.

Oct. 25, 2018

[0242] FIG. 15A shows an image of an exemplary radio
frequency identification device printed on an exemplary
conductive graphene ink on an exemplary paper substrate, in
accordance with some embodiments of the present disclo-
sure.

[0243] FIG. 15B shows an image of an exemplary radio
frequency identification device printed on an exemplary
conductive graphene ink on an exemplary paper substrate, in
accordance with some embodiments of the present disclo-
sure.

[0244] FIG. 16 shows a schematic illustration of an exem-
plary method of forming a graphene film, in accordance with
some embodiments of the present disclosure.

[0245] FIG. 17 shows an image of an exemplary method
of forming a graphene film with a brush, in accordance with
some embodiments of the present disclosure.

[0246] FIG. 18 shows an illustration of an exemplary
method of forming a graphene film with a doctor blade, in
accordance with some embodiments of the present disclo-
sure.

[0247] FIG. 19A shows an image of an exemplary doctor
blade apparatus, in accordance with some embodiments of
the present disclosure.

[0248] FIG. 19B shows an image of an exemplary gra-
phene film formed with a doctor blade, in accordance with
some embodiments of the present disclosure.

[0249] FIG. 20 shows an image of an exemplary method
of coating a substrate with graphene ink with a screen
printer, in accordance with some embodiments of the present
disclosure.

[0250] FIG. 21A shows an image of an exemplary sub-
strate in a roll-to-roll printer, in accordance with some
embodiments of the present disclosure.

[0251] FIG. 21B shows an image of an exemplary gra-
phene ink coating an exemplary substrate in a roll-to-roll
printer, in accordance with some embodiments of the present
disclosure.

[0252] FIG. 21C shows an image of an exemplary gra-
phene film formed by a roll-to-roll printer, in accordance
with some embodiments of the present disclosure.

[0253] FIG. 22 shows a plot of the sheet resistance and dry
thickness of an exemplary conducting graphene coating, in
accordance with some embodiments of the present disclo-
sure.

[0254] FIG. 23 shows an current-voltage plot of an exem-
plary conducting graphene coating, in accordance with some
embodiments of the present disclosure.

[0255] FIG. 24A shows a graph of the sheet resistance of
exemplary conducting graphene-coated substrates with a dry
coating thickness of 41 micrometers, in accordance with
some embodiments of the present disclosure.

[0256] FIG. 24B shows a graph of the sheet resistance of
exemplary conducting graphene-coated substrates with a
wet coating thickness of 200 micrometers, in accordance
with some embodiments of the present disclosure.

[0257] FIG. 25 shows an exemplary apparatus for testing
the resistance of a conductive graphene ink coated on a
substrate, in accordance with some embodiments of the
present disclosure.

[0258] FIG. 26A shows a plot of the bend radius and the
resistance change of an exemplary graphene-coated sub-
strate under convex bending, in accordance with some
embodiments of the present disclosure.
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[0259] FIG. 26B shows an illustration of the convex
bending radius of an exemplary graphene-coated substrate,
in accordance with some embodiments of the present dis-
closure.

[0260] FIG. 26C shows a plot of the bend radius and the
resistance change of an exemplary graphene-coated sub-
strate under concave bending, in accordance with some
embodiments of the present disclosure.

[0261] FIG. 26D shows an illustration of the concave
bending radius of an exemplary graphene-coated substrate,
in accordance with some embodiments of the present dis-
closure.

[0262] FIG.27A shows a graph of the resistance change of
exemplary flat, bent, and twisted graphene-coated sub-
strates, in accordance with some embodiments of the present
disclosure.

[0263] FIG. 27B shows an image of an exemplary flat
graphene-coated substrate, in accordance with some
embodiments of the present disclosure.

[0264] FIG. 27C shows an image of an exemplary bent
graphene-coated substrate, in accordance with some
embodiments of the present disclosure.

[0265] FIG. 27D shows an exemplary image of a first
exemplary twisted graphene-coated substrate, in accordance
with some embodiments of the present disclosure.

[0266] FIG. 27E shows an image of a second exemplary
twisted graphene-coated substrate, in accordance with some
embodiments of the present disclosure.

[0267] FIG. 28 shows a plot of the bend cycles at a radius
of about 10 mm and the resistance change of an exemplary
graphene-coated substrate, in accordance with some
embodiments of the present disclosure.

[0268] FIG. 29A is an illustration of a conductive gra-
phene ink comprising silver nanoparticles below percola-
tion, in accordance with some embodiments of the present
disclosure.

[0269] FIG. 29B is an illustration of a conductive gra-
phene ink comprising silver nanoparticles with a percolation
threshold of about 15%, in accordance with some embodi-
ments of the present disclosure.

[0270] FIG. 29C is an illustration of a conductive gra-
phene ink comprising silver nanoparticles with a percolation
threshold of less than 1%, in accordance with some embodi-
ments of the present disclosure.

[0271] FIG. 30 shows TEM images of exemplary silver
nanowires formed by immediately injecting the silver-based
solution into the reaction vessel, in accordance with some
embodiments of the present disclosure.

[0272] FIG. 31A displays an exemplary solution compris-
ing silver nanowires formed by immediately injecting the
silver-based solution into the reaction vessel, in accordance
with some embodiments of the present disclosure.

[0273] FIG. 31B displays the exemplary solution of FIG.
31A after resting for about one week, in accordance with
some embodiments of the present disclosure.

[0274] FIG. 32 shows TEM images of exemplary silver
nanowires formed by injecting the silver-based solution into
the reaction vessel over a period of time of about 15 minutes,
in accordance with some embodiments of the present dis-
closure.

[0275] FIG. 33A displays an exemplary solution compris-
ing silver nanowires formed by immediately injecting the
silver-based solution into the reaction vessel, in accordance
with some embodiments of the present disclosure.
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[0276] FIG. 33B displays the exemplary solution of FIG.
33A after resting for about one week, in accordance with
some embodiments of the present disclosure.

[0277] FIG. 34 shows TEM images of exemplary silver
nanowires formed with a high viscosity binder, in accor-
dance with some embodiments of the present disclosure.
[0278] FIG. 35 shows an image of an exemplary conduc-
tive silver-based ink comprising silver nanowires formed
with a high viscosity binder, in accordance with some
embodiments of the present disclosure.

[0279] FIG. 36 shows optical microscope images of an
exemplary film comprising silver nanowires formed by a
solvothermal method, in accordance with some embodi-
ments of the present disclosure.

[0280] FIG. 37 shows an image of an exemplary conduc-
tive silver-based ink comprising silver nanowires formed
with a high viscosity binder, in accordance with some
embodiments of the present disclosure.

[0281] FIG. 38 shows an image of an exemplary apparatus
for forming silver nanowires formed by a solvothermal
method, in accordance with some embodiments of the
present disclosure.

[0282] FIG. 39 shows TEM images of exemplary silver
nanowires formed with an ionic liquid catalyst, in accor-
dance with some embodiments of the present disclosure.
[0283] FIG. 40A shows an image of an exemplary con-
ductive silver-based ink during seeding and nucleation of the
silver nanowires formed with an ionic liquid catalyst, in
accordance with some embodiments of the present disclo-
sure.

[0284] FIG. 40B shows an image of an exemplary con-
ductive silver-based ink during growth of the silver
nanowires formed with an ionic liquid catalyst, in accor-
dance with some embodiments of the present disclosure.
[0285] FIG. 41A shows a TEM image of exemplary silver
nanowires formed with controlled nucleation and growth, in
accordance with some embodiments of the present disclo-
sure.

[0286] FIG. 41B shows another TEM image of exemplary
silver nanowires formed with controlled nucleation and
growth, in accordance with some embodiments of the pres-
ent disclosure.

[0287] FIG. 41C shows another TEM image of exemplary
silver nanowires formed with controlled nucleation and
growth, in accordance with some embodiments of the pres-
ent disclosure.

[0288] FIG. 41D shows another TEM image of exemplary
silver nanowires formed with controlled nucleation and
growth, in accordance with some embodiments of the pres-
ent disclosure.

[0289] FIG. 41E shows another TEM image of exemplary
silver nanowires formed with controlled nucleation and
growth, in accordance with some embodiments of the pres-
ent disclosure.

[0290] FIG. 41F shows another TEM image of exemplary
silver nanowires formed with controlled nucleation and
growth, in accordance with some embodiments of the pres-
ent disclosure.

[0291] FIG. 42A shows an image of an exemplary con-
ductive additive comprising silver nanowires before nucle-
ation, in accordance with some embodiments of the present
disclosure.
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[0292] FIG. 42B shows an image of an exemplary con-
ductive additive comprising silver nanowires at nucleation
initiation, in accordance with some embodiments of the
present disclosure.

[0293] FIG. 42C shows an image of an exemplary con-
ductive additive comprising silver nanowires during nucle-
ation, in accordance with some embodiments of the present
disclosure.

[0294] FIG. 42D shows an image of an exemplary con-
ductive additive during silver nanowire growth, in accor-
dance with some embodiments of the present disclosure.
[0295] FIG. 43A shows a front image of an exemplary
apparatus for forming a conductive additive comprising
silver nanowires, in accordance with some embodiments of
the present disclosure.

[0296] FIG. 43B shows a perspective image of the exem-
plary apparatus of FIG. 43A, in accordance with some
embodiments of the present disclosure.

[0297] FIG. 43C shows a detailed front image of the
exemplary apparatus of FIG. 43A, in accordance with some
embodiments of the present disclosure.

[0298] FIG. 43D shows a detailed perspective image of an
exemplary bath and reaction chamber of the exemplary
apparatus of FIG. 43A, in accordance with some embodi-
ments of the present disclosure.

[0299] FIG. 43E shows a highly detailed front image of an
exemplary bath and reaction chamber of the exemplary
apparatus of FIG. 43A, in accordance with some embodi-
ments of the present disclosure.

[0300] FIG. 43F shows a highly detailed perspective
image of an exemplary bath and reaction chamber of the
exemplary apparatus of FIG. 43A, in accordance with some
embodiments of the present disclosure.

[0301] FIG. 44 shows a TEM image of exemplary silver
nanoparticles formed by a first method of silver nanoparticle
formation, in accordance with some embodiments of the
present disclosure.

[0302] FIG. 45A shows a first image of an exemplary
dispersion of silver nanoparticles formed by a first method
of silver nanoparticle formation, in accordance with some
embodiments of the present disclosure.

