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BULK PREPARATION OF HOLEY
GRAPHENE VIA CONTROLLED CATALYTIC
OXIDATION

CROSS REFERENCE TO RELATED
APPLICATION

This Application claims the benefit of U.S. Provisional
Application No. 61/618,964 filed on Apr. 2, 2012 for “BULK
PREPARATION OF HOLEY CARBON ALLOTROPES.”

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The mvention described herein was made 1n the perfor-
mance of work under a NASA cooperative agreement and by
employees of the United States Government and 1s subject to

the provisions of Public Law 96-517 (35 U.S.C. §202) and
may be manufactured and used by or for the Government for

governmental purposes without the payment of any royalties
thereon or therefore. In accordance with 35 U.S.C. §202, the
cooperative agreement recipient elected to retain title.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to holey graphenes, graphene
nanomeshes, holey carbon nanotubes, or holey carbon
nanofibers, and, more particularly to holey graphenes,
graphene nanomeshes, holey carbon nanotubes, or holey car-
bon nanofibers formed by controlled catalytic oxidation.

2. Description of Related Art

All references listed 1n the appended list of references are
hereby incorporated by reference, however, as to each of the
above, to the extent that such information or statements incor-
porated by reference might be considered inconsistent with
the patenting of this/these mvention(s) such statements are
expressly not to be considered as made by the applicant(s).
The reference numbers 1n brackets below 1n the specification
refer to the appended list of references.

Graphene sheets are two-dimensional, conjugated carbon
structures which are only one or a few atoms thick. They are
currently among the most studied nanomaterials for potential
applications i electronics, energy harvesting, conversion,
and storage, polymer composites, and others.'™* Graphene
sheets with the most 1deal structures are experimentally
obtained via mechanical exioliation (the *“Scotch Tape”
method), which only produces very small quantities.' For the
bulk preparation of graphene, one of the most popular meth-
ods usually starts with strong oxidation of natural graphite
into graphene oxide (GO) that 1s dispersible 1n aqueous solu-
tions as an exfoliated monolayer or few-layered sheets.” The
exfoliated GO sheets may then be chemically or thermally
converted into graphene—or more accurately “reduced
graphene oxide” (rGO). Compared to the graphene sheets
prepared from mechanical exfoliation or chemical vapor
deposition methods, chemically exfoliated rGO sheets usu-
ally have more defects.”>*°

Nevertheless, graphene sheets prepared from any method
always contain intrinsic defects. Typical types of defects on
graphene surface are Stone-Wales (pentagon-heptagon pairs)
or vacancy sites, which are mostly of nanometer sizes.”*°
Recently, there have been a few reports on novel types of
graphene structures which are featured with large pore open-
ings (i.e., holes) on the conjugated carbon surface.”® Com-
pared to conventionally termed defects that often take exten-
stve elforts to observe using high-resolution microscopic
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techniques,’ the pore openings in these novel holey graphene
(h(G) structures are much larger (ranging from a few to hun-
dreds of nanometers) and are thus easily 1dentified. The hG
structures obtained from lithographic methods, often referred
to as “graphene nanomeshes™, usually had spherical hole
geometry with controlled sizes.”™* For example, Bai et al.
took advantage of phase-segregated domains of polystyrene-
poly(methyl methacrylate) diblock copolymers and used
them as the starting templates for the lithographic preparation
of secondary SiO,, nanomesh masks via reactive ion etching.’
The porous S10, mask, on top of a graphene flake, was then
placed under oxygen plasma for the removal of exposed car-
bon atoms underneath. This resulted 1n supported or free-
standing (upon lift-oil) graphene nanomeshes with spherical
holes of a few to tens of nm 1n diameter with various period-
icities.

In another example, Liang et al. reported a very similar
lithographic process but with the use of a porous polystyrene
resist layer obtained with the use of an imprint template.” The
periodic holes on the graphene nanomeshes induced interest-
ing tunable semiconducting properties that may result in tran-
sistor devices for unique electronic applications.

A great obstacle for the nearly perfectly structured
“oraphene nanomeshes™ in applications beyond electronics 1s
that they can be only prepared on a substrate-level and are not
readily scalable. Alternatively, hGs could be obtained from
oxidative methods 1n larger quantities, despite somewhat less
controlled hole geometries, periodicities and size distribu-
tions than the graphene nanomeshes.'> ® For example, Kung
and coworkers reported that the sonication of an aqueous
mixture of dispersed GO and concentrated nitric acid resulted
in GO sheets (and upon reduction, rGO sheets) with holes of
various sizes.>’'® Such hG films obtained via filtration
showed high performance 1n lithium 10n storage, which was
attributed to enhanced 1on diffusion channels due to the holes
on the graphitic surface. In another report, Star and coworkers
found that a mild enzyme treatment using horseradish per-
oxidase could catalyze the oxidation of GO, resulting in holey
GO sheets with hole sizes gradually increased over the course
of the reactions (up to a few weeks)."’ It was interesting that
the same enzyme treatment was ineffective toward rGO,
which were attributed to less dynamic enzyme functions.

It 1s a primary aim of the present invention to provide
carbon allotropes or graphene nanomeshes.

It 1s an object of the 1nvention to provide carbon allotropes
formed by controlled catalytic oxidation.

It 1s an object of the invention to provide carbon allotropes
in scalable quantities.

It 1s an object of the 1nvention to provide carbon allotropes
with minimal defects.

It 1s an object of the invention to provide a facile and well
controllable method for preparing carbon allotrope struc-
tures, which contain holes on the surfaces etched via catalytic
oxidation of graphitic carbon by deposited metallic nanopar-
ticles, such as silver (Ag), gold (Au), or platinum (Pt) nano-
particles, or metallic oxide nanoparticles, or combinations
thereof.

It1s a further object of the invention to provide a method for
preparing carbon allotrope structures which has controlled
hole sizes on the graphitic surface.

It1s a further object of the invention to provide a method for
preparing carbon allotrope structures which 1s readily scal-
able.

Finally, 1t 1s an object of the present invention to accom-
plish the foregoing objectives 1n a simple and cost effective
manner.
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The above and further objects, details and advantages of
the mvention will become apparent from the following
detailed description, when read in conjunction with the
accompanying drawings.

