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FIG. 4
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NANO GRAPHENE PLATELET-BASED
CONDUCTIVE INKS

FIELD OF THE INVENTION

[0001] Thepresentinventionrelates generally to the field of
conductive inks, and more particularly to nano graphene
platelet-based inks that are electrically and thermally conduc-
tive.

BACKGROUND OF THE INVENTION

[0002] Conductive inks, particularly carbon-based inks,
have been widely used in the manufacture of conducting
clements 1 printed circuits and sensor electrodes. Other
major markets for conductive inks include emerging applica-
tions, such as displays, backplanes, radio frequency 1dentifi-
cation (RFID), photovoltaics, lighting, disposable electron-
ics, and memory sensors, as well as traditional thick film
applications 1n which screen printing 1s used in the creation of
PCBs, automobile heaters, EMI shielding, and membrane
switches. There 1s tremendous interest 1n the field of RFID
and printed electronics. This 1s because major retailers and
institutions need to be able to more accurately and efficiently
track inventory, and RFID and printed electronics are consid-
ered the 1deal solution.

[0003] Among various electrically conductive nano par-
ticles, silver 1s commonly considered the material of choice
tor RFID antennas; but, nano silver particles are very expen-
stve. A carbon-based 1ink typically contains particles of graph-
ite, amorphous carbon, or carbon black (CB) that are sus-
pended 1n a binder/resin and a solvent. These inks are applied
on a substrate surface via a number of deposition techniques,
including brush painting, syringe application, inkjet printing,
screen printing, and gas assisted spraying. The ink 1s allowed
to dry and the resulting carbon-coated surface, 11 containing a
binder or matrix resin, 1s subjected to a curing treatment.
Further, printing RFID tags 1s seen as the most likely way to
reduce their costs to a point where such tags can be widely
used on cost sensitive items, such as food packages. Com-
pared to micron-scaled particles, nano-scaled particles are
more amenable to 1nkjet printing.

[0004] For printed electronics, all conventional carbon-
based conductive particles have one or more shortcomings.
For instance, graphite particles are too large 1n size to be
inkjet printable; they easily clog up the dispensing nozzles.
Carbon black 1s not sufficiently conducting and, hence, can-
not be used alone as a conductive additive 1n an ink. Another
class of carbon materials that can be inkjet printed is the
carbon nano-tube (CNT) [Refs. 1-4]. CNTs, although rela-
tively conducting, are prohibitively expensive. The produc-
tion of CNTs necessarily involves the use of heavy metal
clements as catalysts that are undesirable 1n many applica-
tions and must be removed. The CNTs that contain catalysts
tend to undergo sedimentation in a dispersing liquid, which 1s
a highly undesirable feature 1n a conductive ink. Further,
CNTs tend to aggregate together and get entangled with one
another due to their high length-to-diameter aspect ratio,
making 1t difficult to disperse CNTs 1n water, organic sol-
vents, and polymer matrices (for forming nanocomposites).
The aggregation and entanglement of CNT's also dramatically
increase the viscosity of the dispersing liquid [e.g., Refs. 5
and 6], to the extent that inkjet printing of CNT 1nks 1is
possible only when an exceedingly low CN'T concentration 1s
involved. Similarly, processing of CN'T-resin nanocomposite
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1s not possible with melt mixing/molding (e.g., via extrusion
or 1njection molding) when CNT loading exceeds 5% by
weight [Refs. 7 and 8].

[0005] Therefore, there 1s a need for nano particle-contain-
ing conductive inks that exhibit the following features: (1) the
conductive additives are much less expensive than CNTs; (2)
the inks are printable, preferably inkjet printable using a
conventional, low-cost printhead; (3) the additives and the
resulting printed elements are highly conductive, electrically
and/or thermally; (4) the additives can be readily dispersed 1n
a wide range of liquid mediums and do not form a sediment;
and (5) the ks can contain a high conductive additive con-
tent so that a desired amount or thickness of conductive ele-
ments can be dispensed and deposited onto a substrate in one
pass or few passes (to avoid or reduce the need for repeated
printing passes or overwrites ). It 1s of interest to note that high
thermal conductivity 1s a desirable feature of an additive for
microelectronic packaging applications since modern micro-
clectronic devices, when 1n operation, are generating heat at
an ever increasing rate. An additive with a high thermal con-
ductivity provides a more elficient thermal management
material.

[0006] The following 1s a list of references that are related
to the prior art:
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SUMMARY OF THE INVENTION

[0024] The present mvention provides a nano graphene
platelet-based conductive ink comprising: (a) nano graphene
platelets (NGPs) wherein each of the platelets comprises a
graphene sheet or multiple graphene sheets and the platelets
have a thickness no greater than 100 nm, and (b) a liquid
medium 1n which the NGPs are dispersed, wherein the NGPs
occupy a proportion of at least 0.001% by volume based on
the total ink volume.

[0025] An NGP i1s essentially composed of a sheet of
graphene plane or multiple sheets of graphene plane stacked
and bonded together. Each graphene plane, also referred to as
a graphene sheet or basal plane, comprises a two-dimensional
hexagonal structure of carbon atoms. Fach platelet has a
length and a width parallel to the graphite plane and a thick-
ness orthogonal to the graphite plane. In an NGP, the largest
dimension 1s defined as the length, the smallest dimension as
the thickness, and the third or intermediate dimension as the
width. By definition, the thickness of an NGP 1s 100 nanom-
cters (nm) or smaller, with a single-sheet NGP being as thin as
0.34 nm. The length and width of a NGP are typically
between 1 um and 20 um, but could be longer or shorter.
Several methods have been developed for the production of
NGPs [e.g., Refs. 11-15].