[0303] FIG. 45B shows a second image of an exemplary
dispersion of silver nanoparticles formed by a first method
of silver nanoparticle formation, in accordance with some
embodiments of the present disclosure.

[0304] FIG. 46A shows an image of an exemplary first
solution of silver nanoparticles heated to 100° C., in accor-
dance with some embodiments of the present disclosure.
[0305] FIG. 46B shows an image of an exemplary first
solution of silver nanoparticles heated to 110° C., in accor-
dance with some embodiments of the present disclosure.
[0306] FIG. 46C shows an image of an exemplary first
solution of silver nanoparticles heated to 120° C., in accor-
dance with some embodiments of the present disclosure.
[0307] FIG. 46D shows an image of an exemplary first
solution of silver nanoparticles heated to 130° C., in accor-
dance with some embodiments of the present disclosure.
[0308] FIG. 46E shows an image of an exemplary first
solution of silver nanoparticles heated to 145° C., in accor-
dance with some embodiments of the present disclosure.
[0309] FIG. 46F shows an image of an exemplary first
solution of silver nanoparticles heated to 160° C., in accor-
dance with some embodiments of the present disclosure.
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[0310] FIG. 47 shows a TEM image of exemplary silver
nanoparticles formed by a second method of silver nano-
particle formation, in accordance with some embodiments of
the present disclosure.

[0311] FIG. 48 shows an current-voltage curve of an
exemplary film comprising an exemplary conductive gra-
phene ink, in accordance with some embodiments of the
present disclosure.

DETAILED DESCRIPTION

[0312] Provided herein are graphene materials, fabrication
processes, and devices with improved performance. Option-
ally, in some embodiments, the present disclosure provides
devices and methods for forming a conductive graphene ink
comprising a graphene material and devices and methods for
forming a conductive graphene film comprising a substrate
coated with a conductive ink comprising a graphene mate-
rial. Such graphene inks and films avoid the shortcomings of
conductive inks. The conductive graphene ink can be used to
form patterns and shapes comprising electrodes and wires on
a substrate.

[0313] Various aspects of the disclosure described herein
may be applied to any of the particular applications set forth
below or in any other type of manufacturing, synthesis, or
processing setting. Other manufacturing, synthesis, or pro-
cessing of materials may equally benefit from features
described herein. For example, the methods, devices, and
systems herein may be advantageously applied to manufac-
ture (or synthesis) of various forms of graphene or graphene
oxide. The embodiments described herein may be applied as
a stand-alone method, device, or system or as part of an
integrated manufacturing or materials (e.g., chemicals) pro-
cessing system. It shall be understood that different aspects
of the disclosure may be appreciated individually, collec-
tively, or in combination with each other.

[0314] Reference will now be made to the figures. It will
be appreciated that the figures and features therein are not
necessarily drawn to scale. The schematic illustrations,
images, formulas, charts, and graphs referred to herein
represent fabricated exemplary devices that serve as a rep-
resentation of the appearance, characteristics, and function-
ality of the devices produced by the exemplary methods
described herein.

[0315] While preferable embodiments have been shown
and described herein, it will be obvious to those skilled in the
art that such embodiments are provided by way of example
only. Numerous variations, changes, and substitutions will
now occur to those skilled in the art. It should be understood
that various alternatives to the embodiments described
herein may be employed.

[0316] Provided herein per FIGS. 1 to 7D are conductive
graphene inks and components for the fabrication of the
conductive inks thereof. FIG. 1 shows an illustration of the
composition of an exemplary conductive graphene ink, in
accordance with some embodiments. Per FIG. 1, the exem-
plary conductive graphene ink 100 comprises a graphene
sheet 101, a carbon particle 102, a binder 103, a surfactant
104, a defoamer 105, and a first solvent 106.

[0317] FIGS. 2A-2C show exemplary schematic illustra-
tions of the chemical bonds within a conductive graphene
ink, in accordance with some embodiments. FIG. 2A shows
an exemplary schematic illustration of chains of carbon
black interconnected through a conductive graphene sheet,
in accordance with some embodiments of the present dis-
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closure. Per FIG. 2A, although interconnected carbon par-
ticle chains 204 of carbon particles 202 within graphene inks
are capable of conducting an electrical current, the isolation
of the carbon particle chains 204 must be overcome to
enable continuous conductivity within graphene inks 200.
However, embedding the carbon particle chains 204 within
conductive graphene sheets 201 through van der Waals
forces forms a continuous conductive graphene ink 200.

[0318] FIG. 2B shows an exemplary schematic illustration
of a binder stabilizing the graphene ink, in accordance with
some embodiments. FIG. 2C shows an exemplary schematic
illustration of the chemical interactions between binder and
the components of the graphene ink, in accordance with
some embodiments. Per FIGS. 2A to 2C, the conductive
graphene ink optionally further comprises a binder 203,
wherein the a negatively charged backbone of the binder 203
forms stable emulsions within, and further increases the
conductivity of, the conductive graphene ink. Optionally, in
some embodiments, the binder 203 comprises a polymer.
Optionally, in some embodiments, the polymer comprises a
synthetic polymer. Optionally, in some embodiments, the
synthetic polymer comprises carboxymethyl cellulose, poly-
vinylidene fluoride, poly(vinyl alcohol), poly(vinyl pyrroli-
done), poly(ethylene oxide), ethyl cellulose, or any combi-
nation thereof. Optionally, in some embodiments, the binder
is incorporated into the conductive graphene ink via a binder
solution. Carboxymethyl cellulose, an exemplary polymer
binder, forms extensive hydrogen bonding with both carbon
particles 202 and graphene sheets 201, thus increases the
stability of the conductive graphene ink. Furthermore, the
use of a binder increases the adhesion of the components
within the conductive graphene ink, the adhesion of the
conductive graphene ink to a substrate, and the flexibility of
the graphene film produced therewith. Per FIGS. 2B and 2C,
the conductive graphene ink optionally further comprises a
solvent. Some forms of carbon particles 202, such as carbon
black, contains surface functional groups comprising, for
example, —H, —OH, —CO, —COOH, which render its
surface hydrophilic to increase its interaction with solvents
and the graphene sheets 201.

[0319] FIG. 3A shows an exemplary image of a carbon
particle 202 comprising carbon black, in accordance with
some embodiments of the present disclosure. FIG. 3B shows
an exemplary transmission electron microscopy (TEM)
image of a commercially available form of carbon black, in
accordance with some embodiments of the present disclo-
sure. FIG. 3C shows an exemplary TEM image of a second
commercially available form of carbon black, in accordance
with some embodiments of the present disclosure. FIG. 3D
shows an exemplary TEM image of a third commercially
available form of carbon black, in accordance with some
embodiments of the present disclosure. Carbon black is a
material typically produced by the incomplete combustion
ot heavy petroleum products such as fluid catalytic cracking
tar, coal tar, ethylene cracking tar, and a small amount from
vegetable oil. As seen in FIGS. 3B-3D, carbon black is a
form of paracrystalline carbon that typically has a high
surface area-to-volume ratio. Forms of carbon black include
but are not limited to Super C45, Super C65, and Super P.

[0320] FIG. 4 shows an exemplary image of raw graphene,
in accordance with some embodiments of the present dis-
closure. Optionally, in some embodiments, raw graphene is
used to make the graphene sheet.
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[0321] FIGS. 5A-5C show images of an exemplary con-
ductive graphene ink in accordance with some embodiments
of the present disclosure. FIG. 5A shows an image of an
exemplary conductive graphene ink being removed from a
mixer, in accordance with some embodiments of the present
disclosure. FIG. 5B shows an image of an exemplary
conductive graphene ink being poured into a beaker, in
accordance with some embodiments of the present disclo-
sure. FIG. 5C shows an image of an exemplary conductive
graphene ink in a jar, in accordance with some embodiments
of the present disclosure. As seen in FIGS. 5A-5C, the
conductive graphene ink is highly viscous. As shown, the
conductive graphene ink is black. Optionally, in some
embodiments, the conductive graphene ink is blue, green,
red, yellow, orange, indigo, violet, or any combination
thereof.

[0322] FIG. 6A shows a first optical microscopy image of
an exemplary conductive graphene ink, in accordance with
some embodiments of the present disclosure. FIG. 6B shows
a second optical microscopy image of an exemplary con-
ductive graphene ink, in accordance with some embodi-
ments of the present disclosure. FIG. 7A shows a first
high-magnification scanning electron microscopy (SEM)
image of an exemplary conductive graphene ink, in accor-
dance with some embodiments of the present disclosure.
FIG. 7B shows a second high-magnification SEM image of
an exemplary conductive graphene ink, in accordance with
some embodiments of the present disclosure. FIG. 7C shows
a third high-magnification SEM image of an exemplary
conductive graphene ink, in accordance with some embodi-
ments of the present disclosure. FIG. 7D shows a fourth
high-magnification SEM image of an exemplary conductive
graphene ink, in accordance with some embodiments of the
present disclosure.

[0323] Optionally, in some embodiments, the conductive
graphene ink has a viscosity of at most about 10,000
centipoise. Optionally, in some embodiments, the conduc-
tive graphene ink has a surface area of at least about 40 m*/g.
Optionally, in some embodiments, the graphene ink has a
resistivity when dry of about 0.01 ohm/sq/mil to about 60
ohms/sq/mil.

[0324] Provided herein is a method of forming a conduc-
tive graphene ink comprising: forming a binder solution;
forming a reduced graphene oxide dispersion; and forming
a graphene solution comprising the binder solution, the
reduced graphene dispersion, a third solvent, a conductive
additive, a surfactant, and a defoamer; and mixing the
graphene solution to form a conductive graphene ink.
Optionally, in some embodiments, forming a binder solution
comprises heating a first solvent, adding a binder to the first
solvent, mixing the binder and the first solvent, and cooling
the binder and the first solvent. Optionally, in some embodi-
ments, the reduced graphene oxide dispersion comprises a
second solvent and reduced graphene oxide.

[0325] FIG. 8 shows an image of an exemplary apparatus
for forming a conductive graphene ink, in accordance with
some embodiments of the present disclosure. Per FIG. 8, the
exemplary apparatus for mixing a binder of a conductive
graphene ink comprises a first mechanical mixer 801, a
beater 802, and a hot plate 803.

[0326] Optionally, in some embodiments, the process of
forming a binder solution comprises: heating a first solvent
810, adding a binder 812 to the first solvent 810, mixing the
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binder 812 and the first solvent 810, and cooling the binder
812 and the first solvent 810.