SUMMARY OF THE INVENTION

The present invention addresses these needs by providing a
method for forming holey graphenes by a controlled catalytic
oxidation of the graphene surface using metallic or metal
oxide nanoparticles. The method includes the steps of pro-
viding a carbon allotrope 1n solid form, depositing carbon
oxidation catalyst nanoparticles on the surface of the carbon
allotrope sheet 1n a facile, controllable, and solvent-iree pro-
cess to yield an carbon oxidation catalyst-carbon allotrope
material, subjecting the resulting carbon oxidation catalyst-
carbon allotrope matenal to a thermal treatment 1n air, selec-
tively oxidizing the carbons in contact with the carbon oxi-
dation catalyst nanoparticles into gaseous byproducts, and
removing the carbon oxidation catalyst nanoparticles such
that the holes remain in the surface of the carbon allotrope.
The carbon allotrope 1s preferably graphene, graphene oxide,
reduced graphene oxide, thermal exfoliated graphene,
graphene nanoribbons, graphite, exiohated graphite,
expanded graphite, single-walled carbon nanotubes, double-
walled carbon nanotubes, multi-walled carbon nanotubes,
carbon nanofibers, carbon fibers, carbon black, amorphous
carbon, or fullerenes. The carbon oxidation catalyst may be a
transition metal, a rare earth metal, an oxides, or a combina-
tion thereot. Most preferably, The carbon oxidation catalyst s
Fe, Co, N1, Ru, Rh, Pd, Os, Ir, Pt, Cu, Ag, or Au. In a preferred
embodiment, the carbon oxidation catalyst nanoparticle -car-
bon allotrope 1s prepared by heating a mixture of a metal salt
precursor and a carbon allotrope at an elevated temperature
whereby the metal salt precursor 1s decomposed 1n an inert
atmosphere with the elevated temperature being between 100
to 500° C. and most preferably 350° C. The metal salt pre-
cursor 1s preferably a compound with organic groups or 1nor-
ganic groups and more preferably metal acetate, metal acety-
lacetonate, metal nitrate, metal halides, or combinations
thereot. The heating may be provided by energy input such as
thermal, electrical, mechanochemical, electrochemical, elec-
tron bombardment, i1on bombardment, electromagnetic, or
combinations of those. In a preferred embodiment, the carbon
oxidation catalyst nanoparticle 1s 1 a concentration of
between 0.1 mol % and 20 mol %. The oxidation step pret-
erably occurs at a temperature between 150° C. and 500° C.
The carbon oxidation catalyst nanoparticles may preferably
be removed by treatment 1n acid at temperatures between
ambient and the temperature to reflux the acid and the acid 1s
most preferably nitric acid, hydrochloric acid, sulturic acid,
acetic acid, chlorosulionic acid, phosphorous acid or combi-
nations thereof. The resulting holey carbon allotrope 1s incor-
porated into an electrode as a platform for an electrochemical
device. Electrodes may be prepared according to the method
described herein. In particular, this method may be use to
form hole graphene by providing a graphene sheet and depos-
iting Ag nanoparticles on the surface of the graphene sheet. In
this particular embodiment, the steps are as set out previously.
The Ag nanoparticles are 1n the form of metallic silver 1n a
concentration ol between 0.1 mol % and 20 mol %. The Ag
nanoparticles are removed by treatment 1n diluted nitric acid
at temperatures between ambient and the temperature to

reflux the acid.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete description of the subject matter of the
present invention and the advantages thereotf, can be achieved
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by reference to the following detailed description by which
reference 1s made to the accompanying drawings in which:

FIG. 1a shows a TEM 1mage of (Ag—G), samples;

FIG. 16 shows a TEM 1mage of (Ag—G),, samples, the
inset 1s a SEM 1image showing the flat interface morphology
of a Ag nanoparticle on a graphene sheet;

FIG. 1¢ shows XRD patterns of the same samples: (Ag—
(), (bottom) and (Ag—G),, (top):

FIG. 1d shows an XPS spectrum 1n the Ag 4d core level
region for the (Ag—G),, sample;

FIG. 2a shows a lower magnification SEM 1mage of a
(Ag—G@),, sample subjected to air oxidation at 300° C. for 3

hours showing both holes and tracks;
FIG. 2b shows SEM 1mages of a (Ag—G),, sample sub-

jected to air oxidation at 300° C. for 3 hours showing areas

enriched with lower aspect ratio holes;
FIG. 2¢ shows SEM 1mages of a (Ag—GQ),, sample sub-

jected to air oxadation at 300° C. for 3 hours showing areas
enriched with high aspect ratio holes (1.e., tracks);

FIG. 2d shows a TEM 1mage at higher magnification of a
(Ag—Q),, sample subjected to air oxidation at 300° C. for 3
hours showing the morphology of a hole;

FIG. 3a shows DTG curves (atr, 5.4° C./min) of the (Ag—
G),, (top) and (Ag—G), (middle) samples 1n comparison
with the starting graphene sample (G, bottom);

FIG. 3b shows the 1sothermal regions of the TGA traces of
the same (Ag—G),, sample heated to and held at the denoted
temperatures (from top to bottom: 250, 300, 350, 400, 450,
500° C.) 1n a1r for 3-10 h;

FIG. 4a shows a TEM 1mage of the same (Ag—G),,
sample oxidized 1n air at 250° C.;

FIG. 4b shows a TEM i1mage of the same (Ag—G),,
sample oxidized 1n air at 350° C.;

FIG. 4c shows a TEM 1mage of the same (Ag—G),,
sample oxidized 1n air at 400° C., shown 1n the 1nset are two
graphene sheets with small (<500 nm) lateral dimensions as a
result of catalytic oxidation;

FIG. 5a shows XRD patterns of a (Ag—G), , sample before
(black) and after (red) catalytic oxidation in air, the inset
shows the enlarged Ag (111) peak region;

FIG. 5b shows XPS Ag 4d spectra of the same (Ag—(),,
sample after catalytic oxidization in air at various tempera-
tures: 250, 300, 350 and 400° C. ({from bottom to top);

FIG. 6a shows a SEM 1mage of a hG, sample;

FIG. 6b shows a TEM 1mage of a hGG, sample acquired at
the exactly the same location as the corresponding image
shown in FIG. 6a;

FIG. 6¢ shows a SEM 1mage of a hG, , sample;

FIG. 6d shows a TEM 1mage of a hG,, sample acquired at
the exactly the same location as the corresponding image
shown 1n FIG. 6¢;

FIG. 6e shows a SEM 1mage of a control graphene sample;