[0026] The graphene platelets preferably occupy a propor-
tion of at least 1% by volume (for inkjet printability) and up to
40% by volume (for use 1n screen printing or other dispensing
methods) based on the total ink volume. We have surprisingly
observed that up to 60% by volume of NGPs can be easily
incorporated 1nto a liquid medium, such as water and ethanol,
as opposed to the commonly recognized notion that carbon
nanotubes (CNTS) can only be properly dispersed in a liquid
for less than 10% by volume.

[0027] The presently invented conductive 1nk 1s preferably
inkjet printable since mkjet printing 1s a cost-effective way to
achieve patterns of various materials on both rigid and flex-
ible substrates. Inkjet printing of electrically conductive nano
particle-based inks offer a very practical platform for gener-
ating electrical components, such as electrodes and intercon-
nects. More preferably, inkjet printing 1s conducted using a
conventional, inexpensive printhead 1mn a common desk-top
printer. This type of printer typically requires the viscosity of
the 1nk to be 1n the range of 3-30 mPa-S (centi-poise or cP). It
1s o1 significance to note that the viscosity of a CN'T-based ink
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can not be 1n this useful range unless the CN'T proportion 1s
exceedingly low. For 1nstance, the CN'T concentration of the
ink used by Song, et al. [Ref. 1] was as low as 20 ug/mlL
(approximately 0.002% by weight of CNTs in water). With
such a low concentration, 1t would take several repeated print-
ing passes (overwrites) to achieve a desired CN'T amount,
thickness, or property; e.g., it took 8 overwrites to achieve a
sheet resistivity of 20 u€2m [FIG. 5 1n Ref. 1]. By contrast,
with the presently mnvented NGP-based ink that can carry a
high NGP proportion, yet still maintaining a relatively low
viscosity, one or two printing passes are suificient to attain the
same desired properties achieved with 5-20 overwrites using,
CN'T-based inks. This implies that the printing speed of NGP-
based inks would be much higher. This 1s on top of the fact
that CN'T's are extremely expensive.

[0028] Currently, certain type of specialty printer can print
an 1k with a solution viscosity up to 150 mPa-S and some
experimental printers that are still under development can
work with a viscosity up to 500 mPa-S. Even with these
high-viscosity printers one would still find 1t difficult, 1f not
impossible, to print CNT-based inks with a CNT content
greater than 0.2% by weight since their viscosity will be
greater than 1 Pa-S or 1,000 mPa-S. This 1s not the case with
NGP-based 1inks, which usually exhibit a much lower viscos-
ity compared to theirr CNT counterparts (with comparable
additive weight or volume fractions), to be illustrated later
with examples.

[0029] Preferably, the graphene platelets have an average
thickness less than 10 nm and more preferably no greater than
1 nm. Preferably, the conductive ink further comprises a
surfactant (or dispersing agent) and/or a binder or matrix
material. The binder or matrix material may be selected from
a thermoplastic, a thermoset resin, a conductive organic sub-
stance, a petroleum or coal tar pitch, or a combination thereof.
[0030] The conductive ink may further comprise CNTs 1n
an amount of less than 5% (further preferably less than 1%)
by volume based on the total conductive ink volume. In addi-
tion to CNTs, several other types of conductive additives may
be used to modity the properties of the conductive ink. Hence,
in one preferred embodiment, the conductive ink may further
comprise a conductive additive selected from the group con-
sisting of carbon nanotubes, carbon nano-fibers, carbon
black, fine graphite particles, nano-scaled metal particles, and
combinations thereof.

[0031] As indicated earlier, for inkjet printing, the conduc-
tive ink should have a viscosity less than 500 mPaS (<0.5
PaS). For the conductive inks intended to be screen printed or
spray deposited, a much higher viscosity 1s acceptable. Sur-
prisingly, the ink may contain 20% by volume or higher of
nano graphene platelets yet still exhibiting a low-shear vis-
cosity value less than 200 PaS. This can not be attained with
CN'-based 1nks.

[0032] Another preferred embodiment of the present inven-
tion 1s a conductive ik composition that, after printing onto
a solid substrate to form a solid component, provides a ther-
mal conductivity of at least 10 W/(mK), preferably at least
100 W/(mK), and most preferably at least 200 W/(mK); these
are higher than thus far the highest conductivity values for
CN'T- or NGP-based polymer composites.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIG. 1: Resistivity of various printed patterns from
NGP- and CNT-based inks as a function of the number of

printing passes.
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[0034] FIG. 2: The viscosity of several NGP- and CNT-
containing aqueous dispersions or inks over a range of shear
rates.

[0035] FIG. 3: The viscosity of several inks containing
NGP, CNT, CNT+NGP, and CNT+CB as conductive nano
fillers.

[0036] FIG. 4: Thermal conductivity data for NGP- and
CN'T-based nanocomposites deposited on a solid substrate
via inkjet printing.

