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COMPOSITIONS OF GRAPHENE MATERIALS WITH METAL
NANOSTRUCTURES AND MICROSTRUCTURES AND METHODS OF MAKING
AND USING INCLUDING PRESSURE SENSORS

RELATED APPLICATIONS

Priority is claimed to US provisional application 62/194,097 filed July 17, 2015
which is hereby incorporated by reference in its entirety for all purposes.

INTRODUCTION

Metal nanostructures have been widely used in catalysis‘, surface-enhanced
Raman scattering (SERS)?, bioimaging,® electronics and sensors*”, for example,
due to their unique properties (cited references are listed hereinbelow). The intrinsic
properties of metal nanostructures are mainly determined by their size, shape,
composition, and crystallinity.® In the synthesis of metal nanomaterials, the structure
with two-dimensional (2D) is very interesting to researchers, due to their higher
specific surface and more active surface. The geometric design of 2D metal
nanomaterials indicates that they may bear enhanced electrical, magnetic, and optic
properties.9 Many techniques have been developed to synthesize various one-
dimensional (1D) nanomaterials, such as nanorods, nanotubes, nanobelts, and the
like. However there have been a more limited number of reports on synthesis of 2D
nanostructures, and there is a lack of through understanding of synthesis
mechanism and systematic control over the synthesis process.

For example, Fang et al. used a replacement reaction to deposit silver plate
with single crystallization in solution.'®'" The thickness of the single silver plate is
about 70 nm, and the length can reach to several micrometers. High silver ions
concentration may be important for forming single crystalline silver dendrite or plate.®
Very recently, Qi et al. used a periodically ordered structure of lamellar bilayer
membranes and water as 2D template to synthesize single-crystalline gold
nanosheets with large areas and thickness of several to tens of nanometers, which
has a super surface plasmonic property.'? Zhou et al. fabricated a stretchable
sensing device based on macroscopic single-crystal gold microflakes, which exhibit
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a unique stain-controlling conductivity behavior. This new type of microflakes has
potential applications in single-crystal electronics, sensing and imaging devices.*

As a very important 2D carbon material, fabrication of graphene sheets is
actively pursued for applications in nano-electronics, sensors, nanocomposites,
batteries, super capacitors and hydrogen storage due to its unique electrical and
mechanical properties.'*'° There are several known methods for preparing
graphene. Among these, chemical reduction of graphene oxide is considered as a
versatile method, possibly bringing large-scale production and functionalization.?
Solvothermal reduction may be used in a wide range of applications due to its
processable dispersion of reduced graphene oxide (RG0)."** However, due to the
prevalence of functional groups, the conductivity, one of the most important features
of graphene, is relatively quite low.?

Hence, despite these advances in the art, better nanoscale and microscale
materials are needed with better combinations of properties. Also needed are better
methods of making these materials. Such advances would enable new and better
applications, articles, and devices based on these kinds of engineered materials.

SUMMARY

Embodiments described herein include compositions, methods of making
compositions, and methods of using compositions, as well as devices or articles
comprising compositions. In addition, an apparatus can comprise the device or
article.

Particularly important to what is described and claimed herein is a material
which combines two two-dimensional materials into a single hybrid material.

For example, a first aspect broadly provides for a composition comprising: at
least one graphene material, and at least one metal, as described further herein
below in various aspects and embodiments. Alternatively, a first aspect provides for
a composition consisting essentially of, or consisting of, at least one graphene
material, and at least one metal.

A second aspect provides, more particularly, for a composition comprising: at
least one graphene material comprising a plurality of layered graphene sheets; and
at least one metallic microflake material intercalated within the graphene sheets of
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the graphene material. Alternatively, the second aspect provides for a composition
consisting essentially of, or consisting of, at least one graphene material comprising
a plurality of layered graphene sheets; at least one metallic microflake material
intercalated within the graphene sheets of the graphene material.

A third aspect, more particularly, provides for a composition comprising: at
least one graphene material comprising a plurality of layered graphene sheets; and
at least one silver microflake material intercalated within the graphene sheets of the
graphene material. A third aspect provides for a composition consisting essentially
of, or consisting of, at least one graphene material comprising a plurality of layered
graphene sheets; at least one silver microflake material intercalated within the
graphene sheets of the graphene material.

A fourth aspect provides more particularly for a composition comprising
single-crystal silver microflakes on reduced graphene oxide. Alternatively, a fourth
aspect provides for a composition consisting essentially of, or consisting of, single-
crystal silver microflakes on reduced graphene oxide.

In one embodiment, the graphene material is reduced graphene oxide.

In one embodiment, the metal is in the form of metal nanoparticles, metal
microflakes, or a combination thereof.

In one embodiment, the graphene material comprises a plurality of layered
graphene sheets, and the metal is intercalated within the graphene sheets of the
graphene material.

In one embodiment, the metal is in the form of metal nanoparticles and metal
microflakes.

In one embodiment, the metal is in the form of metal nanoparticles but not
metal microflakes.

In one embodiment, the metal is in the form of metal nanoparticles, optionally
also with metal microflakes, and the metal nanoparticles have an average particle
diameter of about 2 nm to about 250 nm.

In one embodiment, the metal is in the form of metal nanoparticles, optionally
also with metal microflakes, and the metal nanoparticles have an average particle
diameter of about 50 nm to about 150 nm.

Iin one embodiment, the metal is silver. Both the metal nanoparticles and the

metal nanoflakes can be silver.
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In one embodiment, the metal is in a form which includes single crystal metal
microflakes.

In one embodiment, the metal is in a form which includes metal microflakes
which have an average thickness of about 10 nm to about 500 nm.

In one embodiment, the metal is in a form which includes metal microflakes,
and a majority of the metal microflakes is in the form of individual layers. In another
embodiment, the metal is in a form which includes metal microflakes, and a majority
of the metal microflakes is in the form of multiple layers.

In one embodiment, the metal is in a form which includes metal microflakes,
and the metal microflakes have an average length of at least one micron.

In one embodiment, the metal is in a form which includes metal microflakes,
and the metal microflakes are in dendritic form.

In one embodiment, the amount of metal is 1 wt.% to 99 wt.%, and the
amount of graphene material is 1 wt.% to 99 wt.% relative to the total amount of solid
content in the composition.

In one embodiment, the composition has an electronic conductivity of at least
7 X 10° Sfem.

In one embodiment, the composition is in the form of a film, sheet, or
membrane.

In one embodiment, the composition further comprises at least one additional
component. For example, in one embodiment, the composition further comprises at
least one polymer. In another embodiment, the composition further comprises at
least one dispersant.

In addition, various articles or devices are provided and can be made which
comprise the compositions described herein. The composition can be in solid form
at 25°C.

In one embodiment, the article comprises the composition described herein in
the form of a film, sheet, or membrane. The composition can be an electrode.

In one embodiment, the article is a sensor. In one embodiment, the article is a
pressure sensor.

In one embodiment, the article comprises at least one matrix material in which
the composition described herein is embedded.

In one embodiment, the article comprises at least one polymeric matrix

material in which the composition described herein is embedded.
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In one embodiment, the article comprises at least one elastomeric polymeric
matrix material in which the composition described herein is embedded.