FIG. 6f shows a TEM 1mage of a control graphene sample
acquired at the exactly the same location as the corresponding
image shown 1n FIG. 6e;

FIG. 7a shows a TEM 1mage of a hG,, sheet;

FIG. 756 shows an electron diffraction pattern taken from
the area indicated 1n FIG. 7a;

FIG. 7c shows an electron diffraction pattern taken from
the area indicated in FIG. 7a;

FIG. 7d shows an electron diffraction pattern taken from
the area indicated in FIG. 7a;

FIG. 8a shows XPS C 1s spectra of a hG,, sample (top,
red), a hG, sample (middle, blue), and a control graphene
sample that was only refluxed 1n nitric acid under the same
Step 111 conditions (bottom, black);
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FI1G. 85 shows Raman spectra of ahG, , sample (top), ahG,
sample (middle), and a control graphene sample that was only

refluxed in nitric acid under the same Step III conditions
(bottom );

FIG. 9a shows a SEM 1mage of a hG, , sheet obtained from
a larger scale (~2.1 g) preparation;

FIG. 96 shows a photo of melt-extruded ribbons of neat
Ultem (golden colored) and 1% hG, ,-filled Ultem composite
(black colored);

FIG. 9¢ shows a comparison of the ultimate strengths of

neat Ultem, 1 wt % graphene-filled Ultem composite (1%
G-Ultem), and 1 wt % hG,,-filled Ultem composite (1%

hG, ,-Ultem);

FIG. 94 shows a comparison of Young’s moduli of neat
Ultem, 1 wt % graphene-filled Ultem composite (1% G-Ul-
tem), and 1 wt % hG, ,-filled Ultem composite (1% hG,-
Ultem);

FIG. 10a shows a SEM 1mage showing the catalytic oxi-
dation of MWNT's 1n air at 300° C. of with 10 mol % Ag;

FIG. 105 shows a SEM 1mage showing the catalytic oxi-
dation of MWNTs 1n air at 300° C. of with 5 mol % Au;

FIG. 10¢ shows a SEM 1mage showing the catalytic oxi-
dation of graphene 1n air at 300° C. of with 5 mol % Au;

FIG. 104 shows a SEM 1mage showing the catalytic oxi-
dation of graphene 1n air at 300° C. of with 5 mol % Pt;

FIG. 11 shows a SEM 1mage of a (Ag—G), , sample sub-
jected to thermal treatment at 300° C. 1n air for 10 hours;

FI1G. 12 shows DTG curves (air, 5.4° C./min) of the hG10
and hG1 samples 1n comparison with the starting graphene
sample;

FIG. 13a shows preliminary electrochemical evaluations
in the form of cyclic voltammetry curves of a h(G10 electrode
at scanning rates from 10 (most inner curve) to 300 mV s-1
(most outer curve);

FIG. 135 shows preliminary electrochemical evaluations
in the form of specific capacitance values of h(G10 1 com-
parison with those of a control graphene sample (with 2 hours
nitric acid reflux only); and

FIG. 14 shows the steps of the method described herein.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The following detailed description 1s of the best presently
contemplated mode of carrying out the invention. This
description 1s not to be taken 1n a limiting sense, but 1s made
merely for the purpose of illustrating general principles of
embodiments of the invention. The embodiments of the
invention and the various features and advantageous details
thereol are more fully explained with reference to the non-
limiting embodiments and examples that are described and/or
illustrated 1n the accompanying drawings and set forth 1n the
following description. It should be noted that the features
illustrated in the drawings are not necessarily drawn to scale,
and the features of one embodiment may be employed with
the other embodiments as the skilled artisan recognizes, even
iI not explicitly stated herein. Descriptions of well-known
components and techniques may be omitted to avoid obscur-
ing the mvention. The examples used herein are intended
merely to facilitate an understanding of ways in which the
invention may be practiced and to further enable those skilled
in the art to practice the invention. Accordingly, the examples
and embodiments set forth herein should not be construed as
limiting the scope of the invention, which 1s defined by the
appended claims. Moreover, it 1s noted that like reference
numerals represent similar parts throughout the several views
of the drawings.
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Structural manipulations of the two dimensional graphene
surface have been of significant interest as a means of tuning,
the properties of the nanosheets for enhanced performance in
various applications. A straightforward yet highly scalable
method 1s described to prepare bulk quantities of “holey
graphenes”, which are graphene sheets with holes ranging
from a few to over 100 nm 1n diameter. The approach to their
preparation takes advantage of the catalytic properties of
certain metal oxides or metals, such as silver (Ag), nanopar-
ticles toward the air oxidation of graphitic carbons. In the
procedure, Ag nanoparticles were first deposited onto the
graphene sheet surface 1n a facile, controllable, and solvent-
free process. The catalyst-loaded graphene samples were then
subjected to thermal treatment 1n air. The graphitic carbons 1n
contact with the Ag nanoparticles were selectively oxidized
into gaseous byproducts such as CO or CO,, leaving the
graphene surface with holes. The Ag catalysts were then
removed via refluxing 1n diluted nitric acid to obtain the final
holey graphene products. The average size of the holes on the
graphene was found to strongly correlate with the size of the
Ag nanoparticles and thus could be conveniently controlled
as previously established by adjusting the silver precursor
concentration. In addition, the temperature and time of the air
oxidation step as well as the catalyst removal treatment con-
ditions were found to strongly atfect the morphology of the
holes. Characterization results of the holey graphene products
suggested that the hole generation might have started from
defect-rich regions present on the starting graphene sheets. As
a result, the remaining graphitic carbons on the holey
graphene sheets were highly crystalline, with no significant
increase of the overall defect density despite the presence of
structural holes. Preliminary experiments were also pre-
sented on the use of holey graphene sheets as fillers for
polymeric composites. The results indicated that these sheets
might be better reinforcing fillers than the starting graphene
sheets due to their holey nature. Other unique potential uses
of these materials are 1n energy storage applications.

This mnvention 1s a facile and well controllable procedure to
prepare holey graphene structures, which contain holes on the
graphene surfaces etched via catalytic oxidation of graphitic
carbon by deposited metal oxide or metallic nanoparticles. In
comparison to the afore-mentioned literature methods to pre-
pare holey graphenes, the technique described herein 1s not
only versatile 1n that 1t provides controlled hole sizes on the
graphitic surface, but also readily scalable. This enables more
convenient use of these materials 1n many applications that
require bulk quantities, such as polymeric composites and
energy storage.