DETAILED DESCRIPTION OF PR
EMBODIMENTS

(L]
Y

ERRED

[0037] Since the discovery of single-walled carbon nano-
tubes (SWN'T's) and multi-walled carbon tubes (MWNTs), a
large number of potential commercial applications have
emerged, including polymeric composites, field emission dis-
plays, electrical capacitors, and thermal management mate-
rials. Although a number of different techniques have been
proposed to manufacture CN'1-based materials, the current
demand of these materials 1s still limited due to several fac-
tors: First, the high cost of CNT's at this stage of production
has discouraged a wider scope of application. Second, the
difficulties 1n handling and dispersing CNTs make their
incorporation 1n useful matrices a challenge. The incompat-
ibility of CNT's with most typical solvents limits their effec-
tive handling and widespread use, since, when placed 1n water
or most organic solvents, nanotubes generally quickly fall out
ol suspension even aifter strong sonication. Third, while only
a very small amount of CNTs may be sufficient to achieve
greatly improved properties in some applications, the concen-
tration CNTs used may need to be much higher 1n other
applications. All these three factors have a strong, negative
impact on the applications of CNT's in conductive inks.
[0038] Rather than trying to develop much lower-cost pro-
cesses for CNTs, we have worked diligently to develop alter-
native nano-scaled carbon maternals that exhibit comparable
properties, but can be produced 1n larger quantities and at
much lower costs. This development work has led to the
discovery of processes for producing individual nano-scaled
graphite planes (individual graphene sheets) and stacks of
multiple nano-scaled graphene sheets, which are collectively
called “nano graphene plates (NGPs).” The structures of
NGPs may be best visualized by making a longitudinal scis-
s1on on the single-wall or multi-wall of a nano-tube along 1ts
tube axis direction and then flattening up the resulting sheet or
plate. NGPs have become much lower-cost substitutes for
carbon nano-tubes or other types of nano-rods for various
scientific and engineering applications. The electronic, ther-
mal and mechanical properties of NGP materials have been
shown to be comparable or superior to those of carbon nano-
tubes.

[0039] Direct synthesis of the NGP material had not been
possible, although the material had been conceptually con-
ceived and theoretically predicted to be capable of exhibiting
many novel and useful properties. Jang and Huang provided
an 1ndirect synthesis approach for preparing NGPs and
related matenals [Ref. 13]. In most of the methods for making
separated graphene platelets, the process begins with interca-
lating lamellar graphite flake particles with an expandable
intercalation agent (intercalant), followed by thermally
expanding the intercalant to exioliate the flake particles. In
some methods, the exioliated graphite 1s then subjected to air
milling, ball milling, or ultrasonication for further flake sepa-
ration and size reduction. The NGPs prepared by using these
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methods are graphite oxide platelets since intercalation typi-
cally involves heavy oxidation of the flake graphite particles.
Thermal and electrical conductivities of these oxidized NGPs
or graphite oxide platelets are not as high as those of pristine,
non-oxidized NGPs, which can be prepared by a direct ultra-
sonication method without exposing graphite to intercalation
or oxidation [Ref. 16]. It 1s of signmificance to note that graph-
ite 1s usually considered a hydrophobic material and can not
be dispersed 1 a polar liquid such as water. Much to our
surprise, direct ultasonication-produced NGPs, albeit being
pristine, non-oxidized and non-polar graphene layers, are
readily dispersable 1n water and many other organic solvents,
in which NGPs were produced originally.

[0040] The presently invented conductive 1nks can contain
oxidized or non-oxidized graphene platelets to meet the prop-
erty requirements of itended applications. The preparation
of these two types of NGPs and their inks are further dis-
cussed as follows:

[0041] Using graphite as an example, the first step for the
preparation of pristine NGPs may involve preparing a laminar
material powder containing fine graphite particulates (gran-
ules) or flakes, short segments of carbon fiber or graphite
fiber, carbon or graphite whiskers, carbon or graphitic nano-
fibers, or their mixtures. The length and/or diameter of these
graphite particles are preferably less than 0.2 mm (200 um),
turther preferably less than 0.01 mm (10 um). They can be
smaller than 1 um. The graphite particles are known to typi-
cally contain micron- and/or nanometer-scaled graphite crys-
tallites with each crystallite being composed of multiple
sheets of graphite plane.

[0042] Thesecond step comprises dispersing laminar mate-
rials (e.g., graphite or graphite oxide particles) in a liquid
medium (e.g., water, alcohol, or acetone) to obtain a suspen-
s10n or slurry with the particles being suspended in the liquad
medium. The third step entails subjecting the suspension to
direct ultrasonication at a temperature typically between 0°
C. and 100° C. Hence, this method obviates the need or
possibility to expose the graphite material to a high-tempera-
ture, oxi1dizing environment. Preferably, a dispersing agent or
surfactant 1s used to help uniformly disperse particles 1n the
liquid medium. Most importantly, we have surprisingly found
that the dispersing agent or surfactant facilitates the exiolia-
tion and separation of the laminar graphite material. Under
comparable processing conditions, a graphite sample con-
taining a surfactant usually results 1n much thinner platelets
compared to a sample containing no surfactant. It also takes a
shorter length of time for a surfactant-containing suspension
to achieve a desired platelet dimension.