In one embodiment, the article comprises a matrix material in which the
composition described herein is embedded, and the matrix material is patterned.

In one embodiment, the article comprises at least one matrix material in which
the composition described herein is embedded, wherein the composition described
herein is in the form of two separated films, sheets, or membranes.

Another embodiment is a kit comprising at least one composition and/or
article as described herein.

Also provided are methods of using the compositions described herein.
These methods include the various devices and articles described herein including
method of use as a sensor or pressure sensor.

Also provided are methods of making the compositions described herein.

One embodiment is a method of forming a composition as described herein,
the method comprising: preparing a reaction mixture comprising (i) at least one
graphene material; (i) at least one precursor for the metal; and (jii) a solvent or
dispersant system; reacting the reaction mixture under conditions sufficient to form
the composition described herein. These conditions include, for example, agitation
of reaction mixture, reaction temperature, and reaction time.

One embodiment provides that the reacting step includes a reduction of the
precursor of the metal to the metal. For example, silver ion can be reduced to silver
metal.

Another embaodiment is a method further comprising the step of isolating the
composition described herein from the reaction mixture.

Another embodiment is a method further comprising the step of isolating the
composition as described herein from the reaction mixture by filtration. The
composition can be further dried.

Another embodiment is a method which is a “one pot” preparation method
(synthesis carried out in a single reaction container or vessel).

Another embodiment is wherein the solvent or dispersant system comprises a
major solvent or dispersant component having a relatively high boiling point, e.g.,
boiling point of at least 150°C.

The solvent or dispersant system can comprise one or more solvents or
dispersants which are liquid at 25°C. In another embodiment, the solvent or

5
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dispersant system comprises a major solvent or dispersant (e.g., over 50 wt.%)
which is a reducing solvent or dispersant.

The concentration of the (ii) precursor for metal can be varied to control the
composition structure. There is no particular upper or lower limit to concentration, as
it can vary with the system, but the concentration can be, for example, 1 mM to 10
M. In another embodiment, the concentration of the (ii) precursor for the metal is at
least 12 mM. In another embodiment, the concentration of the (ii) precursor for the
metal is at least 60 mM. In another embodiment, the concentration of the (ii)
precursor for the metal is at least 120 mM. In another embodiment, the
concentration of the (ii) precursor for the metal is at least 1.2 M. In another
embodiment, the concentration of the (ii) precursor for the metal is at least 2.4 M.

In another embodiment, the concentration of the (ii) precursor for the metal is
sufficiently high enough to cause creation of metal microflakes in the composition
described herein.

In another embodiment, the graphene material is reduced graphene oxide
(RGO). In another embodiment, the graphene material is reduced graphene oxide
(RGO) which is prepared by heating a graphene material precursor in the solvent or
dispersant system. In another embodiment, the graphene material is reduced
graphene oxide (RGO) which is prepared by heating a graphene material precursor
in a solvent or dispersion system at temperature of at least 150°C.

In another embodiment, the (ii) precursor for the metal is a metal salt. In
another embodiment, the (ii) precursor for the metal is a silver sait.

In another embodiment, the reaction mixture is reacted by heating to at least
100°C.

In another embodiment, the solvent or dispersant system comprises a major
solvent or dispersant which is a polar aprotic solvent such as NMP.

While metal represents a preferred embodiment, due to its high conductivity,
metal oxide can also be formed in some cases if desired. Conversion of metals to
metal oxides is known. Hence, a composition can comprise both the graphene
material, the metal, and metal oxide. In some cases, the composition can comprise
the graphene material and the metal oxide.

Various advantages can flow from one or more embodiments described
herein. For example, an advantage for at least some embodiments is high electronic
conductivity combined with good flexibility and good durability. High sensitivity,

6
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durable pressure sensors can be made in some embodiments. The method of
synthesis can be simple and low cost. In addition, the morphology of the metal can
be adapted based on the synthetic method in some embodiments. Compared with
one-dimensional (1D) structures, two-dimensional (2D) structures as described
herein for at least some embodiments can have higher specific surface and more
active surface, which can bring faster electron transfer, stronger mechanical
property, and better extensibility along 2D plane. Based on these advantages, 2D
metal nanomaterials can obtain unique electrical, magnetic and optical properties
controlled by their geometric features.

Additional summary information is provided for working examples and
preferred embodiments. As described more hereinbelow, 2D structural graphene
sheet in preferred embodiments was used as template to in situ synthesize silver
micro-flakes on reduced graphene oxide, with thickness around one hundred
nanometers and length about several to tens of micrometers. While the claimed
inventions are not limited by theory, the oriented attachment mechanism apparently
dominates the silver crystal growth and self-assembling of reduced silver units to
form single-crystal silver microflake (AgMF) structure in RGO sheets. Hence, reduced
graphene oxide/silver micro-flake (RGO/AgMF) hybrid membrane can be prepared in situ by
one-pot synthesis. In preferred embodiments, N-methyl-2-pyrrolidone (NMP) is a powerful
solvent for dispersing carbon nanotube, graphene, and graphene oxide (GO) with a high
boiling point (202 °C) that facilitates its use for solvothermal reduction in open systems. In
preferred embodiments, NMP was successfully used to reduce silver ions and graphene
oxide simultaneously or at least in the same reaction vessel under high temperature. Silver
micro-flakes (AgMF) intercalated homogeneously in RGO layers, forming an interconnected
network with high conductivity.

In preferred embodiments, interestingly at higher silver ion concentration, 2D
silver micro-flakes were formed on the surface of RGO sheets in addition to silver
nanoparticles (AgNP). In preferred embodiments and working examples, a one-pot
solvothermal method has been developed to successfully reduce AgNO; and GO
simultaneously, or at least in the same reaction vessel, to RGO/Ag hybrid
membrane. Silver nanoparticles (AgNP) were observed first on the surface of
reduced graphene oxide (RGO) when adding a smaller amount of silver nitrate into
solution. With increasing silver nitrate concentration in solvent and extending
reduction time at high temperature, dendritic silver micro-flakes (AgMF) could be
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obtained. While not limited by theory, the oriented attachment mechanism was used
to describe the AgMF formation in RGO sheets. AgMFs intercalated homogeneously
between RGO/AgNP layers, and formed a large network in the hybrid membrane.
Both of AgNP and AgMF were composed of pure crystalline silver. RGO/AgMF
membrane showed an excellent conductivity, 7.5%10° S-m™", which is very close to
neat silver.

Contrary to nanowires, micro-flakes are two dimensional and thus can
intercalate better within the polymer matrix to provide an enhanced network for
electron movement. In a working example, this hybrid was used as an electrode to
fabricate a reliable pressure sensor using a polymeric elastomer, which can afford a
fast response time and is extremely sensitivity to pressure. For example, flexible
copolymer SIS (styrene-isoprene-styrene thermoplastic elastomer) can be used.
This pressure sensitivity can retain, for example, more than 4.7 MPa™ after 10,000
cycles. The inventive design, in preferred embodiments, proved functional for
monitoring various actions such as wrist movement, squatting, walking, and delicate
or simple finger touch with high durability. Thus, in preferred embodiments, this
system can be prepared by a simple fabrication processes, and its application can
be extended to, for example, touch screen panels, robotic systems, and prosthetics.
Finally, in order to improve the sensitivity of the sensor, the patterned Si wafer
served as the mold for fabricating SIS thin film with pyramid nanostructure. The

enhanced sensor has higher sensitivity to very low pressure (50 Pa).