In a preferred embodiment of this method, the commer-
cially available starting graphene material 1s prepared from a
process similar to the thermal reduction/extoliation of GO
[“thermally exfoliated graphene” (TEG)'?]. The preparation
of holey graphenes (h(3) 1s a 3-step process from the starting
graphene material, namely the catalyst deposition, the cata-
lytic oxidation, and the catalyst removal. Detailed observa-
tions from each step are discussed below.

Step I: Catalyst Deposition. In the first step, catalytic nano-
particles, such as Ag, are deposited onto the graphene surface
to yield Ag nanoparticle-decorated graphene (Ag—G). This
1s achieved using a solvent-free and highly scalable deposi-
tion process, which was previously established with multi-
walled carbon nanotubes IMWNTs) as the supporting sub-
strate.*“"** In the present method, a metal salt such as silver
acetate and graphene are mixed at a desirable ratio 1n the
solid-state and subsequently subjected to thermal treatment 1n
anitrogen atmosphere. Under elevated temperature (350° C.),
silver acetate 1s thermally decomposed into Ag metal, in the
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form of nanoparticles with the presence of graphene as the
supporting substrate, with volatile byproducts such as CO,,
CO, and water. The metallic Ag nanoparticles are well-dis-
tributed on the graphene surface, as shown in the transmission
clectron microscopy (TEM) images i FIGS. 1a and 15. As
also 1indicated by the microscopic results, the surface of the
graphene remains intact after the reaction, with occasional
defects and wrinkles, similar to that of the starting graphene
sample.

Like the previously reported Ag-MWNT system,””>* the
s1zes of Ag nanoparticles 1n the Ag—G samples are conve-
niently controlled by varying the starting silver acetate to
graphene ratio. Generally, larger amounts of silver acetate
typically result in Ag nanoparticles of similar population but
with larger average sizes. This could be attributed to the
limited amount of metal anchoring sites that are likely asso-
ciated with graphene surface defects. For example, the use of

1 (FIGS. 1a) and 10 mol % (FIG. 1b) silver acetate (equiva-

lent to ~9 and 47 wt % Ag-to-C) yields graphene-supported
Ag nanoparticles with average sizes of ~10 and ~21 nm,
respectively. These two samples are designated as (Ag—G),
and (Ag—G@Q),,, respectively. The nanoparticle growth 1n the
Ag—G samples appears to use the local graphene surface as
a template, as suggested by the flat interface indicating an
intimate contact between Ag nanoparticles and the graphene
support. A scanning electron microscopy (SEM) image of an
example with an Ag nanoparticle “sitting” on a wrinkled part
of graphene 1s shown 1n the FIG. 15 1nset. The contact angle
between the Ag nanoparticle and the graphene surface 1s
smaller than 90°. In other words, the diameter of the contact
area 1s somewhat smaller than that of the Ag nanoparticle.
This 1s typically seen for all Ag—G samples as well as those
using other metal salt precursors such as gold acetate, palla-
dium acetate, or platinum acetylacetonate.

X-ray diffraction (XRD) analysis of these samples (FIG.
1c) shows the broad graphene (002) peak at c.a. 26° and
typical peaks for Ag° (ICDD 04-0783) at 38.1°, 44.3°, 64.5°,
and 77.4°, corresponding to the (111), (200), (220), and (311)
crystal planes, respectively. Those for silver acetate precur-
sors (ICDD 14-0733; e.g. 29.2°) are absent, suggesting the
tull decomposition of silver acetate into Ag metal. The spectra
from X-ray photoelectron spectroscopy (XPS) (FIG. 1d)
exhibit sharp Ag 3d,,, and 3d,, peaks at 374.4 and 368.4 eV,
also consistent with the presence of metallic Ag.

Step 11: Catalytic Oxidation. In this step, the metal oxide or
metal nanoparticle decorated graphene samples are subjected
to controlled air oxidation via heating in an open-ended tube
turnace. For example, as shown in FIG. 2a, after treatment of
a (Ag—QG),, sample at 300° C. for 3 hours, a significant
number of holes appeared on the orniginally intact graphene
surfaces. Most of the holes are associated with at least one Ag
nanoparticle. Some holes also appeared as tracks, which are
apparently associated with the directional movements of the
attached Ag nanoparticles under the given conditions (FIG.
2b), likely due to etching-induced motions (see more below).
Nevertheless, Ag nanoparticles with larger sizes typically
yield holes of larger diameters (or tracks of larger widths).
Each hole or track might not have originated from only one
Ag nanoparticle since those from multiple adjacent Ag nano-
particles could merge to form branched tracks (FIG. 2¢) or
one single hole (FIG. 2d). The procedure 1n Step I where
nitrogen atmosphere 1s used could be viewed as the control
reaction for Step II 1n which the same Ag—G material 1s
heated 1n air instead. Therefore, the above observations
clearly indicate that Ag nanoparticles catalyze the oxidation
of the graphene carbon atoms that are in contact with them,
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while the carbons that are not associated with the noble metal
nanoparticles remain unaffected in the graphene structure.

In fact, the catalytic role of Ag nanoparticles to the oxida-
tion of graphitic carbon has been known for a few decades and
sometimes referred to as ““catalytic carbon gasification” as
CO and CO, are generated in the process.”> More recently,
Severin et al. reported the formation of “trenches™ on highly
oriented pyrolytic graphite (HOPG) substrates, similarly
induced by the etching activity of Ag nanoparticles.** Mecha-
nistically, 1t 1s conceivable that the Ag-catalyzed thermal oxi-
dation of graphene starts at the peripheral of the well-con-
formed Ag-graphene contact area (example shown 1n FIG. 15
inset) where the O, molecules have the most direct access.
Since the graphene sheets are only one to a few layers 1n
thicknesses, the catalytic oxidation of carbon on the graphene
sheets 1s able to penetrate through all layers in most occa-
S101S.

Although the diameter of the Ag-graphene contact area 1s
smaller than the corresponding Ag nanoparticle, the diam-
cters of the holes (including the widths of the etching-induced
tracks) could be equivalent or even slightly larger than the
diameter of the corresponding Ag nanoparticles at higher
oxidation degrees. This might be due to the unbalanced etch-
ing-induced motions of non-spherical Ag nanoparticles.
According to Severin et al.,”” the motions of Ag nanoparticles
on graphitic surfaces should be self-rotations along with
movements in a slightly spiral and sometimes zigzag fashion.
The rather rough edges of the holes and tracks (FIGS. 2¢ and
2d) might also have originated from such unbalanced move-
ments of Ag.