[0043] Surfactants or dispersing agents that can be used
include anionic surfactants, non-ionic surfactants, cationic
surfactants, amphoteric surfactants, silicone surfactants,
fluoro-surfactants, and polymeric surfactants. Particularly
uselul surfactants for practicing the present invention include
DuPont’s Zonyl series that entails anionic, cationic, non-
ionic, and fluoro-based species. Other useful dispersing
agents mnclude sodium hexametaphosphate, sodium lignosul-
phonate (e.g., marketed under the trade names Vanisperse CB
and Marasperse CBOS-4 from Borregaard LignoTech),
sodium sulfate, sodium phosphate, sodium sulfonate, sodium
dodecylsuliate, sodium dodecylbezenesulionate, and TRI-

TON-X.

[0044] Ultrasonic or shearing energy also enables the
resulting platelets to be well dispersed 1in the very liquid
medium, producing a homogeneous suspension. One major
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advantage of this approach 1s that exioliation, separation, and
dispersion are achieved in a single step. A monomer, oligo-
mer, or polymer may be added to this suspension to form a
suspension that 1s a precursor to a nanocomposite structure.

[0045] Oxidized NGPs or graphite oxide platelets may be
obtained by intercalation and exioliation of graphite. Interca-
lation of graphite to form a graphite intercalation compound
(GIC) 1s well-known 1n the art. A wide range of intercalants
have been used; e.g., (a) a solution of sulfuric acid or sulturic-
phosphoric acid mixture, and an oxidizing agent such as
hydrogen peroxide and nitric acid and (b) mixtures of sulfuric
acid, nitric acid, and manganese permanganate at various
proportions. Typical intercalation times are between one hour
and five days. The resulting acid-intercalated graphite may be
subjected to repeated washing and neutralizing steps to pro-
duce a laminar compound that 1s essentially graphite oxide. In
other words, graphite oxide can be readily produced from
acid intercalation of graphite flakes.

[0046] Conventional exioliation processes for producing
graphite worms (interconnected networks of thin graphite
flakes) from a graphite material normally include exposing a
graphite intercalation compound (GIC) or oxidized graphite
to a high temperature environment, most typically between
850and 1,050° C. These high temperatures were utilized with
the purpose of maximizing the expansion of graphite crystal-
lites along the c-axis direction. In some cases, separated
NGPs are readily obtained with this treatment, particularly
when the graphite has been heavily oxidized. In other cases,
the exioliated product may be subjected to a subsequent
mechanical shearing treatment, such as ball milling, air mall-
ing, rotating-blade shearing, or ultrasonication. With this
treatment, either individual oxidized graphene planes (one-
layer NGPs) or stacks of oxidized graphene planes bonded
together (multi-layer NGPs) are further reduced 1n thickness
(for multi-layer NGPs), width, and length. In addition to the
thickness dimension being nano-scaled, both the length and
width of these NGPs could be reduced to smaller than 100 nm
in size 1 so desired. In the thickness direction (or c-axis
direction normal to the graphene plane), there may be a small
number of graphene planes that are still bonded together
through the van der Waal’s forces that commonly hold the
basal planes together 1n natural graphite. Typically, there are
less than 30 layers (often less than 5 layers) of graphene
planes, each with length and width from smaller than 1 pm to
100 um. We observed that high-energy planetary ball maills
and rotating blade shearing devices (e.g., Cowles) were par-
ticularly effective 1n producing nano-scaled graphene plates.
Since ball milling and rotating-blade shearing are considered
as mass production processes, the present method 1s capable
of producing large quantities of NGP materials cost-ellec-
tively. This 1s 1n sharp contrast to the production and purifi-
cation processes ol carbon nano-tubes, which are slow and
expensive.

[0047] The oxidized NGPs prepared with a rotating blade
device or ultrasonicator are already dispersed in a liquid, such
as water, acetone, alcohol, or other organic solvent. They can
be directly used as an ink or, in some cases, subjected to a
turther formulation procedure; e.g., removing some of the
water or solvent, adding some more liquid or other ingredient
(e.g., a binder or matrix resin).

[0048] It may be noted that the intercalation treatment
using concentrated sulfuric-nitric mixtures have mtrinsically
introduced many useful functional groups to the edges and
surfaces of graphene layers. These groups, such as hydroxyl
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and carbonyl, facilitate dispersion of oxidized NGPs 1n a
polar liquid, such as water and alcohol for the production of
conductive 1nks.

[0049] After extensive studies on NGP-solvent interac-
tions, we have observed that NGPs could be dissolved 1n
chloroform, benzene, toluene or other organic solvents after
oxidation and subsequent derivatization with thionylchloride
and octadecylamine. Partially oxidized NGPs may also
undergo reactions with fluorine, alkanes, diazonium salts, or
1ionic functionalization. Alternatively, we could attach soluble
polymers to NGPs by various methods. For example, we
could develop non-covalent association of NGPs with linear
polymers such as polyvinyl pyrrolidone and polystyrene sul-
fonate. The intimate interaction that occurs between the poly-
mer and the NGPs results 1n an increased dispersability of the
graphene platelets 1n water.