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments and/or working examples are described more in the
following drawings.
Figure 1. Schematic representation of one-pot synthesis of RGO/AgMF membrane.
Figure 2. SEM images of the RGO/AgNP and RGO/AgMF membrane with different
AgNOj3 concentration. (a) 120 mM; (b) 1.2 M; (¢, d) 2.4 M. Inset TEM image shows
the dendritic AQMF structure intercalated in RGO layers. Reduction occurred at 110
°C for 16h; RGO concentration in NMP is 2.0 mg-mL™.
Figure 3. XRD pattern of RGO/AgNP and RGO/AgMF. Reduction occurred at 60 °C
and 110 °C for 16 h respectively; AGNO; concentration is 60 mM and 2.4 M in RGO

solution respectively.
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Figure 4. (a,c,d) SEM images of RGO/AgMF membrane, (b) TEM image of
RGO/AgMF membrane. Number 1-4 indicated the different layer of multiply AgMF
structure.

Figure 5. TEM images of AgMF at different silver ions concentrations, reaction times
and the insets are SAED for marked areas: (a) 1.2 M for 10 min at 110°C, (b) 1.2 M
for 30 min at 110 °C, (¢) 1.2 M for 5 h at 110 °C, (d) 2.4 M for 5 h at 110 °C.

Figure 6. (a) Schematic illustration of the fabrication of a pressure sensor; (b) Photo
image of the fabricated sensor being folded; (c) Schematic showing a capacitive
pressure sensor with RGO/AgMF layer as the electrodes (top) before and (bottom)
after applying pressure.

Figure 7. (a) Schematic illusion of the experimental setup. (b) Sensitivity after
repeated loading-unloading cycles at a frequency of 5 Hz. (c) Relative capacitance
changes with wrist movement. (d) Relative capacitance changes with various human
actions: walking, squatting and knee bending. (e) Relative capacitance changes with
different finger touch mode; finger pad touch, finger touch with pressing and
proximity mode, fingertip touch.

Figure 8. (a) Capacitance sensitive to light weight loading. Inset figure shows a small
screw (0.1 g) on the surface of patterned RGO/AgMF/SIS sensor. (b) SEM images of
the patterned SIS thin film with square pyramids arrays.

Figure 9. (a) XRD, (b) Raman spectra and (c) TGA curves of the pristine graphite,
GO, RGO and RGO/AgNP, (d) EDX spectrum of RGO membrane with silver
nanoparticles on the surface. Reducing AgNO;3 at 60 °C for 16h; AgNO3
concentration is 60 mM; RGO concentration in NMP is 2.0 mg-mL™".

Figures 10a-10e. Micro images of RGO/AgMF(AgNP) membrane with different
AgNO; concentration added. Reduction occurred at 110 °C for 16 h, and RGO
concentration is 2.0 mg-mL™".

Figure 11a-11c. Micro images of RGO/AgMF(AgNP) membrane with same AgNO;
concentration added and different reduction condition; RGO concentration is 2.0
mg/mL.

Figure 12. TEM images of silver dendrites, demonstrating the morphological
transition from fractal to flake growth for silver aggregates at different reduction time:
(a) reduction occurred at 110 °C for 30 min; (b) reduction occurred at 110 °C for 2h.

AgNO; concentration: 2.4 M; RGO concentration: 2.0 mg-mL™".
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Figure 13. HRTEM images of a local part for dendritic AgMF. AgNO3: 1.2 M; RGO:
2.0 mg-mL™"; Reduction occurred at 110 °C for 30 min.

Figure 14, HRTEM images of dendritic AQMF. AgNO3: 1.2 M; RGO: 2.0 mg-mL™;
Reduction occurred at 110 °C for 16 hours.

Figure 15. Raman spectrum of RGO/AgNP and RGO/AgMF. Reduction occurred at
60 °C and 110 °C for 16 h respectively; AgNO; concentration is 2.4 M in RGO
solution.

DETAILED DESCRIPTION
INTRODUCTION

Priority US provisional application 62/194,097 filed July 17, 2015 is hereby
incorporated by reference in its entirety for all purposes, including working examples,
figures, claims, and supporting description.

All references cited herein are incorporated by reference. No admission is
made that any reference cited herein is prior art.

In embodiments, described herein, the open-ended term “comprising” or
“comprises” can be replaced in some embodiments by one of the partially closed
terms “consisting essentially of,” or “consists essentially of,” or one of the closed
terms “consisting of,” or “consists of.”

As indicated above and in the following claims and working examples, a
series of aspects and embodiments are provided and claimed, which are described

in more detail hereinbelow..

GRAPHENE MATERIAL

Graphene materials are known in the art. See, for example, R. Mertens, The
Graphene Handbook, 2015 Ed. and (Ed. V. Georgakilas) Functionalization of
Graphene, 2014; N. Koratkar, Graphene in Composite Materials, 2013; and (Eds.
C.N.R. Rao, A.K. Sood), Graphene, 2013. Graphene can come in various forms
including sheets, flakes, graphene oxide, nanoplatelets, ribbons, inks, and
composites. Graphene materials include materials having two dimensional

graphene sheets but not in the form of a one-dimensional carbon nanotube material
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and not being a traditional graphite material. Rather, graphene can be prepared by
exfoliation of graphite to form graphene sheets. Graphene materials can comprise a
plurality of layered graphene sheets which can be intercalated as known in the art.
The spacing between the graphene sheets can be varied and need not be the same
as the spacing between graphite sheets.

Graphene oxide (GO) is a lead example of a graphene material which can be
reduced to form reduced graphene oxide (RGO) as known in the art. See, for
example, US Patent Nos. 8,993,113; 9,045,346, 9,053,868; 9,057,639, and
9,064,778 for examples of graphene oxide being used in the art. See also non-
patent references cited herein. Graphene oxide can include graphene which is
functionalized with oxygen components such as hydroxyl, carboxylic acid, ether,
epoxy, and ketone functional groups. It can be prepared by modified hummers
method. Graphene material can include both a precursor material such as, for
example, GO and the reacted or reduced derivative form of the precursor material
such as, for example, RGO.

Graphene materials can be solution processable and can be reduced in
solution or as thin films. Electronic conductivity can increase with reduction.

Herein, for example, the graphene material can be intercalated with a metallic
material including, for example, a metal microflake and/or a metal nanoparticle
material, including, for example, a silver microflake and/or a silver nanoparticle
material. The metal microflake and/or nanoparticle material can be substantially
homogeneously distributed throughout the graphene material. The material can be
called a composite, a microcomposite, or a nanocomposite. See Ovid’ko, Rev. Adv.
Mater. Sci., 38(2014), 190-200, describing metal-graphene composites. The
combination of a graphene material with highly conductive metals such as silver is
particularly of interest. See Kiraly et al., Nature Communications, 4, 2804

(November 15, 2013) for teachings about growing graphene on silver.