[0327] Optionally, in some embodiments, at least one of
the first solvent, the second solvent, and the third solvent
comprises water, an organic solvent, or any combination
thereof. Optionally, in some embodiments, at least one of the
first solvent, the second solvent, and the third solvent
comprises water and an organic solvent. Optionally, in some
embodiments, the organic solvent comprises ethanol, iso-
propyl alcohol, N-methyl-2-pyrrolidone, cyclohexanone,
terpineol, 3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-
methyl-pentan-2-one, methyl isobutyl ketone, or any com-
bination thereof. Optionally, in some embodiments, at least
one of the first solvent, the second solvent, and the third
solvent comprises water, ethanol, isopropyl alcohol,
N-methyl-2-pyrrolidone, cyclohexanone, terpineol,
3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-methyl-pen-
tan-2-one, methyl isobutyl ketone, or any combination
thereof.

[0328] Optionally, in some embodiments, the binder com-
prises carboxymethyl cellulose, polyvinylidene fluoride,
poly(vinyl alcohol), poly(vinyl pyrrolidone), poly(ethylene
oxide), ethyl cellulose, or any combination thereof.

[0329] Optionally, in some embodiments, the conductive
additive comprises a carbon-based material. Optionally, in
some embodiments, the carbon-based material comprises a
paracrystalline carbon. Optionally, in some embodiments,
the paracrystalline carbon comprises carbon black, acetylene
black, channel black, furnace black, lamp black, thermal
black, or any combination thereof. Optionally, in some
embodiments, the conductive additive comprises silver.
Optionally, in some embodiments, the silver comprises
silver nanoparticles, silver nanorods, silver nanowires, silver
nanoflowers, silver nanofibers, silver nanoplatelets, silver
nanoribbons, silver nanocubes, silver bipyramids, or any
combination thereof.

[0330] Optionally, in some embodiments, the surfactant
comprises perfluorooctanoic acid, perfluorooctane sul-
fonate, perfluorohexane sulfonic acid, perfluorononanoic
acid, perfluorodecanoic acid, polyethylene glycol alkyl
ethers, octaethylene glycol monododecyl ether, pentaethyl-
ene glycol monododecyl ether, polypropylene glycol alkyl
ethers, glucoside alkyl ethers, decyl glucoside, lauryl glu-
coside, octyl glucoside, polyethylene glycol octylphenyl
ethers, Triton X-100, polyethylene glycol alkylphenyl
ethers, nonoxynol-9, glycerol alkyl esters polysorbate, sor-
bitan alkyl esters poloxamers, polyethoxylated tallow
amine, Dynol 604, or any combination thereof.

[0331] Optionally, in some embodiments, the defoamer
comprises an insoluble oil, a silicone, a glycol, a stearate, an
organic solvent, Surfynol DF-1100, alkyl polyacrylate, or
any combination thereof. Optionally, in some embodiments,
the insoluble oil comprises mineral oil, vegetable oil, white
oil, or any combination thereof. Optionally, in some embodi-
ments, the silicone comprises polydimethylsiloxane, sili-
cone glycol, a fluorosilicone, or any combination thereof.
Optionally, in some embodiments, the glycol comprises
polyethylene glycol, ethylene glycol, propylene glycol, or
any combination thereof. Optionally, in some embodiments,
the stearate comprises glycol stearate, stearin, or any com-
bination thereof. Optionally, in some embodiments, the
organic solvent comprises ethanol, isopropyl alcohol,
N-methyl-2-pyrrolidone, cyclohexanone, terpineol,
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3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-methyl-pen-
tan-2-one, methyl isobutyl ketone, or any combination
thereof.

[0332] High quantities of water in water-based conductive
graphene inks may optionally increase the surface tension of
the ink. In some applications, such as in inkjet printing,
however, a low, controlled surface tension and viscosity is
required to maintain consistent jetting through the print head
nozzles. The addition of a surfactant may reduce the surface
tension of an ink because as the surfactant units move to the
water/air interface, their relative force of attraction weakens
as the non-polar surfactant heads become exposed.

[0333] A specific ink viscosity is important for some
applications. For example, a viscosity of greater than about
1000 mPa-s is ideal for ink for screen printing, wherein a
viscosity lower than 20 mPa-s works best for inkjet printing.
Optionally, in some embodiments, the viscosity of the
conductive graphene ink can be controlled by the amount of
at least one of the first solvent, the second solvent, the third
solvent, and binder used, wherein lower quantities of at least
one of the first solvent, the second solvent, and the third
solvent form inks with lower viscosities.

[0334] Optionally, in some embodiments, the mixing of
the binder and the first solvent is performed by a first
mechanical mixer. Optionally, in some embodiments, the
mixing of the binder solution, the first solvent, the conduc-
tive additive, and the RGO dispersion is performed by a
second mechanical mixer. Optionally, in some embodi-
ments, the second mechanical mixer mixes the graphene
solution at a stirring speed of about 15 rpm to about 125 rpm.
Optionally, in some embodiments, the second mechanical
mixer mixes the graphene solution during one or more
intervals, wherein each interval comprises a period of time
of'about 0.5 minute to about 30 minutes. Optionally, in some
embodiments, the second mechanical mixer mixes the gra-
phene solution under a vacuum degree, and wherein the
vacuum degree is equal to the ambient pressure. Optionally,
in some embodiments, the second mechanical mixer mixes
the graphene solution under a vacuum degree, and wherein
the vacuum degree is about —0.05 MPa to about -0.2 MPa.
[0335] Optionally, in some embodiments, the method of
forming the binder dictates the mechanical and electrical
performance characteristics of the conductive graphene ink
and the graphene films formed thereby. Optionally, in some
embodiments, the method herein is capable of producing a
conductive graphene ink capable of forming a thin consis-
tent layer with a low lateral thickness, when coated on a
substrate.

[0336] FIG. 9 shows a particle size distribution chart of an
exemplary conductive graphene ink. Optionally, in some
embodiments, the particle size distribution of the conductive
graphene ink, per FIG. 9, was determined by measuring the
static light scattering of a dilute solution of homogeneously
disbursed conductive graphene ink. As seen in FIG. 9, the
exemplary conductive graphene ink comprises particles
ranging from about 1 um to about 50 pm, wherein the most
prevalent particle size is about 2 pm.

[0337] FIG. 10 shows a Raman spectra chart of an exem-
plary conductive graphene ink, in accordance with some
embodiments of the present disclosure. Optionally, in some
embodiments, the Raman spectra of the conductive gra-
phene ink, per FIG. 10, were obtained with a 633 nm laser
with a 10 second acquisition time on samples of conductive
graphene ink that were drop-cast onto a silicon wafer.
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[0338] FIG. 11 shows an X-ray diffraction chart of an
exemplary conductive graphene ink, in accordance with
some embodiments of the present disclosure. Optionally, in
some embodiments, the X-ray diffraction graphs of the
conductive graphene ink, per FIG. 11, were obtained by
measuring the spectra of a purified graphene oxide that is
drop-cast onto a zero-background silicon over a 15 minute
scan from a 2theta of 0 to 40 degrees.

[0339] FIGS. 12A-14B show images of exemplary gra-
phene films comprising conductive graphene ink on a sub-
strate. FIG. 12A shows an image of an exemplary conduc-
tive graphene ink on an exemplary substrate, in accordance
with some embodiments of the present disclosure. FIG. 12B
shows an image of an exemplary roll of a conductive
graphene ink coated substrate, in accordance with some
embodiments of the present disclosure. Per FIGS. 12A and
12B, the graphene films 1200 comprise a conductive gra-
phene ink 1202 covering a majority of the exemplary
substrate 1201. Optionally, in some embodiments, the sub-
strate 1201 comprises metal, plastic, paper, wood, silicon,
metal, glass, fiberglass, carbon fiber, ceramics, fabric, or any
combination thereof. Optionally, in some embodiments, the
conductive graphene ink 1202 covers at least a portion of the
substrate 1201. Optionally, in some embodiments, the con-
ductive graphene ink 1202 covers the entirety of the sub-
strate 1201. Optionally, in some embodiments, the graphene
film 1200 comprises a conductive graphene ink 1202 cov-
ering a majority of the substrate 1201 wherein a portion of
the substrate 1201 not covered by the conductive graphene
ink 1202 is removed. Optionally, in some embodiments, the
graphene film 1200 can be cut to form graphene film 1200
ribbons, particles, shapes, cutouts, wires, connectors, or any
combination thereof.

[0340] FIG. 13 shows an image of an exemplary graphene
film comprising a conductive graphene logo on an exem-
plary substrate, in accordance with some embodiments of
the present disclosure. Optionally, in some embodiments,
the graphene film 1200 comprises a conductive graphene ink
1202 that is screen-printed to form a logo on an exemplary
substrate 1201. Optionally, in some embodiments, the print-
ing resolution of the conductive graphene ink 1202 on an
exemplary substrate 1201 is defined, and only limited by, the
resolution of the printer used to deposit the conductive
graphene ink 1202. Optionally, in some embodiments, the
substrate 1201 comprises metal, wood, glass, paper, an
organic material, cloths, plastics, fiberglass, carbon cloth,
carbon fiber, silicon, or any combination thereof.

[0341] FIGS. 14A and 14B shows images of an exemplary
graphene films comprising arrays of interdigitated elec-
trodes formed from an exemplary conductive graphene ink
and an exemplary substrate, in accordance with some
embodiments. FIG. 14A shows an image of an exemplary
graphene films comprising arrays of two interdigitated elec-
trodes formed from an exemplary conductive graphene ink
and an exemplary substrate, in accordance with some
embodiments of the present disclosure. FIG. 14B shows an
image of an exemplary graphene films comprising arrays of
three interdigitated electrodes formed from an exemplary
conductive graphene ink and an exemplary substrate, in
accordance with some embodiments of the present disclo-
sure. As shown, the exemplary graphene film 1200 com-
prises interdigitated electrodes 1401a, 14015 formed from
the conductive graphene ink 1202 and the substrate 1201
and comprising two and four electrodes, respectively.
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Optionally, in some embodiments, the exemplary graphene
film 1200 comprises interdigitated electrodes 1401a, 14015
comprising two, three, four, five, six, seven, eight, or more
electrodes. Optionally, in some embodiments, the number of
interdigitated electrodes 1401qa, 14015 formed by the con-
ductive graphene ink 1202 on an exemplary substrate 1201
is defined, and only limited by, the resolution of the printer
used to deposit the conductive graphene ink 1202. Per FIGS.
14A and 14B, the exemplary graphene film 1200 comprises
an array of interdigitated electrodes 1401a, 14015, wherein
one or more of the interdigitated electrodes 1401qa, 14015
within the exemplary graphene film 1200 may be separated
and used individually.