The lengths of the observed tracks vary from a few tens of
nm to more than 100 nm for the sample shown in FIGS. 2a-24.
However, there seems to be no clear dependence of the track
length on the size of the corresponding Ag nanoparticle,
which varies from sheet to sheet and sometimes even on the
same sheet. Several parameters might have to be taken into
account to understand this. For example, the local oxygen
availability 1n the heated solid sample (sheet-to-sheet ditfer-
ence) and the local surface defect structure of the given
graphene sheet (difference within the same sheet) should be
among the critical factors. Nevertheless, Ag—G samples that
are subjected to longer oxidation treatments tend to have
longer tracks, corresponding to higher oxidation extent (see
FIG. 11 showing very long and irregular Ag-etched tracks
indicating that most catalytic Ag nanoparticles in this region
had probably dissociated from the graphene sheet).

Ag-induced catalytic oxidation of graphene was also mnves-
tigated using thermal analysis methods, such as thermogravi-
metric analysis (TGA) and differential thermogravimetric
analysis (DTGQG). For consistent comparison, 1n this method,
the heating rate 1s kept at 5.4° C./min and the air flow rate 1s
at 50 mL/min. As shown in the DTG traces 1in FIG. 3a, 1in the
absence of Ag nanoparticles, the control sample consisting of
the starting graphene do not exhibit weight loss until ~470° C.
while the peak of weight loss occurs at ~605° C. After depo-
sition of Ag nanoparticles, the weight loss threshold signifi-

cantly reduces to ~370° C. (peak at 534° C.) for a (Ag—G),
sample and further to ~250° C. (peak at 468° C.) for a (Ag—
(3),, sample. These results indicate that Ag nanoparticles act
as catalysts and reduce the activation energy of graphene
oxidation so that it occurs at a much lower temperature. The
fact that a higher Ag loading results 1n amore reduced decom-
position threshold i1s understandable as more graphene sur-
face 1s 1n contact with larger-sized Ag nanoparticles.

To further investigate the effect of catalytic oxidation tem-
perature, the same (Ag—G),, sample 1s heated to tempera-
tures between 250 and 500° C. with the same heating rate
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(5.4° C./min) and 1sothermally held for 3-10 hours. As shown
in the 1sothermal part of the TGA curves (FIG. 35), the (Ag—
(3),, sample exhibits different rates of weight loss at various
hold temperatures. In particular, at lower temperatures (350°
C. and lower), the low oxidation rates make the 1sothermal
curves look close to pseudo-plateaus even though the oxida-
tion 1s still ongoing. This result suggests that the Ag-catalyzed
graphene oxidation can be controlled at a desirable degree of
carbon loss 1n a wide range by simply controlling the hold
temperature with appropriate hold time. For example, the
remaining weight percentages of the (Ag—G),, samples
heated to 250 and 350° C. 1n air and held for 3 hours were 93
and 83 wt %, respectively. At 500° C., the weight loss after 3
hours 1s ~50 wt %, indicating that there was a nearly complete
oxidation of graphene with essentially no carbon left behind
considering that Ag consisted of ~47 wt % of the starting
(Ag—Q),, sample.

TEM mmages of the (Ag—G),, samples treated at various
temperatures are consistent with the thermal analysis results.
At the same hold time of 3 hours, the sample treated at 250°
C. (FIG. 4a) 1s quite stmilar to the one treated at 300° C. (FIG.
2) except for somewhat less Ag nanoparticle coalescing and
shorter tracks. When treated at 350° C., the Ag nanostructures
coalesce and larger holes are apparent (FIG. 4b). Many
graphene sheets break 1into smaller pieces—mostly with lat-
eral sizes less than 500 nm (FIG. 45 1nset), while those of the
original graphene sheets are usually over a few micrometers.
This lateral size reduction of the graphene sheets 1s appar-
ently the result from excessive oxidative etching. At treatment
temperatures over 400° C., only a small amount of remaining,
carbon species are seen attached to large Ag clusters (FIG.
dc), suggesting the occurrence of overwhelming carbon oxi-
dation.

XRD and XPS characterization on the Ag element for the
same (Ag—Q),, samples treated at various temperatures 1s
also consistent with the above observations. For example,
XRD of the (Ag—G),, samples after treatment at 300° C.
(FIG. 5a) shows the same Ag peaks but narrower, consistent
with the increased Ag nanoparticle size due to coalescing.
Interestingly, the Ag peaks also shiit to higher 20 values (e.g.
by ~0.04° for (111) peak), which 1s likely the indication of
stress release 1n the Ag crystalline structure upon etching
away the supporting graphene that 1s originally 1n close con-
tact.>> In XPS (FIG. 5b), the Ag 3d signals (374.3 and 368.3
¢V) exhibit little change (some marginal broadening) when
the (Ag—GQ),, samples are treated 1n air at temperatures not
higher than 350° C., suggesting the consistently active cata-
lytic role from metallic Ag species in the temperature range.
However, significant splitting of the Ag 3d signals toward
lower kinetic energy value (373.7 and 367.7 €V) 1s observed
for the sample treated at 400° C., indicating that the Ag phase
was severely oxidized while a majority of the carbon was
evaporated.

The use of higher oxidation temperatures (>3350° C.)
results 1n final samples of low carbon yield with high oxida-
tive carbon content (from XPS; not shown), smaller lateral
dimensions of graphene sheets, and highly irregular hole
structures. Consequently, the Step III discussions below are
focused on samples that are air treated at 300° C. for 3 hours.

Step III: Catalyst Removal. In order to remove the Ag
catalysts, the partially oxidized Ag—G samples from Step 11
(oxidation temperature at 300° C.) are retluxed with diluted
(2.6 M) nitric acid. The solid 1s then extensively washed with
water followed by drying. In this process, the catalytic Ag
nanoparticles are completely removed from the samples since
nitric acid oxidized metallic Ag mto Ag™ (1.e., AgNO,). The
Ag salt 1s soluble 1n the aqueous dispersion and effectively
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removed with repeated washing. No Ag nanoparticle 1s found
by microscopic analysis of the final products. In addition, the
lack of Ag signals for these samples analyzed using both XPS
and XRD confirms the complete removal of the metal.