METAL INCLUDING NANOPARTICLES AND/OR MICROFLAKES

Metals are, of courses, known in the art including, for example, alkali metal,
an alkaline earth metal, a lanthanum, an actinium, a transition metal, a post-
transition metal, a metalloid, and the like. Specific examples include but are not

11
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limited to Ni, Si, Ti, Cr, Mn, Fe, Co, Cu, Sn, In, Pt, Mg, Cu, Au, or Ag. Monometallic
or bimetallic nanoparticles and microflakes can be used. Combinations of two or
more metals can be used including alloy compositions.

A metal as known in the art can be in the form of a particle or flake, including
a microparticle or a microflake and also including a nanopatrticle or a nanoflake. One
skilled in the art can distinguish between a metal microflake and a metal nanoparticle
based on, for example, size and shape. In some cases, metal nanoparticles can be
fused to microflakes.

Microflakes, for example, are shaped like a flake and are micron-sized. Metal
microflakes including silver microflakes are known in the art. For example, silver
microflakes are used in electrically conductive adhesives (ECSs). Composites have
been made comprising micron-sized silver flakes, multi-walled carbon nanotubes,
and silver nanoparticles. See Chun et al., Nature Nanotechnology, 5, 853-857
(2010). Silver microflakes are also noted in Wu et al., Composites Science and
Technology, 99 (2014) 109-116. The microflake can be anisotropic in form.

In one embodiment, the metallic microflake material is a silver or gold metallic
microflake material. In another embodiment, the metallic microflake material is a
silver metallic microflake material.

In one embodiment, the composition further comprises metallic nanopatrticles
in addition to the microflakes. In one embodiment, the composition further
comprises silver nanoparticles and the microflake material is a silver microflake
material.

In one embodiment, the metallic microflake material is a single crystal
microflake material.

In one embodiment, the composition is crystalline.

In one embodiment, the metallic microflake material is a silver metallic
microflake material which is a single crystal silver metallic microflake material.

In one embodiment, the metallic microflake material has an average length of
at least one micron, or at least two microns, or at least three microns, or at least four
microns, or at least five microns, or at least ten microns, or at least twenty microns.
There is no particular upper limit on the length.

In one embodiment, the metallic microflake material has an average thickness
of about 10 nm to about 500 nm, or about 10 nm to about 250 nm, or about 50 nm to

about 150 nm.
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The metallic microflakes can be in the form of individual layers and/or also in
the form of multiple layers. In one embodiment, a majority of the metallic microflake
material is in the form of individual layers. In one embodiment, a majority of the
metallic microflake material is in the form of multiple layers.

In one embodiment, the metallic microflake material is in dendritic form. The
microflakes can have branching and/or fractal structures.

The microflakes can be substantially homogeneously distributed and can form
network structures.

In some cases, the microflakes can present a flat enough surface to provide
for measurement of a surface planar area. The surface planar area can be, for
example, 1 or more square microns, or 10 or more square microns, or even 100 or
more square microns.

The morphology of the metal microflakes, particularly silver microflakes, is
described more in the following working examples.

In one embodiment, the metal is in the form of metal nanoparticles, optionally
also with metal microflakes, and the metal nanoparticles have an average particle
diameter of about 2 nm to about 250 nm, or about 2 nm to about 50 nm, or about 50
nm to about 250 nm, or about. The nanopatrticles are more spherical in shape
compared to a nanowire or a nanotube or other one dimensional forms.

The morphology of the metal nanoparticles can be controlled and can be, for
example, spherical, cubic, clubbed, or dendritic.

The metal of the nanoparticle and the metal of the microflake can be the
same. For example, the metal of the nanoparticle and the metal of the microflake
can each be silver.

Additional morphological features of the composition, including the graphene

material and the metal, can be found in the working examples.

AMOUNTS

The relative amounts of the graphene composition, the metal, and any other
components of the composition can be adapted by one skilled in the art. For
example, one can change the amount of the graphene material and metal precursor.
The amount of the graphene composition, and the amount of the metal, can be each
1 wt.% to 99 wt.%, or 10 wt.% to 90 wt.%, or 20 wt.% to 80 wt.%, or 30 wt.% to 70
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wt.%, or 40 wt.% to 60 wt.%, or about 50 wt.% relative to the total weight of solid
components.

In one embodiment, the composition comprises, consists essentially of, or
consists of the graphene material and the metal material. For example, over 75
wt.%, or over 85 wt.%, or over 95 wt.% of the composition is the graphene material
and the metal material. In other embodiments, at least one other component is

present in substantial amounts such as a dispersant or a polymer matrix.

PROPERTIES OF THE COMPOSITION

The composition can have high electronic conductivity as measured by
methods known in the art. For example, electronic conductivity o can be at least
about 10° S/m, or at least about 10* S/m, or at least about 10° S/m, or at least about
10° S/m. The conductivity can reasonably approach that of the conductivity of the
pure or neat metal form. For example, as shown in the working examples, the
conductivity of the RGO/AgMF membrane was 7.5 X 10° S/m. The conductivity of
neat silver is 6.3 X 107 S/m. In considering the unexpectedly good ratio of
conductivity of the composition to the conductivity of the pure metal, one can also
consider the percent weight of the graphene component. A composition which is 75
wt.% graphene would be expected to have a lower conductivity than a composition
which is only 25 wt.% graphene. The working examples demonstrate an
unexpectedly high increase (more than 100-fold) in electronic conductivity in, for
example, the RGO/AgMF membrane compared to RGO/AgNP membrane.

The conductivity can vary with strain.

The compositions can also display a much higher Raman intensity which
indicates a good SERS property.

The composition also can be flexible and used in flexible structures. The
composition can be folded, rolled, or bent.

The composition usefully can also be linked to other conductive structures

using, for example, conductive adhesives such as silver paste.

APPLICATIONS
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The compositions described herein can be used in a variety of applications
including applications noted in the Introduction for metal nanostructures and for
graphene. Applications which rely on good electronic conductivity are of interest
including electrode applications. Applications include but are not limited to catalysis,
SERS, smart material applications, biological (e.g., antibacterial) applications,
chemical applications, and electrical applications, including sensing, imaging
(including bioimaging), and single crystal electronics. Other examples include touch
screen panels, robotic systems, and prosthetics.

In pursuing these and other applications, an article, device, apparatus, and
the like can be provided which comprises the compositions as described herein.

PRESSURE OR STRAIN SENSORS

Pressure or strain sensors, including pressure sensors using polymers or
conductive elastomers are generally known in the art. See, for example, Yaul et al.,
J. Microelectromechanical Systems, 21, 897, August 2012; Cochrane et al.,
Sensors, 2010, 10, 8291; and Choong et al., Adv. Mater., 26, 21, 3451, 2014.

The pressure sensor can be, for example, a capacitive pressure sensor. The
compositions can be used as electrodes including used in parallel plate
embodiments.

One particularly important method of use or application area is with pressure
sensors which can be flexible and highly sensitive. Various motions of humans or
robots can be monitored such as, for example, monitoring wrist movement, detecting
the changing of different finger touch, and other human motions such as walking,
squatting, and knee bending.

Elastomers are generally known in the art and include, for example, silicones
(including polydimethylsiloxane, PDMS), polyurethanes, isoprene or rubber
materials, and the like. Elastomers can be formed from crosslinked materials which
feature low glass transition temperatures but are crosslinked. Block copolymers can

be used. In the working examples, SIS is used.