[0342] FIG. 15A shows an image of an exemplary gra-
phene film comprising arrays of radio frequency identifica-
tion (RFID) chips formed from an exemplary conductive
graphene ink and an exemplary substrate, in accordance with
some embodiments. An array of exemplary non-limiting
RFID chips 1501 comprises an exemplary substrate 1201
coated with an exemplary conductive graphene ink 1202 is
shown in FIG. 15A. Optionally, in some embodiments, the
number of interdigitated electrodes 1401qa, 14015 formed by
the conductive graphene ink 1202 on an exemplary substrate
1201 is defined, and only limited by, the resolution of the
printer used to deposit the conductive graphene ink 1202.
Per FIGS. 14A and 14B, the exemplary graphene film 1200
comprises an array of interdigitated electrodes 1401q,
14015, wherein one or more of the interdigitated electrodes
14014, 14015 within the exemplary graphene film 1200 may
be separated and used individually.

[0343] FIG. 15B shows an image of an exemplary RFID
device printed on an exemplary conductive graphene ink on
an exemplary paper substrate, in accordance with some
embodiments of the present disclosure. An exemplary non-
limiting RFID chip 1501 is shown in FIG. 15 wherein the
exemplary conductive graphene ink 1202 is coated on an
exemplary substrate 1201, wherein the substrate 1201 com-
prises paper.

[0344] FIG. 16 shows a schematic illustration of an exem-
plary method of forming a graphene film, in accordance with
some embodiments of the present disclosure. Optionally, in
some embodiments, the method of forming a graphene film
1600 comprises coating a substrate 1601 with a conductive
graphene ink 1602, and drying 1603 the conductive gra-
phene ink 1602 on the substrate 1601. Optionally, in some
embodiments, drying 1603 the conductive graphene ink
1602 on the substrate 1601 forms a graphene coating 1604
comprising a highly porous array of graphene sheets 1605.
Optionally, in some embodiments, the method of forming a
graphene film 1600 further comprises compressing 1606 the
graphene coating 1604 to form a compressed laminate 1607.
Optionally, in some embodiments, the compressed laminate
1607 comprises a highly dense array of graphene sheets
1608.

[0345] FIG. 17 shows an image of an exemplary method
of forming a graphene film with a brush, in accordance with
some embodiments. As seen in FIG. 17, an exemplary
graphene ink 1602 is applied by a brush. Additionally, an
exemplary substrate 1601, comprising paper, is shown in
FIG. 17. Alternatively, the exemplary graphene ink 1602 is
applied by a roller, a pipette, a pen, or any other known
method of applying a liquid to a substrate. Optionally, in
some embodiments, the ability of the exemplary graphene
ink 1602 to be safely and easily applied to a substrate 1601
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enables its use in such applications as prototyping, educa-
tional demonstrations, and learning activities.

[0346] FIGS. 18 to 19B display an exemplary method of
forming a graphene film with a doctor blade. FIG. 18 shows
an illustration of an exemplary method of forming a gra-
phene film with a doctor blade, in accordance with some
embodiments of the present disclosure. FIG. 19A shows an
image of an exemplary doctor blade apparatus, in accor-
dance with some embodiments of the present disclosure.
FIG. 19B shows an image of an exemplary graphene film
formed with a doctor blade, in accordance with some
embodiments of the present disclosure.

[0347] An exemplary method of forming a graphene film
with a doctor blade, per FIG. 18, comprises depositing
graphene ink 1602 onto a substrate 1601 and translating a
doctor blade 1800 from one end to another end of the a
substrate 1601 to form a coating of the graphene ink 1602
with a consistent thickness. As seen in FIGS. 19A and 19B,
the doctor blade 1800 is configured to produce a graphene
film with a consistent thickness. Optionally, in some
embodiments, the doctor blade 1800 can be adjusted to
spread a certain thickness of the graphene ink 1602 onto a
substrate 1601. Optionally, in some embodiments, the thick-
ness of the graphene ink 1602 affects the electrical properties
of the graphene film. Optionally, in some embodiments, the
doctor blade 1800 applies the graphene ink 1602 onto the
entirety of the substrate 1601.

[0348] FIG. 20 shows an image of an exemplary method
of coating a substrate with graphene ink with a screen
printer, in accordance with some embodiments of the present
disclosure. Per FIG. 20, the exemplary method of forming a
graphene film with a screen printer comprises depositing a
screen onto a substrate, depositing graphene ink onto the
screen and translating a squeegee from one end to another
end of the a substrate to form a coating of the graphene ink
with a consistent thickness. Optionally, in some embodi-
ments, the screen comprises a stencil that is impermeable to
the ink. Optionally, in some embodiments, screen printing is
configured to produce a graphene film with a consistent
thickness. Optionally, in some embodiments, the screen
printer is adjusted to spread a certain thickness of the
graphene ink onto a substrate. Optionally, in some embodi-
ments, the screen printer applies the graphene ink onto the
entirety of the substrate or one or more portions of the
substrate.

[0349] FIGS. 21A-21C show images of an exemplary
method of coating a substrate with graphene ink with a
roll-to-roll printer, in accordance with some embodiments of
the present disclosure. FIG. 21A shows an image of an
exemplary substrate in a roll-to-roll printer, in accordance
with some embodiments of the present disclosure. FIG. 21B
shows an image of an exemplary graphene ink coating an
exemplary substrate in a roll-to-roll printer, in accordance
with some embodiments of the present disclosure. FIG. 21C
shows an image of an exemplary graphene film formed by
a roll-to-roll printer, in accordance with some embodiments
of the present disclosure. Optionally, in some embodiments,
roll-to-roll printing is configured to produce a graphene film
with a consistent thickness. Optionally, in some embodi-
ments, the roll-to-roll printer is adjusted to spread a certain
thickness of the graphene ink onto a substrate. Optionally, in
some embodiments, the roll-to-roll printer applies the gra-
phene ink onto the entirety of the substrate, or one or more
portions of the substrate.
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[0350] Alternatively, in this or any other embodiment, any
other method or combination of methods known to those of
skill in the art can be used to apply the graphene ink to a
substrate to form a graphene film.

[0351] FIGS. 22-25 show the performance of exemplary
graphene films. FIG. 22 shows a plot of the sheet resistance
and dry thickness of an exemplary conducting graphene
coating, in accordance with some embodiments of the pres-
ent disclosure. Per FIG. 22, the sheet resistance of the
exemplary non-limiting conducting graphene coating
decreases from about 120 ohms/sq as the coating thickness
increases from about 7 micrometers to about 41 microm-
eters. The sheet resistance of a graphene film is generally
tuned by adjusting the thickness of the conductive graphene
ink that coats the substrate. Optionally, in some embodi-
ments, the graphene film has a resistivity of about 0.01
ohm/sq/mil to about 60 ohms/sq/mil.

[0352] FIG. 23 shows an current-voltage (I-V) plot of an
exemplary conducting graphene coating, in accordance with
some embodiments of the present disclosure. As seen in
FIG. 23, the linear I-V curve of an exemplary non-limiting
graphene film comprising a substrate and a conductive
graphene ink with a 300 micrometer wet coating thickness
displays a high conductivity.

[0353] FIG. 24A shows a graph of the sheet resistance of
exemplary conducting graphene-coated substrates with a dry
coating thickness of 41 micrometers, in accordance with
some embodiments of the present disclosure. FIG. 24B
shows a graph of the sheet resistance of exemplary conduct-
ing graphene-coated substrates with a wet coating thickness
of 200 micrometers, in accordance with some embodiments
of'the present disclosure. The sheet resistance measurements
in four distinct regions of exemplary conducting graphene-
coated substrates, per FIGS. 24A and 24B, are consistent and
uniform. As sheet resistance is indicative of sheet thickness,
the uniform sheet resistance measurements denote a highly
uniform thickness.

[0354] FIG. 25 shows an exemplary apparatus for testing
the resistance of an exemplary conductive graphene ink-
coated substrate, in accordance with some embodiments of
the present disclosure. As shown per FIG. 25, the exemplary
non-limiting apparatus measures the resistance between the
exemplary conductive graphene ink 2502 and the exemplary
substrate 2501 by a multimeter 2503.

[0355] FIG. 26A shows a plot of the bend radius and the
resistance change of an exemplary graphene coated substrate
under convex bending, in accordance with some embodi-
ments of the present disclosure. FIG. 26B shows an illus-
tration of the convex bending radius of an exemplary
graphene coated substrate, in accordance with some embodi-
ments of the present disclosure. FIG. 26C shows a plot of the
bend radius and the resistance change of an exemplary
graphene coated substrate under concave bending, in accor-
dance with some embodiments of the present disclosure.
FIG. 26D shows an illustration of the concave bending
radius of an exemplary graphene coated substrate, in accor-
dance with some embodiments of the present disclosure.
[0356] While the sheet resistance of the exemplary non-
limiting graphene ink 2602-coated substrate 2601 slightly
increases at extreme bending radii 2603 of about 1.75 mm,
FIGS. 26A and 26C show that the resistance returns to
baseline once the radius 2603 is increased, or once the
graphene ink 2602-coated substrate 2601 is flattened. This
resistance reversibility is indicative that the graphene ink



US 2018/0305570 Al

2602-coated substrate 2601 herein is highly flexible and
durable and maintains its performance characteristics under
a convex bending force 2604 or a concave bending force
2605.

[0357] FIG. 27A shows a graph of the resistance change of
exemplary flat, bent, and twisted graphene-coated sub-
strates, in accordance with some embodiments of the present
disclosure. FIG. 27B shows an image of an exemplary flat
graphene-coated substrate, in accordance with some
embodiments of the present disclosure. FIG. 27C shows an
image of an exemplary bent graphene-coated substrate, in
accordance with some embodiments of the present disclo-
sure. FIG. 27D shows an exemplary image of a first exem-
plary twisted graphene-coated substrate, in accordance with
some embodiments of the present disclosure. FIG. 27E
shows an image of a second exemplary twisted graphene-
coated substrate, in accordance with some embodiments of
the present disclosure. As seen in FIG. 27A, a bent device
2702, a first exemplary twisted device 2703, and a second
exemplary twisted device 2704 of FIGS. 27C-27E exhibit
99.6%, 98.7%, and 98.4% of the resistance of an exemplary
flat device 2701 of FIG. 27B, respectively. The minor
resistance decrease caused by bending and twisting indicates
that the graphene-coated substrates herein are highly flexible
and durable and maintain their performance characteristics
under strain.