Electron microscopy 1mages shown 1n FIG. 6 are from an
instrument (Hitachi S-5200) that 1s equipped with capabilities
of acquiring 1mages under both secondary electron (SE) and
transmitted electron (TE) modes (1.e., SEM and TEM) con-
veniently at the same area. The SEM 1mages (FIG. 6 leit side,
a, ¢, €) emphasize the top surface morphology, while the
corresponding TEM 1mages of the same area (FIG. 6 right
side, b, d, 1) allow observations through the thickness of the
specimens. It 1s apparent from these images (FI1G. 6a-d) that
the final samples after Step I1I catalyst removal exhibit dis-
tinct hole structures on the Ag-iree graphitic surfaces. There-
fore, these samples are referred to as “holey graphene”
samples, or hGs. The holes 1n these samples penetrate the
entire thicknesses of most hG nanosheets. The apparent hole
densities of some hG sheets 1n TEM 1mages are sometimes
denser than those seen 1n the corresponding SEM images,
suggesting that these sheets are more likely stacks of several
sheets. As a control, a (Ag—G),, sample without the Step 11
catalytic oxidation treatment 1s also subjected to refluxing 1n
nitric acid (Step 111 Ag-removal process). The recovered Ag-
free graphene sheets, in contrast to the highly holey hG
sheets, retain their original intact appearance and are appar-
ently unaffected by this treatment (FIGS. 6e & ).

As discussed in the previous sections, higher Ag catalyst
content in the Ag—G samples leads to a larger average size of
the Ag nanoparticles and results in overall larger holes (in-
cluding wider tracks) upon catalytic oxidation. After the nitric
acid treatment to remove the Ag, the relative sizes of the holes
in the hG samples imnherit such dependence. For example, as
shown clearly 1n FIG. 6, the hole sizes of the hG sample from
a (Ag—Q),, sample (designated as hG, ,) ranges from ~10 to
over 100 nm (~22 nm 1n average diameter), much larger than
that of one started with (Ag—G), (designated as hG, ), which
1s ~5 nm 1n average diameter. The hGG, sample has a lower
oxidation degree with the same treatment temperature, mak-
ing i1ts average hole size closer to the Ag-graphene contact
area (smaller than the average diameter of catalytic Ag nano-
particles). In contrast, the hG,, sample with a higher oxida-
tion degree—due to large Ag-graphene contact area as well as
lower oxidation threshold—has holes with diameters closer
(and sometimes even larger due to hole merging) than the
s1zes of the original catalytic Ag nanoparticles. The wider size
distribution of the holes in the hG, o0 sample 1s a combined
result from the nitial wide distribution of the catalytic Ag
nanoparticles and the inhomogeneous etching of the
graphene sheets due to the 1irregular shapes of the catalysts as
previously discussed. Nevertheless, this result demonstrates
that the hole sizes of the hG samples can be controlled, to a
consistent degree, by varying the loading, and thus the aver-
age size, ol the catalytic Ag nanoparticles.

In comparison to the hole morphology before Ag catalyst
removal (FIG. 2d), the edges around the holes 1n the hG
samples appear to be somewhat smoother (FIG. 6). Although
there are still track-like holes, their population seems to be
qualitatively less than those seen from Step II. These obser-
vations indicate that the excess hot diluted nitric acid, a mildly
strong oxidant, might also attack the hole edges of the air-
oxidized Ag—G samples where the dangling carbons are the
most vulnerable. As aresult, some weakly associated carbons
at the edges of the holes are removed, which occasionally
induces the merging ol adjacent holes. The variation of
refluxing time (up to 24 hours) does not significantly atfect
the hole morphology of the final hG samples. In addition,




US 9,120,677 B2

11

simply stirring the air-oxidized Ag—G samples with the
same diluted nitric acid, but at room temperature, also results
in similar Ag removal and hole morphology. However, reflux-
ing with concentrated (70%) nitric acid also removes Ag but
leads to smaller sheets with diminished hole structures likely 5
due to excessive oxidation of carbon under the much stronger
oxidative condition. Nevertheless, since nitric acid 1s known
to 1ntroduce oxygen-containing groups, such as carboxylic
acids, to sp carbon allotropes,™* the flexibility of using vari-
ous concentrations ol mitric acid may allow fine tuning of the 10
concentration of these functional groups for subsequent
chemical modification as needed for specific applications. It
1s 1nteresting to compare these observations to the catalyst-
free hG preparation reported by Kung and co-workers, who
sonicated GO sheets with concentrated nitric acid for hole 15
generation.'> Apparently, without prior catalytic air oxida-
tion, much more severe wet oxidation conditions were
required in that case, perhaps rendering the process somewhat
less controllable 1n terms of size and morphology ofthe holes.

Despite the holey appearance, the remaining graphitic 20
structures 1n the as-prepared hG sheets are still highly crys-
talline, especially when a milder nitric acid treatment 1s used.

As shown 1n FIG. 7, electron diffraction patterns taken from
multiple areas of a highly defined hG sheet (a hG,, sample
from 8 hours refluxing with 2.6 M nitric acid) show distinct 25
hexagonal patterns that are similar to those from typical
unmodified graphene sheets.”® In particular, the somewhat
broad pattern 1n FIG. 75 that corresponds to an area of ~1.5
um 1n diameter 1s typical for graphene sheets with wrinkles
and rotational stacking faults commonly seen 1n rGO 30
samples.”” The rotational stacking faults are more clearly
observed 1n the pattern shown in FIG. 7¢, which corresponds

to a smaller area o1 ~200 nm 1n diameter. This pattern consists

of two hexagons that are oflset by ~5°, which might be attrib-
uted to the rotational fault between two well-crystallized 35
AB-stacked graphene few-layers (the contrast of the sheet
suggests that they were not likely monolayers). The electron
diffraction pattern from another area of ~200 nm 1n diameter
(FIG. 7d) only shows one hexagon set, suggesting that the
local area 1s of perfect AB stacking order. The angle position 40
of this single hexagon set also matches the one 1n FIG. e,
indicating that the two widely separated areas (~1.5 um 1n
distance) originate from a single crystalline graphene sheet of
long-range order.