[0050] The following examples serve to 1llustrate the best
mode practice of the present mvention and should not be
construed as limiting the scope of the invention:

EXAMPLE 1

Nano-Scaled Graphene Platelets (NGPs) from Natu-
ral Graphite Flakes

[0051] A typical procedure for preparing non-oxidized
NGP-based conductive inks 1s described as follows: Five
grams of graphite flakes, ground to approximately 10 um or
less 1n sizes, were dispersed 1n 1,000 mL of deionized water
(containing 0.1% by weight of a dispersing agent, Zonyl®
FSO surfactant from DuPont) to obtain a suspension. An
ultrasonic energy level of 95 W (Branson S450 Ultrasonica-
tor) was used for extoliation, separation, and size reduction
for different periods of time: 0.5, 1, 2, and 3 hours. The
average thickness of the NGPs prepared was found to be 33
nm, 7.4 nm, 1 nm, and 0.89 nm, respectively.

[0052] Forink viscosity studies, the NGPs used were those
with an average thickness of 7.4 nm. The water content of an
ink sample was adjusted by using controlled evaporation (to
increase NGP volume fraction 1n a suspension) or adding
water (to dilute it). Suspensions with a range of NGP volume
fractions, up to greater than 45%, were prepared. Much thin-
ner NGPs (1 nm) were used for electrical resistivity and
thermal conductivity measurements.

EXAMPLE 2

Nano-Scaled Graphene Platelets (NGPs) from Natu-
ral Graphite Flakes (No Dispersing Agent)

[0053] Five grams of graphite flakes, ground to approxi-
mately 10 uM or less 1n sizes, were dispersed 1n 1,000 mL of
deionized water to obtain a suspension. An ultrasonic energy
level of 95 W (Branson S450 Ultrasonicator) was used for
exfoliation, separation, and size reduction for a period of 2.5
hours. The resulting NGPs, although thicker than those pre-
pared with the assistance of a surfactant, were also well dis-
persed in water, forming a surfactant-free ink.

EXAMPLE 3

Preparation of Inks Containing Oxidized NGPs
(Graphite Oxide Platelets)

[0054] Graphite oxide was prepared by oxidation of graph-
ite flakes with sulfuric acid, mitrate, and potassium perman-
ganate, at a ratio of 4: 1:0.01 at 30° C., according to the
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method of Hummers [U.S. Pat. No. 2,798,878, Jul. 9, 1957].
Upon completion of the reaction, the mixture was poured into
deiomized water and filtered. The sample was then washed
with 5% HCI solution to remove most of the sulfate 1ons and
residual salt and then repeatedly rinsed with deionized water
until the pH of the filtrate was approximately 7. The intent
was to remove all sulfuric and nitric acid residue out of
graphite interstices. The slurry was spray-dried and stored 1n
a vacuum oven at 60° C. for 24 hours. The interlayer spacing
ol the resulting laminar graphite oxide was determined by the
Debye-Scherrer X-ray technique to be approximately 0.73
nm (7.3 A), indicating that graphite has been converted into
graphite oxide. Graphite oxide was placed 1n a quartz tube,
which was then 1nserted into a three-zone tube furnace pre-set
at 1,050° C. and maintained at this temperature for 60 sec-
onds. Nitrogen was continuously mtroduced into the quartz
tube while graphite oxide was exioliated. The resulting
graphite oxide worms were then mixed with water and sub-
jected to a shearing treatment using a rotating-blade device

(Cowles) for 30 minutes. This procedure led to the formation
of oxidized NGP dispersion or ink.

EXAMPLE 4
Preparation of CN'T-Based Inks (with or without a
Polymer Binder)
[0055] Conductive  polymer  poly(3,4-ethylenediox-

ythiophene)-poly(styrene sulfonate) (PEDOT-PSS) and car-
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(with a CNT concentration o1 0.1 g/1) and 2 ml polymer stock
solution with vigorous stirring. A reference polymer ink solu-
tion was made by adding 2 ml of polymer stock solution to 8

ml of ethanol. Stmilarly, areterence SWCNT-COOH solution
was made by mixing 2 ml of DI water to 8 ml of SWCN'T-
COOH solution 1n ethanol.

[0058] For comparison, the inks containing NGPs prepared
in Example 1 and inks contaiming oxidized NGPs prepared in
Example 3 were also inkjet printed. In one case, NGP solution
was mixed with PEDOT-PSS to form an ink. Both CNT- and
NGP-based 1inks were adjusted to the maximum concentra-
tion, with a zero-shear viscosity of approximately 100 mPas.
[0059] The printed patterns were made on high gloss photo
paper using an inkjet printer (Fast T-Jet Blazer TIB-1650
Printer from US Screen Print & Inkjet Technology with an
Epson Pro 4800 Printhead) equipped with a cleaned and
re-filled cartridge. The printed patterns on photo papers were
lines with length and width of 40 mm and 2.5 mm, respec-
tively. For electrical resistivity measurements using the
4-point probe method, Pt-electrodes (2.0x4.0 mm?®) having an
average thickness of ~30 nm were sputtered on the printouts
with a constant gap spacing of 10.0 mm. The electrical mea-
surements were carried out using a voltmeter and a source
meter (Keirthley 2182A Nanovoltmeter and Keithley 2400
Sourcemeter). The structure of the printouts was character-
1zed by scanning electron microscopy and transmission elec-
tron microscopy.

[0060] The resistivity data of printed patterns are summa-
rized in Table 1 and FIG. 1.

TABL

(L]

1

Resistivity of various printed patterns as a function of the number of

printing passes.