[0358] FIG. 28 shows a plot of the bend cycles at a radius
of about 10 mm and the resistance change of an exemplary
graphene-coated substrate, in accordance with some
embodiments of the present disclosure. As seen in FIG. 28,
cyclical bending for up to about 1,000 cycles shows no
discernable resistance decrease, proving that the exemplary
conductive graphene ink can be coated onto a variety of rigid
or flexible substrates to form high-conductivity rigid or
flexible devices.

[0359] Disclosed herein, per FIGS. 29A to 41F, are con-
ductive silver-based inks, along with methods and apparatus
for synthesis thereof. In some embodiments, the conductive
silver-based ink comprises a primary solvent and silver
nanowires. In some embodiments, the conductive silver-
based ink comprises a primary solvent and silver nanopar-
ticles. In some embodiments, the conductive silver-based
ink comprises a primary solvent and silver nanoparticles. In
some embodiments, the conductive silver-based ink com-
prises a primary solvent and silver nanowires.

[0360] Silver nanostructures, such as silver nanowires and
silver nanoparticles, are optimal conductive elements in the
fabrication of electrodes, electronics components, energy
storage components, and a wide variety of other applica-
tions. Silver demonstrates a high thermal and electrical
conductivity, allowing it to form durable electronic compo-
nents. Additionally, silver exhibits intriguing optical prop-
erties that enable its use in transparent electronics, such as
for solar cells, touch screens, and flexible displays.

[0361] In some embodiments, the conductive silver-based
ink comprises a primary solvent, silver nanoparticles, and
silver nanowires. In some embodiments, the primary solvent
comprises water, ethanol, isopropyl alcohol, N-methyl-2-
pyrrolidone, cyclohexanone, terpineol, 3-methoxy-3-
methyl-1-butanol, 4-hydroxyl-4-methyl-pentan-2-one,
methyl isobutyl ketone, or any combination thereof.
[0362] FIG. 29A is an illustration of a conductive ink
comprising silver nanoparticles below percolation, in accor-
dance with some embodiments of the present disclosure.
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FIG. 29B is an illustration of a conductive ink comprising
silver nanoparticles with a percolation threshold of about
15%, in accordance with some embodiments of the present
disclosure. FIG. 29C is an illustration of a conductive ink
comprising silver nanoparticles with a percolation threshold
of less than 1%, in accordance with some embodiments of
the present disclosure. Percolation threshold is defined as the
percentage of the conductive elements that are not intercon-
nected. A low percolation threshold to enable high intercon-
nectivity allows for greater conductivity. Method param-
eters, such as the component quantities, the order of
operation, time periods, and temperatures herein, are con-
figured to ensure a low percolation threshold of the conduc-
tive silver-based ink. As shown in FIGS. 29A-29C, in some
embodiments, the conductive silver-based ink comprising
silver nanoparticles requires a higher percolation threshold
than a conductive ink comprising silver nanowires.

[0363] Provided herein are methods for forming silver
nanowires and silver nanoparticles wherein the methods are
generally characterized as follows:

[0364] Method A: Rapid mixing of a precursor solu-
tions into the reactor.

[0365] Method B: Injection of the precursors to the
reactor at a controlled rate and temperature to control
the kinetics of nanowire formation.

[0366] Method C: Employing polymers, such as poly-
ethylene glycol 400 medium, and employing a reducing
agent to control the viscosity of the reaction medium.

[0367] Method D: Solvothermal silver nanowire forma-
tion with a sealed Teflon-line stainless steel autoclave.

[0368] Method E: Formation of nanowires with an ionic
liquid catalyst.

[0369] Method F: Controlling kinetics of nucleation and
growth of nanowires through temperature control.
[0370] One aspect provided herein is a method of forming
silver nanowires comprising: heating a secondary solvent;
adding a catalyst solution and a polymer solution to the
secondary solvent to form a first solution; injecting a silver-
based solution into the first solution to form a second
solution; centrifuging the second solution; and washing the
second solution with a washing solution to extract the silver
nanowires. Alternatively, in some embodiments of the pres-
ent disclosure, the methods herein are configured form at
least one of a silver nanoparticle, a silver nanorod, a silver
nanoflower, a silver nanofiber, a silver nanoplatelet, a silver
nanoribbon, a silver nanocube, or a silver bipyramid. In
some embodiments, the silver nanowires are configured to
be used in a conductive silver-based ink. Alternatively, in
some embodiments, the silver nanowires are configured to
be used as a conductive additive in a conductive graphene

ink.

[0371] Optionally, in some embodiments, the volume of
the secondary solvent is greater than the volume of the
catalyst solution by a factor of about 20 to about 700.
Optionally, in some embodiments, the volume of the sec-
ondary solvent is greater than the volume of the catalyst
solution by a factor of at least about 20. Optionally, in some
embodiments, the volume of the secondary solvent is greater
than the volume of the catalyst solution by a factor of at most
about 700. Optionally, in some embodiments, the volume of
the secondary solvent is greater than the volume of the
polymer solution by a factor of about 1.5 to about 6.5.
Optionally, in some embodiments, the volume of the sec-
ondary solvent is greater than the volume of the polymer
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solution by a factor of at least about 1.5. Optionally, in some
embodiments, the volume of the secondary solvent is greater
than the volume of the polymer solution by a factor of at
most about 6.5.

[0372] Optionally, in some embodiments, the secondary
solvent is heated to a temperature of about 75° C. to about
300° C. Optionally, in some embodiments, the secondary
solvent is heated for a period of time of about 30 minutes to
about 120 minutes. Optionally, in some embodiments, the
secondary solvent is stirred while being heated. Optionally,
in some embodiments, the stirring is performed by a mag-
netic stir bar. Optionally, in some embodiments, the stirring
is performed at a rate of about 100 rpm to about 400 rpm.
[0373] Optionally, in some embodiments, the secondary
solvent comprises a glycol. Optionally, in some embodi-
ments, the glycol comprises ethylene glycol, polyethylene
glycol 200, polyethylene glycol 400, propylene glycol, or
any combination thereof. Optionally, in some embodiments,
the polymer solution comprises a polymer comprising poly-
vinyl pyrrolidone, sodium dodecyl sulfonate, vitamin B2,
poly(vinyl alcohol), dextrin, poly(methyl vinyl ether), or any
combination thereof.

[0374] Optionally, in some embodiments, the catalyst
solution comprises a catalyst comprising (a chloride) CuCl,,
CuCl, NaCl, PtCl,, AgCl, FeCl,, FeCl,, tetrapropylammo-
nium chloride, tetrapropylammonium bromide, or any com-
bination thereof. Optionally, in some embodiments, the
catalyst solution has a concentration of about 2 mM to about
8 mM. Optionally, in some embodiments, the volume of the
secondary solvent is greater than the volume of the catalyst
solution by a factor of about 75 to about 250.

[0375] Optionally, in some embodiments, the polymer has
a molecular weight of about 10,000 to about 40,000. Option-
ally, in some embodiments, the polymer solution has a
concentration of about 0.075 M to about 0.25 M. Optionally,
in some embodiments, the kinetics of silver nanowire for-
mation is controlled by adjusting the viscosity of the reac-
tion medium. Optionally, in some embodiments, employing
a polymer solution, such as polyethylene glycol 200 or
polyethylene glycol 400, the viscosity of which is 6 times
higher than that of ethylene glycol, slows down the growth
rate of silver particles to form different nanostructures.
[0376] Optionally, in some embodiments, the silver-based
solution comprises a silver-based material comprising
AgNO;. Optionally, in some embodiments, the silver-based
solution has a concentration of about 0.05 M to about 0.2 M.
Optionally, in some embodiments, the volume of the sec-
ondary solvent is greater than the volume of the silver-based
solution by a factor of about 1.5 to about 6.5. Optionally, in
some embodiments, the silver-based solution is injected into
the first solution over a period of time of about 1 second to
about 900 seconds.

[0377] Some embodiments further comprise heating the
second solution before the process of centrifuging the sec-
ond solution. Optionally, in some embodiments, the heating
of the second solution occurs over a period of time of about
30 minutes to about 120 minutes. Optionally, in some
embodiments, the centrifuging occurs at a speed of about
1,500 rpm to about 6,000 rpm. Optionally, in some embodi-
ments, the centrifuging occurs over a period of time of about
10 minutes to about 40 minutes.

[0378] Some embodiments further comprise cooling the
second solution before the process of centrifuging the sec-
ond solution. Optionally, in some embodiments, the second
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solution is cooled to room temperature. Optionally, in some
embodiments, the washing solution comprises ethanol,
acetone, water, or any combination thereof.

[0379] Optionally, in some embodiments, washing the
second solution comprises a plurality of washing cycles
comprising about two cycles to about six cycles. Some
embodiments further comprise dispersing the silver
nanowires in a dispersing solution. Optionally, in some
embodiments, the dispersing solution comprises ethanol,
acetone, and water, or any combination thereof.

[0380] FIG. 30 shows TEM images of exemplary silver
nanowires formed by immediately injecting the silver-based
solution into the reaction vessel, in accordance with some
embodiments of the present disclosure. As seen in FIG. 30,
the exemplary silver nanowires formed by immediately
injecting the silver-based solution into the reaction vessel
comprise both short silver nanowires and silver nanopar-
ticles.

[0381] FIGS. 31A and 31B show the stability of a solution
of the exemplary silver nanowires formed by immediately
injecting the silver-based solution into the reaction vessel.
FIG. 31A displays an exemplary solution comprising silver
nanowires formed by immediately injecting the silver-based
solution into the reaction vessel, in accordance with some
embodiments of the present disclosure. FIG. 31B displays
the exemplary solution of FIG. 31A after resting for about
one week, in accordance with some embodiments of the
present disclosure.