Various thermal and spectroscopic characterization results 45
are also consistent with the data from electron difiraction
measurements. For example, the weight loss threshold and
peak temperatures ol the DTG curves of hG, and hG,,
samples (see FI1G. 12) nearly recover to the original values for
the starting graphene sample, 1n clear contrast to the weight 50
loss characteristics of the Ag-catalyzed oxidation shown 1n
FIG. 3a. The C-1s core level signals of the XPS spectra of hG;,
and hG,, samples (FIG. 8a) are almost identical to that of a
control graphene sample after the same nitric acid treatment
process. It 1s well-known that the C-1s signals of carbon 55
species can be deconvoluted into a peak at ~284.5 eV asso-
ciated with graphitic (sp”) carbons and others at higher
kinetic energies assigned to various oxidized carbons (e.g.,
C—0 at ~285.9 ¢V, C=0 at ~287.4 ¢V, and COQO at ~289.2
¢V). The lack of change 1n either graphitic or oxidized carbon 60
region for the hG samples 1n comparison to the control sample
indicates that there 1s little oxidation state difference for the
carbons present in these samples. The Raman spectra of these
samples (FIG. 8b) are also nearly 1identical. In particular, there
1s no meamngiul change to the relative intensity of D-(~1305 65
cm™) and G-(~1590 cm™') bands or the peak positions or
widths of these bands. While these parameters are all related

12

to the relative defect concentrations of graphene samples, the
lack of change 1n the hG samples strongly suggests that the
entire process does not mtroduce additional defects to the
overall graphitic structure. This Raman data seems different
from the literature reports on hG sheets prepared from other
methods,'®"” which might be due to different etching mecha-
nisms. Nevertheless, these characterization results are con-
sistent with the hypothesis that the initial Ag catalyst deposi-
tion 1s mostly at the intrinsic defect sites of the starting
graphene sheets. As such, the subsequent catalytic oxidation
and nitric acid treatment also preferentially target these defect
sites and nearby carbons. Thus, even after the removal of
nearly 30% of carbon, upon the entire process resulting in
highly holey structures with many more edge carbons, the
overall “detfect” (vacancy plus edge) density or the graphitic
carbon content and the oxidation states remains surprisingly
similar. The retained graphitic crystallinity of the hG samples
in this study suggests that many important properties of the
starting graphene sample, such as electron mobility, electrical
conductivity, thermal conductivity, and mechanical proper-
ties, are largely preserved. It 1s these properties of graphene
that make it such an attractive material, so the fact that the hG
samples retain them 1s very important for their subsequent
applications that are dependent upon these properties.

The above 3-step procedure to prepare hG samples 1s
readily scalable. The first two steps are both conducted in the
solid-state, so the limitations only come from the sizes of the
mixing and heating devices. The last step, catalyst removal
via nitric acid treatment, 1s a straightiorward wet process that
can be very conveniently scaled up to the level of multiple
grams. For example, ~10 g of a (Ag—G),, sample (contain-
ing ~5.3 g of graphene) 1s subjected to catalytic air oxidation
at 300° C. for 3 hours to obtain ~8.6 g of catalytically oxidized
(Ag—Q),,. Subsequently, ~3.1 g of this catalytically oxi-
dized sample 1ss refluxed 1n 2.6 M nitric acid for 8 hours and
yields ~2.1 g of hG,,. The overall yield 1s calculated to be
~6'7% with regard to the weight of carbon, consistent with the
yield values for hG samples prepared at smaller scales (~50-
100 mg batches) under similar conditions. This large scale
hG,, product also shows comparable microscopic and spec-
troscopic characteristics as compared to the samples from the
smaller scale batches discussed above. For example, the aver-
age hole size for the hG, , sheets 1n the sample 1s ~20 nm (FIG.
9a), comparable to that for a sample prepared from a smaller
scale (FIG. 6¢). The Raman spectrum and the XPS spectrum
of the sample are also very similar (not shown).

The large scale sample preparation allows for some evalu-
ations of 1ts potential as a composite filler. In an mnitial dem-
onstration, an Ultem polymer (Ultem™ 1000), a melt-pro-
cessable polyetherimide,”® was used as the matrix for the melt
mixing with the hG,, nanofillers. The mixture 1s then
extruded into continuous ribbons of ~1.9 cm 1n width. As
shown 1n FIG. 95, 1n comparison to the yellow colored Ultem
ribbon, the composite ribbon with 1 wt % ot hG,, appears
black but remains highly tlexible. While the specimen pro-
cessing conditions are far from optimized, it 1s interesting to
observe that the ultimate strength and Young’s modulus of the
hG,,-Ultem composite ribbon not only significantly sur-
passes that of the neat polymer ribbon, but is also quite higher
than a composite ribbon with the starting graphene fillers at
the same weight content (FIGS. 9¢ & d). Although the hG
sheets appear highly holey, this result 1s actually not unex-
pected considering that there are more sheets (1n “volume™)
for the same carbon weight in hG-based composites due to the
presence of holes, making hGs lighter materials than intact
graphene. The results also indicate that the hG sheets might
have largely retained, 1f not improved, mechanical strength in
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comparison to the starting graphene from composite strength-
ening point of view. This 1s likely due to the two-dimension-
ally crystalline nature of the remaining graphitic carbons 1n
the hG sheets despite the holey structure.

There are several additional postulations that remain to be
exploited experimentally at the composite level as well as at
the single graphene sheet level. For example, the hG sheets
may be viewed as “graphene nets” that are more flexible than
plain sheets, just like the comparison of a netbag vs. a regular
bag but atamicroscopic scale. In addition, from the viewpoint
of matrix-filler interactions, hGs might also be advantageous
to 1ntact graphene sheets. For instance, the hole structures
might allow polymer penetration or enhanced entanglement
sites leading to more enhanced interactions, which could
potentially be further improved by hole-edge functionaliza-
tion.