No. PEDOT-PSS + PEDOT-PSS + Oxidized
Prints CNT CNT  PEDOT-PSS NGPs NGP NGPs

1 7.5E01 8.50E+01 8.70E+02
2 1.00E+03 1.10E01 1.60E+01 1.30E402
5 2.00E+02 4.00E+02  1.50E00 3.60E+00 7.20E+401

10 1.50E+4+02 2.00E+03 2.70E+02

20 3.50E+01 4.20E+02 1.00E+02

30 2.00E+01 1.50E+02  2.60E4+01

boxyl functionalized single-walled carbon nanotubes [0061] It is clear from Table 1 and FIG. 1 that, with CNT-

(SWCNT-COOHs) were also used 1n the present study.

[0056] SWCNT-COOHs were purchased from Sigma-Al-
drich (CN'T content 90%, carboxylic acid composition 3-6 at
%, bundle dimensions 4-5 nmx0.5-1.5 um). First, as a typical
procedure, 2.5 mg of SWCNT-COOHs were dispersed 1n 20
ml ethanol by ultrasonic agitation for 20 min. Subsequently,
the solution was centrifuged at 3500 rpm for 10 min, and the
supernatant solution was separated and centrifuged again.
The centrifugation procedure was repeated until a stable dark
brown solution was achieved. The concentration of SWCN'T-
COOHs 1n ethanol was found to be approximately 0.1 g/1,
corresponding to slightly less than 0.005% by volume. Etha-
nol evaporation was used to adjust the CNT volume fraction.
A range of aqueous/ethanol CNT dispersions were prepared
for viscosity and conductivity measurements.

[0057] PEDOT-PSS (1.3 wt % 1n water) was purchased

from Sigma-Aldrich and diluted with DI water (polymer
solution to DI water ratio of 6:4) to prepare the stock solution.
The 1nk was made by mixing 8 ml SWCNT-COOH solution

based 1nks, the resistivity of printed patterns was still as high
as 2,000 k&2/square even alter 10 repeated overwrites and 150
k€/square after 30 repeated printing passes. By contrast,

NGPs provide a low resistivity of 75 k€2/square 1n one print.
With some conducting polymer (PEDOT-PSS), the NGP-

containing printed patterns also exhibit a relatively low resis-
tivity alter just a few repeated printing passes. Further, 1t 1s
clear that the oxidized NGPs are less conductive than un-

oxidized NGPs.

[0062] The viscosity of NGP- and CNT-containing aque-
ous dispersions was also investigated and the data are sum-
marized 1 FIG. 2 and FIG. 3. FIG. 2 indicates that the vis-
cosity of NGP-based inks 1s typically orders of magnitude
lower than that of CN'T-based ink with a comparable filler
volume fraction. The viscosities of the inks containing 1%
and 3% NGPs are much lower than the viscosity of the 1nk
containing 0.4% CN'T's. With an NGP content as high as 40%,
the NGP-based 1nk exhibits a viscosity much lower than that
of an 1k containing 9% CNTs. These are very surprising
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results considering the fact that NGPs and CNTs are basically
identical 1n chemical compositions (all graphene-based),
only the geometry being different—sheet versus tube struc-
tures.

[0063] Itis also highly surprising to observe that, by incor-
porating a small amount of NGPs in a CN'T-based ink, one can
significantly reduce the viscosity of the CNT ink. This 1s
illustrated in FIG. 3, which demonstrates that an 1nk contain-
ing 5% CNT's and 1% NGPs (totally 6% nano filers) actually
has a lower viscosity compared to an ink containing 5% CN'T's
only. Both samples were prepared under comparable ultra-
sonication conditions. Presumably, NGPs, being two-dimen-
sional sheets with a nano-scaled third dimension, are capable
of alleviating or reducing the tendency for CNTs to form
aggregates and entanglements. This 1s an important observa-
tion by itself since this feature enables a greater amount of
CNTs to be incorporated in a matrix material, significantly
broadening the scope of CN'T nanocomposite applications. In
contrast, as also shown 1n FIG. 3, an additional 1% of carbon

black (CB) particles actually slightly increase the viscosity of
the CNT-1nk.

[0064] It may be noted that an ink containing more than
40% by volume of NGPs, albeit exhibiting a relatively low
viscosity, 1s still somewhat beyond the suitable viscosity
range of current inkjet printers. However, these high-loading
NGP-based inks can still be easily screen printed for micro-
clectronic device applications, or spray-coated (e.g., using a
compressed air gun) for coating applications. Hence, the
NGP-based 1nks also have a utility value as coating materials
that provide desired electrical and thermal conductivity.

[0065] Other types of fillers, other than CN'T's or 1n combi-
nation with CNTs, can be added to NGP-based inks to modify
their properties. These include carbon black, metal nano par-
ticles, conductive organic species, carbon nano-fibers, etc.
These conductive fillers are well-known 1n the art.