[0382] FIG. 32 shows TEM images of exemplary silver
nanowires formed by injecting the silver-based solution into
the reaction vessel over a period of time of about 15 minutes,
in accordance with some embodiments of the present dis-
closure. As seen in FIG. 32, the exemplary silver nanowires
formed by injecting the silver-based solution into the reac-
tion vessel over a period of time of about 15 minutes
comprise silver nanowires having a diameter and a length of
about 15 um to about 20 um and about 165 nm to about 260
nm, respectively. Optionally, in some embodiments, the
sheet resistance of the silver nanowires formed by injecting
the silver-based solution into the reaction vessel over a
period of time of about 15 minutes is about 3 ohms/sq to
about 16 ohms/sq.

[0383] FIGS. 33A-B show the stability of a solution of the
exemplary silver nanowires formed by immediately inject-
ing the silver-based solution into the reaction vessel. FIG.
33A displays an exemplary solution comprising silver
nanowires formed by immediately injecting the silver-based
solution into the reaction vessel, in accordance with some
embodiments. FIG. 33B displays the exemplary solution of
FIG. 33A after resting for about one week, in accordance
with some embodiments.

[0384] As seen in FIGS. 31A and 31B and 33A and 33B,
the exemplary solution of FIG. 31B is more translucent than
the exemplary solution of FIG. 33B, in accordance with
some embodiments of the present disclosure. As such, the
exemplary silver nanowires formed by injecting the silver-
based solution into the reaction vessel over a period of time
of about 15 minutes may exhibit more stability than the
exemplary silver nanowires formed by immediately inject-
ing the silver-based solution into the reaction vessel. In some
cases, increased stability allows the exemplary conductive
silver-based ink to be stored for long periods of time,
without requiring remixing or reconstitution.
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[0385] FIG. 34 shows TEM images of exemplary silver
nanowires formed with a high viscosity binder, in accor-
dance with some embodiments of the present disclosure.
Optionally, in some embodiments, the high viscosity binder
slows the growth rate of the silver nanowires. Optionally, in
some embodiments, the high viscosity binder comprises
polyethylene glycol 400. It can be seen per FIG. 34 that the
exemplary silver nanowires formed with a high viscosity
binder may comprise mostly nanoparticles. FIG. 35 shows
an image of an exemplary conductive silver-based ink
comprising silver nanowires formed with a high viscosity
binder, in accordance with some embodiments of the present
disclosure.

[0386] FIG. 36 shows optical microscope images of an
exemplary film comprising silver nanowires formed by a
solvothermal method, in accordance with some embodi-
ments of the present disclosure. Optionally, in some embodi-
ments, the solvothermal method comprises forming a silver
nanowire in a sealed system. Optionally, in some embodi-
ments, the solvothermal method comprises forming silver
nanowires at a high pressure. Optionally, in some embodi-
ments, the solvothermal method comprises forming silver
nanowires away from open air. It can be seen per FIG. 36,
that the exemplary silver nanowires formed by a solvother-
mal method may comprise agglomerated nanoparticles. FIG.
37 shows an image of an exemplary conductive silver-based
ink comprising silver nanowires formed with a high viscos-
ity binder, in accordance with some embodiments of the
present disclosure. FIG. 38 shows an image of an exemplary
apparatus for forming silver nanowires formed by a solvo-
thermal method, in accordance with some embodiments of
the present disclosure. Optionally, in some embodiments,
the apparatus for forming silver nanowires formed by a
solvothermal method comprises an autoclave. Optionally, in
some embodiments, the autoclave comprises a stainless steel
autoclave. Optionally, in some embodiments, the autoclave
comprises a Teflon lined autoclave. Optionally, in some
embodiments, the apparatus herein forms at least one of a
silver nanoparticle, a silver nanorod, a silver nanowire, a
silver nanoflower, a silver nanofiber, a silver nanoplatelet, a
silver nanoribbon, a silver nanocube, a silver bipyramid, or
any combination thereof.

[0387] Optionally, in some embodiments, the method fur-
ther comprises adding an ionic liquid catalyst. Optionally, in
some embodiments, the ionic liquid catalyst comprises
tetrapropylammonium chloride, tetrapropylammonium bro-
mide, or any combination thereof. FIG. 39 shows TEM
images of exemplary silver nanowires formed with an ionic
liquid catalyst, in accordance with some embodiments. It
can be seen per FIG. 39 that the exemplary silver nanowires
formed by a solvothermal method may comprise nanowires
and nanorods. FIGS. 40A and 40B show images of the
formation of an exemplary conductive silver-based ink
comprising silver nanowires formed with an ionic liquid
catalyst, in accordance with some embodiments of the
present disclosure.

[0388] FIG. 40A shows an image of an exemplary con-
ductive silver-based ink during seeding and nucleation of the
silver nanowires formed with an ionic liquid catalyst, in
accordance with some embodiments of the present disclo-
sure. FI1G. 40B shows an image of an exemplary conductive
silver-based ink during growth of the silver nanowires
formed with an ionic liquid catalyst, in accordance with
some embodiments of the present disclosure. Optionally, in
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some embodiments, the conductive silver-based ink reaches
a temperature of about 120° C. during the seeding and
nucleation of the silver nanowires. Optionally, in some
embodiments, the conductive silver-based ink, per FIG.
40A, displays a light brown color during the seeding and
nucleation of the silver nanowires. Optionally, in some
embodiments, the conductive silver-based ink reaches a
temperature of about 160° C. during the growth of the silver
nanowires. Optionally, in some embodiments, the conduc-
tive silver-based ink, per FIG. 40B, displays a milky white
color during the growth of the silver nanowires.

[0389] Optionally, in some embodiments, the viscosity of
the conductive silver-based ink comprising an ionic liquid
catalyst has a viscosity of about 4 mPa-s at a temperature of
about 22.7° C. Optionally, in some embodiments, the vis-
cosity of the conductive silver-based ink comprising an ionic
liquid catalyst has a viscosity of about 2 mPas to about 8
mPa-s at a temperature of about 22.7° C. The low viscosity
of the conductive inks provided herein allow for accurate,
precise, and consistent printing.

[0390] FIGS. 41A-41F show TEM images of exemplary
silver nanowires formed with controlled nucleation and
growth, in accordance with some embodiments of the pres-
ent disclosure. It can be seen per FIGS. 41A-41F that the
exemplary silver nanowires formed with controlled nucle-
ation and growth may comprise long and thin nanowires.
Optionally, in some embodiments, controlled nucleation and
growth comprises controlling the temperature of the con-
ductive solution to about 120° C. during the nucleation of
the silver nanowires. Optionally, in some embodiments,
controlled nucleation and growth comprises controlling the
temperature of the conductive solution to about 160° C.
during the growth of the silver nanowires.

[0391] Optionally, in some embodiments, the silver
nanowires formed with controlled nucleation and growth
comprise a width of about 40 nm to about 125 nm. Option-
ally, in some embodiments, the silver nanowires formed
with controlled nucleation and growth comprise a width of
about 75 nm. Optionally, in some embodiments, the silver
nanowires formed with controlled nucleation and growth
comprise a length of about 7 um to about 100 um. Option-
ally, in some embodiments, the silver nanowires formed
with controlled nucleation and growth comprise a length of
about 15 pum to about 50 um. Optionally, in some embodi-
ments, the silver nanowires formed with controlled nucle-
ation and growth comprise an aspect ratio of about 120:1 to
about 1250:1. Optionally, in some embodiments, the silver
nanowires formed with controlled nucleation and growth
comprise an aspect ratio of about 200:1 to about 700:1.
Optionally, in some embodiments, further nucleation control
yields longer and thinner silver nanowires.

[0392] FIGS. 42A-42D show images of the controlled
nucleation and growth of an exemplary conductive silver-
based ink comprising silver nanowires, in accordance with
some embodiments of the present disclosure. FIG. 42A
shows an image of an exemplary conductive silver-based ink
comprising silver nanowires before nucleation, in accor-
dance with some embodiments of the present disclosure.
FIG. 42B shows an image of an exemplary conductive
silver-based ink comprising silver nanowires at nucleation
initiation, in accordance with some embodiments of the
present disclosure. FIG. 42C shows an image of an exem-
plary conductive silver-based ink comprising silver
nanowires during nucleation, in accordance with some
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embodiments of the present disclosure. FIG. 42D shows an
image of an exemplary conductive silver-based ink during
silver nanowire growth, in accordance with some embodi-
ments of the present disclosure. It can be seen, per FIGS.
42A-42D, that the exemplary conductive silver-based ink is
translucent before nucleation and becomes more opaque,
white, and chalky as nucleation initiates and growth of the
silver nanowires.

[0393] FIGS. 43A-43F show images of an exemplary
apparatus for forming a conductive silver-based ink com-
prising silver nanowires. FIG. 43A shows a front image of
an exemplary apparatus for forming a conductive silver-
based ink comprising silver nanowires, in accordance with
some embodiments of the present disclosure. FIG. 43B
shows a perspective image of the exemplary apparatus of
FIG. 43A, in accordance with some embodiments of the
present disclosure. FIG. 43C shows a detailed front image of
the exemplary apparatus of FIG. 43A, in accordance with
some embodiments of the present disclosure. FIG. 43D
shows a detailed perspective image of an exemplary bath
and reaction chamber of the exemplary apparatus of FIG.
43A, in accordance with some embodiments of the present
disclosure. FIG. 43E shows a highly detailed front image of
an exemplary bath and reaction chamber of the exemplary
apparatus of FIG. 43A, in accordance with some embodi-
ments of the present disclosure. FIG. 43F shows a highly
detailed perspective image of an exemplary bath and reac-
tion chamber of the exemplary apparatus of FIG. 43A, in
accordance with some embodiments of the present disclo-
sure. As seen in FIG. 43A, the exemplary apparatus for
forming a conductive silver-based ink comprising silver
nanowires comprises a syringe pump 4301, a bath 4302, a
hot plate 4303, and a reaction vessel 4304.

[0394] Optionally, in some embodiments, the syringe
pump 4301 is configured to deposit the silver-based solution
into the reaction vessel 4304. Optionally, in some embodi-
ments, the syringe pump 4301 is configured to deposit a set
volume of the silver-based solution into the reaction vessel
4304 at a set rate. Optionally, in some embodiments, the bath
4302 comprises an oil bath. Optionally, in some embodi-
ments, the hot plate 4303 is configured to heat the bath 4302,
which heats the reaction vessel 4304. Optionally, in some
embodiments, the hot plate 4303 is configured to mix the
contents of the reaction vessel 4304 with a stirring rod.
Optionally, in some embodiments, the hot plate 4303 is
configured to mix the contents of the reaction vessel 4304
with a stirring rod at a rotational velocity of about 10 rpm to
about 4,500 rpm. Optionally, in some embodiments, the
apparatus further comprises the stirring rod. Optionally, in
some embodiments, the reaction vessel 4304 comprises a
glass reaction vessel.