METHODS OF MAKING
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Also provided herein are methods of making the inventive compositions. The
methods can be batch, semi-continuous, or continuous. A “one-pot” method can be
used. Here, a single reaction vessel can be used in a relatively simple, efficient
process. The method can be called a solvothermal method.

Graphene precursors such as graphene oxide can be used as reactant. The
metal precursor can be, for example, a metal salt. For silver, for example, silver
nitrate can be used. Metal salts including silver salts are well-known in the art.

A solvent or dispersant system can be used, wherein it may not matter
whether the liquid solvent fully dissolves or merely disperses a component. For
purposes herein, solvent and dispersant are used interchangeably to the extent that
functional use such as suspension, dispersion, and/or processing can be achieved.

The solvent or dispersant system can include one or more organic solvents
including higher boiling organic solvents and aprotic organic solvents. Examples
include N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAC), and N-
methyl-2-pyrrolidinone (NMP). One solvent can be a major solvent and comprise
over 50 wt.%, or over 80 wt.%, or over 90 wt.% of the solvent system. The boiling
point of the solvent can be 150°C or more, or 200°C or more. The solvent can be a
reducing solvent and aid in the reduction of precursors (e.g., conversion of GO to
RGO metal salt cations to metal, e.g., silver nitrate to silver).

The concentrations of the different components can be varied. For example,
the concentration of the graphene material in the solvent or dispersant can be, for
example, 0.2 to 20 mg/mL or 0.5 to 10 mg/mL, or 1 to 5 mg/mL.

The concentration of the metal precursor can be adapted to change the form
or morphology of the metal upon reduction. For example, the concentration of the
metal precursor can be at least 12 mM, or at least 60 mM, or at least 120 mM, or at
leat 1.2 M, or at least 2.4 M. With increasing metal precursor concentration in
solvent and extending reduction time, metal microflakes can be obtained. One
skilled in the art can vary the concentration, reaction time, and other experimental
parameters to make the desired composition and particular morphologies.

The reaction time can be varied from those times noted in the working
examples below. Reaction time can be, for example, at least 1 hour, or at least 5
hours, or at least 10 hours.

The reaction temperature can be adapted for the solvent being used but can

be, for example, 100°C or more, or 150°C or more.
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Embodiments described herein also include the compositions produced and
defined by the described methods of making.

WORKING EXAMPLES

Additional embodiments are provided in the following non-limiting working
examples.

The fabrication process of RGO/AgMF hybrid membrane is illustrated in
Figure 1. Briefly, a solution of GO in NMP was heated at 180°C for 1 hour under air
to which silver nitrate (AgNOs) was added after the solution cooled down. The
mixture was then heated to 110°C until the original black solution color turned into
metallic gray. The successful reductions of GO to RGO and Ag” to Ag were
confirmed by Energy-dispersive X-ray spectroscopy (EDX), (X-ray diffraction) XRD,
Raman and thermogravimetric analysis (TGA) (Figure 9).

Interestingly, varying the concentration of AQNO; used afforded different
nanostructures of silver ranging from nanoparticles at low concentration to
predominantly micro-flakes at high concentration (Figure 2a-c). RGO membrane with
low AgNQ; concentration (12 mM) showed a similar morphology to a plain RGO
sheet as the obtained AgNP were dispersed uniformly on the sheet (Figure 10a).
The nanoparticles were spherical and have an average patrticle size of 6-9 nm, and
the lattice-fringe from HRTEM study is measured to be 0.23 nm which corresponds
to the (111) crystal plane of silver crystallite as indicated in the inset of the figure
(Figure 10a). Increasing the concentration to 60 mM afforded nanoparticles
with an average size of 70 nm and increased the distance between the RGO sheets
(Figure 10b).

The size of AgNPs increased further with increasing the concentration of
AgNO; to 120 mM without any dramatic change in the membrane’s previous
morphology (Figure 2a, Figure10c).

Increasing AgNOs; concentration to 1.2 M and heating at 110 °C for several
hours afforded a metallic gray solution. SEM studies showed that AgMF were
predominantly formed and intercalated between RGO sheets with smaller AgNP still
present as well (Figure 2b, Figure 10d).

The intercalated AgMF became larger with further increasing AgNOs
concentrationto 2.4 M (Figure 2c, Figure 10e).
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Investigating the morphology of RGO/AgMF hybrid membranes at high
concentration, the continuous RGO sheets were replaced by RGO/AgMF network
(Figure 2d).

The crystalline feature of the synthesized hybrid membranes was confirmed
by recording the XRD pattern. As shown in Figure 3, the XRD patterns of
RGO/AgNP and RGO/AgMF show sharp peaks which are indexed to the diffraction
from the (111), (200), (220), and (311) of fcc silver. A refined lattice parameter is
extracted from the XRD data to be 2.36 A, which agrees with the HRTEM result
(Figure 10a). This indicated that both of AgNP and AgMF were composed of pure
crystalline silver. It should note that the intensity ratio of (200) and (111) diffraction
peaks for RGO/AgMF (1/55) is much lower than RGO/AgNP (1/5), the conventional
value for silver particle is 0.061/0.33 (JCPDS card file, 4-783). This observation
indicated that the AgMF are primarily dominated by (111) facets, showing an
orientated growth of AQMF on their (111) planes, in agreement with other reports.’"?*
The obtained AgMF have the size of about several micrometers, and present both
individual layer and multiply layers in structure.

As shown in Figures 4a and 4b, the number of 1-3 or 1-4 showed that the
multiply structure of AGMF is composed 3 or 4 AgMF monolayers. The thickness of
single AgMF was about 90-110 nm. Individual AGQMF was found intercalated in RGO
layers and connected with each other. Meanwhile, RGO acted as a bridge between
AgMF layers forming a continuous network (Figure 4c), which provide a very high
conductivity and strong capacitance for electron transfer. Even in multiply AgMF
layers, it was observed that RGO sheets adhered to AgMF surface, as well as the
aggregates of AgNP (Figure 4d).

To optimize the conditions of AgMF formation in RGO/NMP solution, different
silver ions concentrations, reaction times and temperatures were investigated
(Figure 5, Figure 10, Figure 11). It was concluded that AGMF could not be obtained
at low silver ions concentration, low temperature and short reaction times, and thus,
while the claimed inventions are not limited by theory, it was hypothesized that the
mechanism of AgMF formation depends on the silver ions concentration and the
behavior of NMP at high temperature. The oxygen-containing functional groups in
RGO can catch the metal ions and metal nanoparticles to form metal chelate. 2%
These oxygen species are distributed on the surface of RGO and contribute to a
negatively charged surface. When AgNO3; was added into RGO/NMP solution, these
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functional groups on RGO would provide active sites to absorb the positive silver
ions. The exfoliated RGO sheets could also serve as a large support surface to
disperse the Ag” ions. So in situ reduction of Ag* ions allowed AgNPs to distribute
uniformly and anchor onto RGO nanosheets. Meanwhile, NMP also takes a very
important role in reducing Ag* to Ag. NMP was oxidized to form a peroxide species
in the presence of heating, and the peroxide further transformed NMP to 5-hydroxy-
N-methyl-2-pyrrolidone which acted as a reducing agent for reducing Ag* to Ag.?®