EXAMPLE 5

Preparation of NGP- and CN'IT-based Inks (with a
Polymer Matrix Material)

[0066] In order to evaluate the thermal conductivity of
NGP-polymer and CNT-polymer nanocomposites obtained
by mnkjet printing, a series of PEDOT-PSS/CNT and PEDOT-
PSS/NGP dispersions were prepared in a way similar to the
procedure as described above, but the polymer-to-filler ratio
was varied to obtain various diluted inks that are inkjet print-
able. The ks led to printed nanocomposites with various
CNT or NGP contents. It may be noted that the NGPs used 1n
this examples have an average thickness of approximately 1
nm, containing one or few graphene planes per platelet. They
have exhibited exceptionally high thermal conductivity. The
thermal conductivity data for these printed nanocomposites
are summarized 1n FIG. 4. It 1s clear that NGP-based nano-
composites produced from inkjet printing of corresponding
conductive ks are superior to CN'T nanocomposites in terms
of thermal conductivity enhancement. Furthermore, the abso-
lute thermal conductivity values of NGP-polymer composites
reach 16 W/(mK) with only 5% NGPs. This thermal conduc-
tivity value 1s significantly higher than the best value thus far
reported in the literature (e.g., 7 W/(mK) for 25% NGP-epoxy
composite reported by Yu, et al. [Ref. 17]). With 40% of the
un-oxidized NGPs, the nanocomposite exhibits an impressive
thermal conductivity of 245 W/(mK).
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[0067] Hence, a preferred embodiment of the present
invention 1s a nano graphene platelet-based conductive 1nk
that 1s printable, comprising: (a) nano graphene platelets that
have an average thickness no greater than 10 nm (preferably
no greater than 1 nm), and (b) a liqguid medium 1n which these
nano graphene platelets are dispersed, wherein the nano
graphene platelets occupy a proportion of at least 0.001%
(preferably at least 1%, more preferably at least 3%) by
volume based on the total ink volume.

[0068] To meet the requirements of high electrical and ther-
mal conductivity, 1t has proven essential to prepare inks from
non-oxidized or pristine NGPs. Hence, another highly pre-
ferred embodiment of the present imvention 1s a nano
graphene platelet-based conductive ink that 1s printable, com-
prising: (a) non-oxidized or pristine nano graphene platelets,
and (b) a liquid medium 1n which these nano graphene plate-
lets are dispersed, wherein the nano graphene platelets
occupy a proportion of at least 0.001% by volume based on
the total ink volume (preferably at least 1%, more preferably
at least 3%). Again, the inks containing high NGP loadings
(e.g., >40% by volume), albeit not inkjet printable using a
current inkjet printhead, can be applied or deposited using
techniques such as screen printing.

[0069] The features and benefits of NGP-based conductive
inks include the following:

[0070] (1) NGPs are much less expensive than nano sil-
ver particles (e.g., for RFID antenna application) and
carbon nano-tubes (CNTs).

[0071] (2) NGP-based nanocomposites are capable of
readily forming a thin film, paper, or coating for electro-
magnetic interference (EMI) shielding and electrostatic
charge dissipation (ESD) applications.

[0072] (3) Due to the ultra-high thermal conductivity of
NGPs (5 times more thermally conductive, yet 4 times
lower 1n density compared to copper), a nanocomposite
thin film, paper, or coating can be used as a thermal
management layer i a densely-packed microelectronic
device.

[0073] (4) A high loading of NGPs (up to 75% by wt.)
can be incorporated into a polymer matrix, as opposed to
up to only 5-10% of CNTs. Both CNTs and CNFs (car-
bon nano-fibers) have dispersion 1ssues which derive
from a high length-to-diameter aspect ratio. CNTs
require overcoming van der Waals forces, while both
CNTs and their larger-diameter cousins (CNFs) can eas-
1ly get entangled with one another, or “bird-nested” into
bundles which must be dispersed to optimize efficacy in
many applications. Hence, the loading of these conduc-
tive nano-lillers increases the viscosity of the matrix
resin to a level that 1s not conducive to composite pro-
cessing or 1nkjet printing. This 1s not the case for the
NGP-resin systems, wherein the two-dimensional plate-
lets can slide over one another, leading to low resistance
to shear flow even at a relatively high NGP proportion.
This feature would enable easier application of inks/
coatings (e.g., easier inkjet printing of an NGP-contain-
ing solution) and more convenient melt processing of
polymer nanocomposites containing a high NGP load-
ng.

[0074] (5) For thermal management applications, the
anisotropic properties NGPs allow them to move heat
directionally, enabling control of the heat transfer. These
unique materials have an in-plane two-dimensional ther-
mal conductivity that can be tailored to up to 35,300
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W/mK and a through-thickness third dimension conduc-
tivity of several W/mK. Competition materials, such as
aluminum and copper, move heat 1n all directions, but
due to high contact resistance, they do not transfer heat
from components efficiently. Further, NGP-based ther-
mal interface materials (TIM) can be easily cut and
molded 1nto mtricate shapes, sizes and thickness. More
importantly, NGP-TIM can be printed onto solid sub-
strates that have 1ntricate surface profiles or difficult-to-
reach spots 1n a microelectronic device. In addition,
NGPs can be combined with plastics, metals or elas-
tomers 1n finished components.

We claim:

1. A nano graphene platelet-based conductive ik that 1s
printable, comprising:

(a) nano graphene platelets wherein each of the platelets

comprises a graphene sheet or multiple graphene sheets
and the platelets have a thickness no greater than 100
nm, and

(b) a liquid medium 1n which said nano graphene platelets

are dispersed, wherein said nano graphene platelets
occupy a proportion of at least 0.001% by volume based
on the total ink volume.