[0395] Provided herein per FIGS. 44-48 are silver nano-
particles and methods of forming the silver nanoparticles.
FIG. 44 shows a TEM image of exemplary silver nanopar-
ticles formed by a first method of silver nanoparticle for-
mation, in accordance with some embodiments of the pres-
ent disclosure. In some embodiments, the second method of
forming silver nanoparticles comprises: forming a first solu-
tion comprising a silver based solution, a secondary solvent,
and a polymer solution; stirring the first solution; heating the
first solution; cooling the first solution; centrifuging the first
solution; and washing the first solution. Optionally, in some
embodiments, the first solution is cooled to ambient tem-
perature. Optionally, in some embodiments, the polymer
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solution prevents agglomeration of the silver nanoparticles.
In some embodiments, the silver nanoparticles are config-
ured to be used in a conductive silver-based ink. Alterna-
tively, in some embodiments, the silver nanoparticles are
configured to be used as a conductive additive in a conduc-
tive graphene ink. Optionally, in some embodiments, the
small size of the silver nanoparticle enables the conductive
silver-based ink to be used by an inkjet printer or in an inkjet
printing process.

[0396] Optionally, in some embodiments, the silver-based
solution comprises a silver-based material comprising
AgNO;. Optionally, in some embodiments, the polymer
solution comprises a synthetic polymer. Optionally, in some
embodiments, the synthetic polymer comprises carboxym-
ethyl cellulose, polyvinylidene fluoride, poly(vinyl alcohol),
poly(vinyl pyrrolidone), poly(ethylene oxide), ethyl cellu-
lose, or any combination thereof. Optionally, in some
embodiments, the binder is a dispersant. Optionally, in some
embodiments, the binder comprises carboxymethyl cellu-
lose, polyvinylidene fluoride, poly(vinyl alcohol), poly(vi-
nyl pyrrolidone), poly(ethylene oxide), ethyl cellulose, or
any combination thereof. Optionally, in some embodiments,
the secondary solvent comprises a glycol. Optionally, in
some embodiments the glycol comprises ethylene glycol,
polyethylene glycol 200, polyethylene glycol 400, propyl-
ene glycol, or any combination thereof.

[0397] FIG. 45A shows a first image of an exemplary
dispersion of silver nanoparticles formed by a first method
of silver nanoparticle formation, in accordance with some
embodiments of the present disclosure. FIG. 45B shows a
second image of an exemplary dispersion of silver nanopar-
ticles formed by a first method of silver nanoparticle for-
mation, in accordance with some embodiments of the pres-
ent disclosure. Optionally, in some embodiments, the
method further comprises redispersing the first solution. The
exemplary non-limiting dispersions in FIGS. 45A and 45B
comprise a dispersion of the first solution in water. Option-
ally, in some embodiments, the first solution is redispersed
in ethanol, isopropyl alcohol, N-methyl-2-pyrrolidone,
cyclohexanone, terpineol, 3-methoxy-3-methyl-1-butanol,
4-hydroxyl-4-methyl-pentan-2-one, methyl isobutyl ketone,
or any combination thereof.

[0398] FIG. 46A-46F show images of an exemplary appa-
ratus for nanoparticle formation and exemplary first solu-
tions of nanoparticles heated to different temperatures, in
accordance with some embodiments. FIG. 46A-46F show
images of exemplary first solutions of silver nanoparticles
heated to 100° C., 110° C., 120° C., 130° C., 145° C., and
160° C., respectively, in accordance with some embodi-
ments. Per FIG. 46A-46F, it can be seen that higher heating
temperatures produce first solutions with silver nanopar-
ticles that are more opaque and white, while lower heating
temperatures produce first solutions with silver nanopar-
ticles that are more translucent and yellow.

[0399] FIG. 47 shows a TEM image of exemplary silver
nanoparticles formed by a second method of silver nano-
particle formation, in accordance with some embodiments of
the present disclosure. In some embodiments, the second
method of forming silver nanoparticles comprises: heating a
secondary solvent; adding a silver-based solution and a
polymer solution to the secondary solvent to form a first
solution; stirring the first solution; heating the first solution;
and washing the first solution. Optionally, in some embodi-
ments, the silver-based solution and the polymer solution are
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added simultaneously to the secondary solvent. Optionally,
in some embodiments, the silver-based solution and the
polymer solution are added by a two-channel syringe to the
secondary solvent. Optionally, in some embodiments, add-
ing the silver-based solution and the polymer solution to the
secondary solvent to form the first solution and stirring the
first solution are performed simultaneously. Optionally, in
some embodiments, the second method further comprises
redispersing the first solution. Optionally, in some embodi-
ments, the first solution is redispersed in water. Optionally,
in some embodiments, the polymer solution prevents
agglomeration of the silver nanoparticles.

[0400] Optionally, in some embodiments, the silver-based
solution comprises a silver-based material comprising
AgNO,. Optionally, in some embodiments, the polymer
solution comprises a synthetic polymer. Optionally, in some
embodiments, the synthetic polymer comprises carboxym-
ethyl cellulose, polyvinylidene fluoride, poly(vinyl alcohol),
poly(vinyl pyrrolidone), poly(ethylene oxide), ethyl cellu-
lose, or any combination thereof. Optionally, in some
embodiments, the binder is a dispersant. Optionally, in some
embodiments, the binder comprises carboxymethyl cellu-
lose, polyvinylidene fluoride, poly(vinyl alcohol), poly(vi-
nyl pyrrolidone), poly(ethylene oxide), ethyl cellulose, or
any combination thereof. Optionally, in some embodiments,
the secondary solvent comprises a glycol. Optionally, in
some embodiments the glycol comprises ethylene glycol,
polyethylene glycol 200, polyethylene glycol 400, propyl-
ene glycol, or any combination thereof.

[0401] Finally, provided herein are conductive silver-
based films comprising a substrate and a conductive silver-
based ink. Optionally, in some embodiments, the conductive
silver-based ink comprises silver nanowires, silver nanopar-
ticles, or both. Optionally, in some embodiments, the con-
ductive silver-based ink is a conductive silver-based hydrate.
In some embodiments, the silver nanoparticles are config-
ured to be used in a conductive silver-based ink. Alterna-
tively, in some embodiments, the silver nanoparticles are
configured to be used as a conductive additive in a conduc-
tive graphene ink. Optionally, in some embodiments, the
small size of the silver nanoparticle enables the conductive
silver-based ink to be used by an inkjet printer or in an inkjet
printing process.

[0402] FIG. 48 shows an [-V curve of an exemplary film
comprising an exemplary conductive silver-based ink, in
accordance with some embodiments of the present disclo-
sure. The I-V curve, per FIG. 48, indicates that the conduc-
tive silver-based inks formed by the methods herein exhibit
high energy storage and transmission capability and are
configured to increase the electrical performance of conduc-
tive silver-based inks and conductive films formed there-
with. Additionally, exemplary films comprising the exem-
plary conductive silver-based inks herein exhibit a sheet
resistance of about 7 uQ-cm to about 28 pQ2-cm. In some
embodiments, a conductive film formed from the conductive
silver-based inks herein exhibit a sheet resistance of about
14 pQ-cm.

[0403] Optionally, in some embodiments, the conductive
silver-based ink comprises silver nanowires, wherein the
conductive silver-based film has a sheet resistance of about
0.3 ohm/sq/mil to about 1.8 ohms/sq/mil. Optionally, in
some embodiments, the conductive silver-based ink com-
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prises silver nanoparticles, wherein the conductive film has
a sheet resistance of about 0.01 ohm/sq/mil to about 0.04
ohm/sq/mil.

Terms and Definitions

[0404] Unless otherwise defined, all technical terms used
herein have the same meaning as commonly understood by
one of ordinary skill in the art. As used in this specification
and the appended claims, the singular forms “a,” “an,” and
“the” include plural references unless the context clearly
dictates otherwise. Any reference to “or” herein is intended
to encompass “and/or” unless otherwise stated.

[0405] As used herein, and unless otherwise defined, the
term “about” refers to a range of values within plus and/or
minus 10% of the specified value.

[0406] As used herein, and unless otherwise specified, the
term RGO refers to reduced graphene oxide.

[0407] As used herein, and unless otherwise specified, the
term SEM refers to a scanning electron microscopy.
[0408] As used herein, and unless otherwise specified, the
term TEM refers to a transmission electron microscopy.
[0409] As used herein, and unless otherwise specified, the
term RFID refers to radio frequency identification.

[0410] As used herein, the term “percolation threshold”
refers to a mathematical concept representing the formation
of long-range connectivity in random systems. Below the
threshold a giant connected component does not exist; while
above it, there exists a giant component of the order of
system size.

[0411] As used herein, the term “molecular weight” refers
to an average molecular weight, a peak average molecular
weight, a number average molecular weight, or a weight
average molecular weight.

[0412] While preferable embodiments of the present
methods and devices taught herein have been shown and
described herein, it will be obvious to those skilled in the art
that such embodiments are provided by way of example
only. Numerous variations, changes, and substitutions will
now occur to those skilled in the art without departing from
the methods and devices taught herein. It should be under-
stood that various alternatives to the embodiments of the
methods and devices taught herein described herein may be
employed in practicing the methods and devices taught
herein. It is intended that the following claims define the
scope of the methods and devices taught herein and that
methods and structures within the scope of these claims and
their equivalents be covered thereby.

NON-LIMITING EXAMPLES

[0413] In one non-limiting example of silver nanowire
synthesis, 50 mL of ethylene glycol was added to the
reaction vessel with a stir bar. The vessel was then sus-
pended in an oil bath and heated at 155° C. for 1 hour under
magnetic stirring at 200 rpm. An amount of 400 pulL of 4 mM
CuCl,/ethylene glycol solution were then added, and the
solution was heated and stirred continuously for additional
15 minutes to ensure a homogenous solution. An amount of
15 mL 0ot 0.147 M poly(vinyl pyrrolidone), sodium dodecyl
sulfonate, vitamin B2, poly(vinyl alcohol), dextrin, and
poly(methyl vinyl ether) with a molecular weight of 20,000
was then dissolved in an ethylene glycol solution and was
then injected into the reaction vessel. Finally, 15 mL of
0.094 M AgNOj/ethylene glycol solution was injected into
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the solution immediately or over the course of 15 minutes.
The solution was allowed to react for 1 hour before it was
cooled to room temperature. The silver nanowires were
collected by centrifuging the solution at 3,000 rpm for 20
minutes and washing with ethanol. This washing process
was repeated 3 times to remove excess ethylene glycol and
poly(methyl vinyl ether). The final silver product was re-
dispersed and stored in ethanol.