When a small amount of AgNQO; was added into RGO/NMP solution at a low
temperature such as 60 °C, the Ag* ions were absorbed onto the RGO surface and
in situ reduced to AgNP. With increasing the reaction time, the AgNP size became
larger (Figure 10a, Figure10b). When a larger amount of AQNO3; was added into
RGO/NMP solution at a low temperature, there was not enough reducing agent for
reducing Ag" ions. At this temperature, NMP can't be oxidized enough, and the
reducing action was mostly happened on RGO surface. Therefore, the in situ-
reduction of Ag® ions on the RGO surface is mainly responsible for AGNP formation,
and it grew with time or self-assembly to big nanoball structure (Figure 11b), which is
in agreement with previous report.>> When the temperature was heated to 110 °C,
many oxidized NMP molecules existed in solution as reducing agents. When AgNO;
was added, the reduction of Ag" ions was fast, it can happen in solvent and RGO
surface. Due to the fast move of reducing agents in solvent and the attractive
interaction between metal ions, the silver particles aggregate together to form a large
size, which are the original shape of dendritic structure (Figure 5a, Figure 11a). It
has been confirmed that oriented attachment (OA) mechanism is a major path for
silver dendrite formation.?”?® Figure 13 showed the HRTEM image of the attachment
of different silver nanoplates. From the crystalline orientation of the boundary
between two adjoining particles, it was found that after attaching each other, silver
plate has an orientated growth. These observations indicate that the OA mechanism
dominates the self-assembling of building units, involving attachment, realignment,
and finally form a single crystal AgMF structure. This OA crystal growth is controlled
by direction-specific interactions.?® The morphologies and structures of Ag
nanocrystal are influenced by silver ions concentration and reducing time.® With
increasing reaction time, the sliver particles grew to bigger size, and connected each
other completely to form a dendritic particle (Figure 5b-5d, Figure 11b). The

concurrent presence of high silver ions concentration and more reducing species
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may cause silver to further aggregate and be reduced to the mesocrystal structure of
dendritic micro-flake. The SAED patterns in Figure 5 showed the morphological
transition from fractal of nanoball aggregates with poor crystallinity (Figure 5a) to
single crystalline silver dendrite (Figure 5c,5d). Figure 12 showed that the branch
tips converted their round shape to hexagonal structure. Residual AGNP could be
clearly seen on the silver flake surface (Figure 14).

While the claimed inventions are not limited by theory, all of the above results
support the hypothesis that AGNP are possibly aggregating followed by further
growth to afford the dendritic micro-flake structure. In addition, the 2D structure of
graphene sheets may also take a role in the formation of RGO/AgMF network
structure. The gaps between graphene sheets provided a space for silver particle
connected each other to form flake structure. And this short distance also restricts
the growth of flakes along the 2D plane of graphene sheet.

In these experiments, it was found that RGO/AgMF membrane displayed a
much higher Raman intensity than RGO/AgNP membrane (Figure 15), indicating that
RGO/AgMF has a better SERS property. The hybrid RGO/AgMF membrane shows
excellent conductivity of 7.5x10° S:m™ which is very close to the neat silver value of
6.3%x10” S'm™ at room temperature and extremely higher than RGO/AgNP
membrane (Table I).

Table | Electrical conductivity of RGO, RGO/AgNP and RGO/AgMF membrane.

Membrane Electrical conductivity/S-m™

RGO 86
RGO/AgNP 138

RGO/AgMF  7.5%10°
Silver 6.3%107

PRESSURE SENSOR

The highly conductive RGO/AgMF membrane was then embedded in SIS to
readily fabricate flexible and sensitive pressure sensors as shown schematically in
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Figure 6a. Specifically, in a glass dish, a copper wire was connected to the
RGO/AgMF membrane using silver paste followed by adding SIS solution (SIS in
DCM) to completely intercalate the hybrid membrane. The solution was then dried to
form a film which was later peeled off from the glass dish, and two pieces of
RGO/AgMF based membranes were attached together with RGO/AgMF side face to
face. We should note that each piece of this composite is an excellent flexible
conductor by itself (Figure 6b). As a proof of concept, a simple circuit to power a
light-emitting diode (LED) was constructed and the resistance was measured to be
3.57 Q when the membrane was flat. Folding the membrane many times did not
affect the illumination while the resistance changed slightly to about 3.72 Q.

The pressure sensor was fabricated similar to a parallel-plate capacitor with
SIS matrix and two RGO/AgMF electrodes embedded with a certain separation
(Figure 6¢). When pressure is applied on the capacitor, the distance between two
RGO/AgMF layers decrease (change from do to d), resulting in an increase in
capacitance. To measure the responses of our RGO/AgMF based sensor to
mechanical pressure, a “home-made” system containing a dynamic force system
(Instron E1000 dynacell) and a sensitive electric recorder (Agilent E4980A) was
designed (Figure 7a). This system can provide an external pressure with a range of
5~500 Kpa force, and the electrical signals can be simultaneously recorded. The
relative change in capacitance with varying pressure is presented in Figure 7b. The
slope of the first cycle line is similar to 100 cycles line but a little higher than 1000
cycles and 10000cycles, indicating that the sensor performance showed a little
difference between the short cycles and long cycles at various pressures ranging
from 10~350 KPa. This difference is possibly caused by the rebound property of SIS
polymer. After 1000 cycles, the rebound property of SIS was relatively stable, so the
sensor performance showed little changes between 1000 cycles and 10000 cycles.
Even after ~10000 cycles, the line slope changed slightly, which indicated that this
sensor showed a reliable performance at various pressures. The slope of the line
traces is defined as the pressure sensitivity S, * which is usually used to evaluate
the performance of a pressure sensor. After 10000 cycles, the sensitivity value is
about 4.7 MPa™'. This value is higher than that of silver nanowires embedded in
PDMS (1.6 MPa™' over a pressure range below 500 KPa),” carbon nanotubes
embedded in PDMS (0.23 MPa™ over a pressure range up to 1.0 MPa),3! and gold

).32

electrodes (0.48 MPa™ for a pressure range up to 0.25 MPa).>* The continuous of
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AgMF and RGO network provide a fast electron transfer, making this sensor has a
fast response to the capacitance variation, which is the reason the sensor has a high
sensitivity.

This sensor was tested for large-strain measurements in various applications,
as shown in Figure 7¢-d. Due to the flexibility of the sensors, they can be attached
onto the human body with the aid of medical tape. Figure 7c shows the sensor
placed onto a wrist for strain measurement. The change of capacitance was
recorded clearly with the wrist movement. When the hand of an individual was kept
at a natural slightly curved state (step 1), the sensor showed a relatively high
capacitance. When the hand was curved further (step 2), the skin was under a slight
tension strain leading to a slight increase in capacitance. The capacitance increased
with curving the wrist more, and reached a maximum value when the hand was
almost vertical (step 3). Then the capacitance decreased with releasing the wrist
strain (step 4), and it was strain free when the wrist was kept at a horizontal level. By
attaching the sensor to the knee, different movements such as walking, squatting
and knee bending actions could be easily monitored (Figure 7d). The system can
furthermore detect a delicate finger touch as shown in Figure 7e. The capacitance
displayed a larger difference when pressing on the sensor rather than slightly
touching it.