2. The conductive ink as set forth 1n claim 1 wherein the
graphene platelets have an average thickness less than 10 nm.

3. The conductive 1nk as set forth in claim 1 wherein the
graphene platelets have an average thickness no greater than
1 nm.

4. The conductive 1nk as set forth in claim 1 wherein the
nano graphene platelets comprise a non-oxidized graphene
platelet.

5. The conductive 1k as set forth 1n claim 1 further com-
prising a surfactant and/or a binder material.

6. The conductive ink as set forth in claim 2 further com-
prising a surfactant and/or a binder material.

7. The conductive ink as set forth i claim 1 further com-
prising a binder or matrix maternal selected from a thermo-
plastic, a thermoset resin, a conductive organic substance, a
petroleum or coal tar pitch, or a combination thereof.

8. The conductive ink as set forth 1n claim 1 wherein the
graphene platelets occupy a proportion of at least 3% by
volume based on the total ink volume.

9. The conductive 1nk as set forth in claim 2 wherein the
graphene platelets occupy a proportion of at least 10% by
volume based on the total ink volume.

10. The conductive ink as set forth in claim 1 wherein the
graphene platelets occupy a proportion of at least 40% by
volume based on the total 1nk volume.

11. The conductive ik as set forth in claim 1 further
comprising carbon nanotubes 1n an amount of less than 5% by
volume based on the total conductive 1nk volume.

12. The conductive ik as set forth in claim 1 further
comprising carbon nanotubes 1n an amount of less than 1% by
volume based on the total conductive 1nk volume.

13. The conductive mk as set forth 1in claim 1 further
comprising a conductive additive selected from the group
consisting of carbon nanotubes, carbon nano-fibers, carbon
black, fine graphite particles, nano-scaled metal particles,
conductive organic species, and combinations thereof.

14. The conductive ink as set forth 1in claim 1 wherein said
ink 1s inkjet printable.

15. The conductive ink as set forth 1n claim 1 wherein said
ink 1s screen printable.
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16. The conductive ink as set forth in claim 1 wherein a
viscosity of said 1k 1s less than 500 mPaS.

17. The conductive ink as set forth in claim 1 wherein a
viscosity of said ink 1s less than 100 mPas.

18. The conductive ink as set forth in claim 1 wherein a
viscosity of said ik 1s less than 30 mPaS.

19. The conductive 1nk as set forth 1n claim 1 wherein a
viscosity of said 1nk 1s less than 200 PaS and said ink contains
no less than 20% by volume of nano graphene platelets.

20. The conductive 1nk as set forth in claim 1 wherein said
ink, after printing onto a solid substrate to form a solid com-
ponent, provides a thermal conductivity of at least 10
W/(mK).

21. The conductive ik as set forth 1n claim 1 wherein said
ink, atter printing onto a solid substrate to form a solid com-
ponent, provides a thermal conductivity of at least 100
W/(mK).

22. The conductive ink as set forth 1n claim 1 wherein said
ink, aiter printing onto a solid substrate to form a solid com-
ponent, provides a thermal conductivity of at least 200
W/(mK).

23. A nano graphene platelet-based conductive ink that 1s
printable, comprising:

(a) nano graphene platelets that have an average thickness

no greater than 10 nm, and

(b) a liquid medium 1n which said nano graphene platelets
are dispersed, wheremn said nano graphene platelets
occupy a proportion of at least 0.001% by volume based
on the total ink volume.

24. The conductive 1ink as set forth in claim 23 further
comprising a surfactant and/or a binder material.

25. The conductive ink as set forth in claim 23 wherein said

ink 1s inkjet printable and a viscosity of said ink 1s less than
500 mPas.

26. The conductive ik as set forth 1n claim 23 further
comprising a conductive additive selected from the group
consisting of carbon nanotubes, carbon nano-fibers, carbon
black, fine graphite particles, nano-scaled metal particles,
conductive organic species, and combinations thereof.

277. The conductive 1nk as set forth 1n claim 23 wherein said
ink, after printing onto a solid substrate to form a solid com-
ponent, provides a thermal conductivity of at least 10
W/(mK).

28. A nano graphene platelet-based conductive 1nk that 1s
printable, comprising:

(a) non-oxidized or pristine nano graphene platelets, and

(b) a iguid medium 1n which said nano graphene platelets
are dispersed, wherein said nano graphene platelets
occupy a proportion of at least 0.001% by volume based
on the total ink volume.

29. The conductive 1ink as set forth 1n claim 28 further
comprising a surfactant and/or a binder material.

30. The conductive ink as set forth 1n claim 28 wherein said

ink 1s 1kjet printable and a viscosity of said ink 1s less than
500 mPas.

31. The conductive ik as set forth in claim 28 further
comprising a conductive additive selected from the group
consisting of carbon nanotubes, carbon nano-fibers, carbon
black, fine graphite particles, nano-scaled metal particles,
conductive organic species, and combinations thereof.

32. The conductive 1nk as set forth 1n claim 28 wherein said
ink, after printing onto a solid substrate to form a solid com-
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ponent, provides a thermal conductivity of at least 10 ponent, provides a thermal conductivity of at least 100
W/(mK). W/(mK).

33. The conductive ik as set forth in claim 28 wherein said
ink, aiter printing onto a solid substrate to form a solid com- *oomoom kR
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