[0414] In another non-limiting example of silver nanowire
synthesis, 500 mL of ethylene glycol was added to the
reaction vessel to which a stir bar was added; the vessel was
then suspended in an oil bath and heated at 120° C. for 1
hour under magnetic stirring (200 rpm). This was followed
by the addition of 4 mL of 4 mM CuCl,/ethylene glycol
solution. The solution was then heated and stirred continu-
ously for additional 15 minutes to ensure a homogenous
solution. Then, 150 mL of 0.147 M poly(vinyl pyrrolidone)
(molecular weight 20,000) dissolved in an ethylene glycol
solution was injected into the reaction vessel using a burette.
Lastly, 150 mL of 0.094 M AgNO,/ethylene glycol solution
was injected slowly to the hot solution; this step was
accomplished using syringe pump where the solution was
fed into the solution at a rate of 70 ml/hour. All of the
AgNO; solution was injected in the course of 130 minutes.
To allow for the growth of silver nanowires, the reaction
temperature was then increased to 160° C. and maintained at
this temperature for 1 hour. The resulting silver was col-
lected by centrifugation at 5000 rpm for 10 minutes and
washed with acetone. This washing process was repeated 2
times (one with water, the other with ethanol) to remove
excess ethylene glycol and poly(vinyl pyrrolidone). The
final silver product was re-dispersed and stored in ethanol.

[0415] In a non-limiting example of silver nanoparticle
synthesis, silver nitrate (AgNO;) was dissolved in ethylene
glycol along with poly(vinyl pyrrolidone) (molecular
weight=20,000). Then, 330 mL of ethylene glycol was
mixed with 200 mL of 0.25 M AgNO; and 200 mL of
poly(vinyl pyrrolidone) with concentrations from 0.027 M
and up to 0.37 M in ethylene glycol. This solution was
stirred in the reactor shown in the next slide, followed by
heating at 160° C. When the final temperature is attained, the
reaction was maintained at this temperature for 45 more
minutes to allow for the growth of silver nanoparticles. After
the completion of the reaction, the solution was cooled down
to room temperature, and silver nanoparticles were collected
by centrifugation and then washed with ethanol several
times.

[0416] In another non-limiting example of silver nanopar-
ticle synthesis, a precursor solution was injected into pre-
heated solvent in the reactor. Ethylene glycol (330 mL) was
added to a 1 L three-neck round bottom flask, heated with
stirring in an oil bath at 160° C. for 1 hour. After 60 minutes,
AgNO; (200 mL ofa 0.25 M solution in ethylene glycol) and
poly(vinyl pyrrolidone) (200 mL of a 0.37 M solution in
ethylene glycol calculated based on molar mass of a repeat-
ing unit) were simultaneously added with a two-channel
syringe pump at a rate of 20 mIl./min to the stirring solution.
The reactor was further heated to 160° C. and maintained at
this temperature for 45 more minutes. Samples were washed
with ethanol and re-dispersed in water for analysis
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What is claimed is:

1. A conductive graphene ink comprising:

a binder solution comprising a binder and a first solvent;

a reduced graphene oxide dispersion comprising reduced

graphene oxide, and a second solvent;

a third solvent;

a conductive additive;

a surfactant; and

a defoamer.

2. The conductive graphene ink of claim 1, wherein at
least one of the first solvent, the second solvent, and the third
solvent comprises water, ethanol, isopropyl alcohol,
N-methyl-2-pyrrolidone, cyclohexanone, terpineol,
3-methoxy-3-methyl-1-butanol, 4-hydroxyl-4-methyl-pen-
tan-2-one, methyl isobutyl ketone, or any combination
thereof.

3. The conductive graphene ink of claim 1, wherein the
binder comprises carboxymethyl cellulose, polyvinylidene
fluoride, poly(vinyl alcohol), poly(vinyl pyrrolidone), poly
(ethylene oxide), ethyl cellulose, or any combination
thereof.

4. The conductive graphene ink of claim 1, wherein the
conductive additive comprises carbon black, acetylene
black, channel black, furnace black, lamp black, thermal
black, silver nanoparticles, silver nanorods, silver
nanowires, silver nanoflowers, silver nanofibers, silver
nanoplatelets, silver nanoribbons, silver nanocubes, silver
bipyramids, or any combination thereof.

5. The conductive graphene ink of claim 1, wherein the
surfactant comprises perfluorooctanoic acid, perfluorooc-
tane sulfonate, perfluorohexane sulfonic acid, perfluo-
rononanoic acid, perfluorodecanoic acid, polyethylene gly-
col alkyl ether, octaethylene glycol monododecyl ether, a
pentaethylene glycol monododecyl ether, polypropylene
glycol alkyl ether, glucoside alkyl ether, decyl glucoside,
lauryl glucoside, octyl glucoside, polyethylene glycol octyl-
phenyl ether, dodecyldimethylamine oxide, polyethylene
glycol alkylphenyl ether, polyethylene glycol octylphenyl
ether, Triton X-100, polyethylene glycol alkylphenyl ether,
nonoxynol-9, glycerol alkyl ester polysorbate, sorbitan alkyl
ester, polyethoxylated tallow amine, Dynol 604, or any
combination thereof.

6. The conductive graphene ink of claim 1, wherein the
defoamer comprises mineral oil, vegetable oil, white oil,
polydimethylsiloxane, silicone glycol, a fluorosilicone,
polyethylene glycol, ethylene glycol, propylene glycol, gly-
col stearate, stearin, ethanol, isopropyl alcohol, N-methyl-
2-pyrrolidone, cyclohexanone, terpineol, 3-methoxy-3-
methyl-1-butanol, 4-hydroxyl-4-methyl-pentan-2-one,
methyl isobutyl ketone, Surfynol DF-1100, alkyl polyacry-
late, or any combination thereof.

7. The conductive graphene ink of claim 1, wherein the
conductive graphene ink has a viscosity of at most about
10,000 centipoise.

8. The conductive graphene ink of claim 1, wherein the
conductive graphene ink has a surface area of at least about
40 m¥/g.

9. A method of forming a conductive graphene ink com-
prising:

forming a binder solution comprising:

heating a first solvent;

adding a binder to the first solvent;

mixing the binder and the first solvent; and

cooling the binder and the first solvent;
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forming a reduced graphene oxide dispersion comprising
a second solvent and reduced graphene oxide;

forming a graphene solution comprising the binder solu-
tion, the reduced graphene oxide dispersion, a third
solvent, a conductive additive, a surfactant, and a
defoamer; and

mixing the graphene solution to form a conductive gra-

phene ink.

10. The method of claim 9, wherein at least one of the first
solvent, the second solvent, and the third solvent comprises
water, ethanol, isopropyl alcohol, N-methyl-2-pyrrolidone,
cyclohexanone, terpineol, 3-methoxy-3-methyl-1-butanol,
4-hydroxyl-4-methyl-pentan-2-one, methyl isobutyl ketone,
or any combination thereof.

11. The method of claim 9, wherein the binder comprises
carboxymethyl cellulose, polyvinylidene fluoride, poly(vi-
nyl alcohol), poly(vinyl pyrrolidone), poly(ethylene oxide),
ethyl cellulose, or any combination thereof.

12. The method of claim 9, wherein the conductive
additive comprises carbon black, acetylene black, channel
black, furnace black, lamp black, thermal black, silver
nanoparticles, silver nanorods, silver nanowires, silver nano-
flowers, silver nanofibers, silver nanoplatelets, silver nan-
oribbons, silver nanocubes, silver bipyramids, or any com-
bination thereof.

13. The method of claim 9, wherein the surfactant com-
prises a polyethylene glycol alkyl ether, polyethylene glycol
octylphenyl ether, polyethylene glycol alkylphenyl ether,
octaethylene glycol monododecyl ether, pentacthylene gly-
col monododecyl ether, polypropylene glycol alkyl ether,
glucoside alkyl ether, decyl glucoside, lauryl glucoside,
octyl glucoside, polyethylene glycol octylphenyl ether, Tri-
ton X-100, polyethylene glycol alkylphenyl ether, nonoxy-
nol-9, glycerol alkyl ester polysorbate, sorbitan alkyl ester,
polyethylene sorbitan alkyl ester, polyethoxylated tallow
amine, Dynol 604, or any combination thereof.
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14. The method of claim 9, wherein the defoamer com-
prises mineral oil, vegetable oil, white oil, polydimethylsi-
loxane, silicone glycol, a fluorosilicone, polyethylene gly-
col, ethylene glycol, propylene glycol, glycol stearate,
stearin, ethanol, isopropyl alcohol, N-methyl-2-pyrrolidone,
cyclohexanone, terpineol, 3-methoxy-3-methyl-1-butanol,
4-hydroxyl-4-methyl-pentan-2-one, methyl isobutyl ketone,
Surfynol DF-1100, alkyl polyacrylate, or any combination
thereof.

15. The method of claim 9, wherein the first solvent is
heated to a temperature of about 35° C. to about 125° C.

16. The method of claim 9, wherein the binder is added to
the first solvent during the mixing of the binder and the first
solvent, over a period of time of about 45 minutes to about
240 minutes.

17. The method of claim 9, wherein, after the binder is
fully added to the first solvent, the binder and the first
solvent are mixed for a period of time of about 7 minutes to
about 30 minutes.

18. The method of claim 9, wherein the mixing of the
graphene solution is performed with at least one of a stirring
speed of about 15 rpm to about 125 rpm, and a dispersing
speed of about 50 rpm to about 4,500 rpm.

19. The method of claim 9, wherein the graphene solution
is mixed under a vacuum degree of about —0.05 MPa to
about -0.2 MPa.

20. The method of claim 9, wherein the graphene solution
is mixed during one or more intervals, wherein each interval
comprises a period of time of about 0.5 minutes to about 30
minutes.

21. The method of claim 9, wherein the binder and the
first solvent are cooled to a temperature of about 10° C. to
about 40° C.