It was recently reported that nanostructured pattern array on flexible polymer
surface can enhance the friction effect, resulting in a highly sensitive sensor.*® In
order to improve the sensitivity of our sensor, a patterned Si wafer served as a mold
for the fabrication of SIS thin film with pyramid feature (Figure 8). The SIS solution
was first cast on the patterned Si wafer, and then the SIS membrane was peeled off
from the wafer after it completely dried. The dried SIS membrane with patterned
nanostructure array was attached onto the RGO/AgMF slide of RGO/AgMF/SIS film.
Figure 8a shows that this sensor treated with patterned nanostructure array has high
sensitivity to a very light force. Loading or unloading a small screw with about 0.1 g
weight (corresponding to a pressure of about 50 Pa) can cause a large and easily

detectable change of capacitance.

Experimental Section
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Materials: Graphite flakes with particle size >100 mesh were supplied by
Sigma-Aldrich. Other chemicals including sulfuric acid (H28Q4), sodium nitrate
(NaNOQs3), potassium permanganate (KMnOy), hydrogen peroxide (H202), N-methyl-2-
pyrrolidone (NMP), and silver nitrate (AgNO3) were all purchased from Sigma-Aldrich
and used without further treatment.

Preparation of GO: Graphene oxide (GO) was synthesized from natural
graphite flakes using a modified Hummers method. ***° A typical experiment was
followed: 1.0 g of graphite powder and 1.0 g NaNOj3 was first dissolved in 100 mL of
concentrated HzS04. Then, 5.0 g KMnO, was slowly added to the mixture under
vigorous agitation, and the solution was heated to 40 °C reacting for 2 days to get a
brown suspension. Then, 200 mL deionized water was added to terminate the
reaction following H,O2 addition to reduce the insoluble KMnO,. The sample was
centrifuged at 2000 rpm for 5 minutes, and the precipitate was repeatedly rinsed with
deionized water several times to remove metal ions. At last, a viscous brown
dispersion of graphite oxide solution was observed. After freeze-drying of the viscous
brown solution, a loose graphite oxide powder was obtained. Finally, ultrasonic
exfoliation method was applied to exfoliate graphite oxide to graphene oxide (GO). A
certain weight of graphite oxide was dissolved in NMP with bath-sonicated for 30 min
and then centrifuged at 4000 rpm for 5 min. The supernatant was collected, and the
concentration of graphene oxide was calculated by reducing the precipitate part after
freeze-drying.

Preparation of reduced graphene oxide (RGO): The RGO sheets were
obtained by a simple one-step reduction approach. In a typical experiment, the as-
prepared graphene oxide solution was further dliuted to a certain concentration with
NMP under ultrasonic treatment for 30 min, following heating in an oil bath at 180 °C
with stirring for 1 h. RGO solution with black color was then successfully obtained.
Uniform RGO membrane was prepared by vacuum filtration of the RGO dispersion
through a Whatman inorganic Anodisc membrane filter.

Reduction of AgNQO3 to Ag nanopatrticles and micro-flakes on RGO surface:
Silver nitrate (AgNO3) was added to the as-prepared RGO/NMP solution, and then
was heated in an oil bath at 110°C for several hours. Depending on the reaction
time, AgQNO; mass and temperature, two different silver nanostructures can be
obtained with RGO sheets, namely silver nanoparticles (AgNP) and silver micro-
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flakes (AgMF). Finally, the RGO/AgMF and RGO/AgNP membranes were collected
by filtration.

Sensor fabrication: The prepared RGO/AgMF membrane was ready moved to
a clean glass dish, and then connected to copper wire using silver paste. The
prepared SIS solution (SIS completely dissolved in DCM) was then added to the
glass dish. Samples were then completely dried in vacuum oven at 80 °C for 12
hours to evaporate small molecules such as water and residual organic solvent. At
last, the dried film was peeled off from the glass dish, and two pieces of RGO/AgMF
based films were attached together with RGO/AgMF side face to face.

Composites Characterization: The X-ray powder diffraction (XRD) patterns
were obtained by a Bruker D8 Advance (40 KV, 40 mA) with Cu Ka (A = 1.5406 A)
irradiation at a scanning rate of 2°:min™ in the 20 range of 10-50°. The
decomposition behavior was measured by the thermogravimetric analysis (TGA)
using Netzsch TG 209 F1 Iris at a temperature range of 30-800 °C under N flow with
a heating rate of 10 °C-min”'. Transmission electron microscopy (TEM) analysis and
energy-dispersive x-ray spectroscopy (EDX) were performed on a Tecnai electron
microscope at 120 kV (T12 FEI Company). A drop of the dilute solution of the
homogenous mixture on the carbon-coated copper grid was dried in air at room
temperature for 2 days. The morphological study of the composite was conducted on
FEI Magellen (USA) scanning electron microscope (SEM). The cryo-fractured
surfaces were coated with a thin layer of gold (5 nm). Electrical measurements were
performed using a four-point probe measurement system (CMT-SR2000, MDC), and
the average of five data points per sample was recorded.

Device characterization: The pressure sensitivity was measured by an Instron
(Instron E 10000 dynaceli) with linear grip using a 10 kN load cell and stress control
mode. The current or capacitance difference and the |-V curves for the pressure
sensor were recorded by a precision LCR meter (Agilent E4980A, 20 Hz-2M Hz).
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SUPPORTING INFORMATION
Characterization of hybrid membranes

X-ray diffraction (XRD)

The structural changes arising from the oxidation of graphite and the
reduction of GO can be examined by the XRD technique. As shown in Figure 9a,
pristine graphite exhibits a characteristic sharp peak at 26 = 26.8° corresponding to a
d-spacing of 0.33 nm. After oxidization of graphite to GO using the Hummers
method, this peak shifts downward to a lower angle (26 = 10.6°) with a
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corresponding d-spacing of 0.83 nm. This can be attributed to the expansion of the
0.50 nm space between typical graphene sheets, which is caused by the presence of
a small amount of residual oxygen-containing groups on GO sheets.['"*! While for
the XRD pattern of RGO, this sharp peak disappeared, and became a broader
shoulder at around 11.5°, corresponding to 0.76 nm of d-spacing. In addition,
another broad peak centered at around 25.5 ° was observed, corresponding to an
interlayer spacing of about 0.36 nm. The presence of this peak in RGO sheet
indicates that some parts of the GO sheets were reduced successfully which induced
the decrease in the spacing. The major diffraction peaks in the powder pattern of
RGO/AgNP at 26 = 38.2°, 44.3° 64.6°, and 77.5° can be assigned to the (111),
(200), (220), and (311) crystalline planes of silver, respectively, which indicated that
the reduced silver nanopatrticles are composed of pure crystalline silver and own
face-centered cubic (fcc) phase (JCPDS Crad File, 4-783). However, there is no
distinguishable diffraction peaks of RGO, GO or graphite were observed in
RGO/AgNP sample. A possible reason is that the strong Ag signals may cover the
RGO diffraction peaks. Another possibility is that the regular stacks of graphene
sheets or graphite are destroyed by exfoliation after deposition of the metal
particles.*® The SEM images (Figure 10) confirmed the deposition of AGNP on
graphene sheets, and the distance between the sheets was expanded.

Raman spectra

The Raman spectrum of pristine graphite exhibited two intense peaks at 1352
and 1582 cm™, corresponding to the D and G bands respectively (Figure 9b). The G
peak of GO red shifted to 1601 cm™', due to the introduction of oxygen-containing
groups, which indicates a higher degree of disorder or more defects in GO. After
reduction, the G peak blue shifted to 1585 cm™' indicating a successful reduction to
GO. This can also be verified by the ratio of /p/ls. The G band is related to the in-
plane vibration of sp?>-bonded carbon atoms, while the D band is associated with the
vibration of carbon atoms with sp® electronic configuration of disordered graphene.
The Ipfig ratio of RGO (0.917), as calculated from Figure 9b, was found higher than
that of GO (0.835), revealing a substantial reduction in the content of the sp3-bonded
carbon atoms and the oxidized molecular defects.®”! It was found that the
RGO/AgNP showed a similar D and G peak in Raman spectra, but the intensities of
D and G were much higher than those of RGO under comparable test conditions.
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This surface enhanced Raman spectrum (SERS) phenomenon is caused by the
charge-transfer interaction between RGO and AgNP 2

Thermogravimetric analysis (TGA)

From Figure 9c, a good thermal stability reaching a very high temperature
(800 °C) was observed for graphite. In contrast, GO sheet exhibited poorer thermal
stability. TGA plot shows a loss of about 20 wt% at 100 °C, which can be attributed
to water molecules loss of stacked graphene oxide sheet. While RGO sheet shows
a much smaller weight loss at 100 °C (less than 5 wt%), suggesting a smaller
amount of water or organic molecules are trapped in the RGO structures. Compared
with RGO itself, the TGA curve of RGO/AgNP displayed a similar profile, indicating
that the reduction of silver particles did not affect materially the thermal stability of
RGO, e.g., a good thermal stability can be retained of RGO/AgNP hybrid.

Energy-dispersive X-ray spectroscopy (EDX)

The direct evidence of silver particles deposited on RGO sheets was obtained
by EDX. Figure 9d showed a typical SEM cross-section image of RGO/AgNP hybrid.
A lot of nanoparticles were observed on RGO surface. The larger silver peak showed
in EDX result indicated that the particles deposited on RGO surface were silver
nanoparticles. The oxygenated group existed in RGO sheet takes an effect in
absorbing metal ions and metal nanoparticles.’ These oxygen species are uniformly
distributed on the RGO surface and would provide active sites to absorb silver ions.
RGO sheets also could provide a large support surface to disperse Ag* ions. So in
situ reduction of Ag* ions allowed AgNPs to distribute uniformly and anchor onto
RGO nanosheets, as shown in Figure 10a. Meanwhile, NMP also takes a very
important role in reducing Ag® ions to AgNPs. First, NMP was oxidized in the
presence of heat to form a peroxide species, and then further transformed NMP to 5-
hydroxy-N-methyl-2-pyrrolidone which acted as a reducing agent for reducing Ag’
ions to AgNPs."°

References 1-10 for Supporting Information Section
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ADDITIONAL REFERENCES

The following additional references can be used by one skilled in the art to
help support the practice of the claimed invention as appropriate.

Liz-Marzan et al. [Adv. Funct Mater. 2009, 19, 679-688] used N,N-
dimethylformamide as a reaction medium for metal nanoparticle synthesis.

Xie et al. [Materials Research Bulletin 2011, 46, 2004-2008.] used L-ascorbic acid
(L-AA) as reducing agent successfully synthesized reduced graphite oxide-silver
nanocomposite by one step method.

Han et al. [Adv. Mater. 2013, 25, 872-877] reported a hybrid double-floating gate
memory device by utilizing an RGO-sheet monolayer and a gold nanoparticle array

as upper and lower floating gates, respectively.

Baik et al. [Nat. Nanotech. 2010, 5, 853-857.] prepared a highly conductive, printable
and stretchable composite film with carbon nanotube and silver embedded.

Liang et al. [ACS Nano. 2014, 8, 1590-1600] used silver nanowire modified
graphene oxide which can form a silver nanowire percolation network inside. They
applied this complex to stretchable polymer light-emitting diodes that could be
stretched by as much as 130 % and repeatedly by 40%.

Fang et al. [Appl. Phys. Lett. 2006, 89, 173104; Appl. Phys. Lett. 2007, 91, 083108]
used a replacement reaction to deposit silver plate with single crystallization in

solution.
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WHAT IS CLAIMED IS:

1. A composition comprising:
at least one graphene material, and

at least one metal.

2. The composition of claim 1, wherein the graphene material is reduced graphene

oxide.

3. The composition of any one of claims 1-2, wherein the metal is in the form of

metal nanoparticles, metal microflakes, or a combination thereof.

4. The composition of any one of claims 1-3, wherein the graphene material
comprises a plurality of layered graphene sheets, and the metal is intercalated within
the graphene sheets of the graphene material.

5. The composition of any one of claims 1-4, wherein the metal is in a form which
includes metal microflakes which have an average thickness of about 10 nm to about
500 nm.

6. The composition of any one of claims 1-5, wherein the metal is in a form which
includes metal microfiakes, and the metal microflakes have an average length of at

least one micron.

7. The composition of any one of claims 1-6, wherein the composition has an
electronic conductivity of at least 7 X 10° S/cm.

8. The composition of any one of claims 1-7, wherein the composition further

comprises at least one polymer.
9. An article comprising the composition of any one of claims 1-8.

10. The article of claim 9, wherein the composition is in the form of a film, sheet, or

membrane.
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11. The article of any one of claims 9-10, wherein the article is a pressure sensor.

12. The article of any one of claims 9-11, wherein the article comprises at least one

matrix material in which the composition of any one of claims 1-8 is embedded.

13. The article of any one of claims 9-12, wherein the article comprises at least one
matrix material in which the composition of any one of claims 1-8 is embedded,
wherein the composition of any one of claims 1-8 is in the form of two separated

films, sheets, or membranes.

14. A method of forming a composition according to any one of claims 1-8, the
method comprising:

preparing a reaction mixture comprising (i) at least one graphene material; (ii)
at least one precursor for the metal; and (iii) a solvent or dispersant system;

reacting the reaétion mixture under conditions sufficient to form the

composition of any one of claims 1-8.

15. The method of claim 14, wherein the reacting step includes a reduction of the

precursor of the metal to the metal.

16. The method of any one of claims 14-15, wherein the method is a one pot

preparation method.

17. The method of any one of claims 14-16, wherein the solvent or dispersant
system comprises a major solvent or dispersant component having a boiling point of
at least 150°C.

18. The method of any one of claims 14-17, wherein the concentration of the (ii)

precursor for the metal is at least 12 mM.

19. The method of any one of claims 14-18, wherein the concentration of the (ii)

precursor for the metal is at least 2.4 M.

20. The method of any one of claims 14-19, wherein the concentration of the (ii)
precursor for the metal is sufficiently high enough to cause creation of metal

microflakes in the composition of any one of claims 1-8.
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