The 3-step method to prepare hGs 1s versatile and appli-
cable to various carbon allotropes since the Ag-catalyzed air
oxidation of carbon i1s not unique to graphene sheets. For
example, by heating a Ag nanoparticle-decorated multi-
walled carbon nanotube (“MWNT”) sample at 300° C. for 3
hours, signmificant Ag-induced oxidation of the nanotubes 1s
observed (FIG. 10a). This method may also be followed to
use these partially oxidized samples to prepare “holey carbon
nanotubes”. Other materials which can be used 1n place of the
graphene described in the example above include graphene
oxide, reduced graphene oxide, thermal exfoliated graphene,
graphene nanoribbons, graphite, exiohated graphite,
expanded graphite single-walled carbon nanotubes, double-
walled carbon nanotubes, multi-walled carbon nanotubes,
carbon nanofibers, carbon fibers, carbon black, amorphous
carbon, and fullerenes. In addition, the carbon oxidation cata-
lyst 1s not restricted to Ag; transition metals including rare
carth metals, and their oxides may also be used as the catalyst.
The metals from Group VIIIA (Fe, Co, N1, Ru, Rh, Pd, Os, Ir,
and Pt) and Group IB (Cu, Ag, and Au) are especially pre-
terred. Our preliminary experiments showed that Pt and Au
nanoparticles are both effective catalysts toward MWNT's and
graphene under similar experimental conditions (FIG. 1056-
d). More surveys are being conducted on the search for lower
cost replacements for the noble metal catalysts.” It is inter-
esting to note that some transition metal nanoparticles (such
as Fe, N1, and Co) have been used for graphene surface
ctching under reductive conditions in hydrogen atmo-
sphere.””** The movements of these nanoparticles on the
highly crystalline graphene surface seemed to follow chiral-
ity patterns, as similarly observed by Booth et al. on the
oxidative etching of suspended graphene by sputtering-de-
posited Ag nanoparticles.”> In contrast, the movements of Ag
nanoparticles from catalytic oxidative etching of graphene
observed in this and other prior work>>>** are more irregular.
As discussed previously, the shapes of the catalytic nanopar-
ticles might have played a significant role 1n both reductive
and oxidative etching conditions. It may be predicted that
bulk quantities of holey graphenes with more controlled hole
geometry and morphology are obtained by controlling the
same for the etching catalysts (Ag or others) deposited onto
the graphene sheets followed by either oxidative or reductive
ctching. The metals can be deposited onto the carbon allot-
ropes 1n various ways, including but not limited to sputtering,
clectrochemaical deposition, replacement reaction, spontane-
ous deposition, and solventless deposition. Solventless depo-
sition 1s especially preferred for bulk preparation. It 1s prei-
erable to use a metal compound as the precursor. The
preferable metal compounds include but are not limited to
halides, nitrates, carboxylates, oxalates, acetates, acetylac-
ctonates, and those with any other inorganic or organic func-
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tional groups. The preferred range of temperature for carrying
out the catalytic oxidation 1s between 130° C. and 500° C.

Theoretically, the specific surface area (in m°g™ ") of a hG
sheet should be the same as an intact graphene sheet. How-
ever, 1t 1s known that the actual surface area of carbon nano-
materials is strongly affected by post-processing methods.”>*
38 In the current study, the starting graphene sample 1s from a
thermal exioliation process and thus very lightweight and
flufty with a reasonably high specific surface area of ~390
m~g~ ' measured from the nitrogen adsorption-desorption iso-
therms using the Brunauer-Emmett-Teller (BET) method.
However, post-processing procedures, such as short-term
refluxing 1n nitric acid (with followed work-up steps such as
centrifugation, washing, and drying), significantly density
the sample resulting 1n the reduction of the BET surface area
value (e.g. 370 m*g~" for a graphene sample after 2 hours
reflux in 2.6 M HNO,). The hG samples prepared in this work
are processed under similar conditions. They had measured
BET surface area values in the range of ~280-380 m°g™"',
which can thus be considered similar to the starting graphene
samples. There 1s no doubt this value can be significantly
improved with proper physical/physiochemical treatments
(such as freeze drying,”* chemical activation,”>>>° and other
pore-generation techniques>’~") on the products, which may
then allow full access of the porous (holey) graphitic surfaces
for applications such as energy storage, gas storage, and
catalyst substrates. Our preliminary experiments (see FIGS.
13a and 13b) did show that the hG sheets might be a better
choice of electrode platform for supercapacitors than the
intact starting graphene sheets. It 1s possible that the hG
sheets allow improved 10n transport from the presence of the
holes 1n the electrode consisting of stacked sheets, which was
also similarly suggested previously by Kung and co-workers
in the use of hG papers for lithium ion batteries.'>>'® Never-
theless, much improvement in the capacitance values as well
as specific power/energy of such energy storage devices are
expected once optimizations of hole si1ze and density, specific
surface area, added functionalities (especially at the hole
edges), and electrode architectures are achieved on these
novel materials.

The method disclosed herein 1s a straightiorward proce-
dure to controllably prepare hG sheets with holes of various
s1izes. The 3-step procedure includes the deposition of Ag
nanoparticles onto graphene sheets, the Ag-catalyzed oxida-
tion of graphene 1n air under elevated temperature (typically
at 300° C.), and the refluxing with dilute nitric acid to remove
Ag catalysts. By adjusting the Ag catalyst loading level, the
hole si1zes of the hG sheet products could be tuned 1n a wide
range (average diameter from ~5 to tens of nm demonstrated
in current work). The air oxidation temperature and time
duration in the second step and the intensity of the acid
treatment 1n the last step may also atfect the hole morphology
of the final hG sheets. The procedure was found highly scal-
able and used to produce multiple grams of hG sheets rou-
tinely. It 1s important that the hG sheets, despite their holey
structures, largely retain the two-dimensional graphitic crys-
tallinity as evidenced from a combination of microscopic and
spectroscopic analyses. Therefore, the hG sheets have pre-
served the important properties of intact graphene sheets such
as electrical, thermal, and mechanical properties. This finding
has profound implications on the potential applications of
hGs. For example, the preliminary experiments show that the
hG sheets are better reinforcements for polymer composites
than the starting intact graphene sheets due to their lower
volume density but retained mechanical strength, as well as
possible contributions from their umique “graphene net”-like

structures 1n addition to enhanced matrix-filler interactions
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with the presence of the holes. The conductive nature of hG
sheets and their porous structure may allow them to be used as
advanced electrode materials 1n energy storage applications,
tor which more detailed research 1s currently underway.
Experimental Details
Materials. Silver (I) acetate (99%) was purchased from
Aldrich Chemical Company. Graphene powder (Vor-X;

grade: reduced 070; lot: BK-77x) was provided by Vorbeck
Materials. MWNTs (batch# UK113b) with a diameter range
of ~20-150 nm were purchased from the University of Ken-
tucky. Ultem™ 1000 was obtained from GE Plastics. All
materials and chemicals were used as received.

Measurements. SEM and TEM i1mages were acquired
using a Hitachi S-5200 field-emission SEM system under the
secondary electron (SE) and transmitted electron (TE)
modes, respectively. Electron diffraction patterns and the cor-
responding TEM 1mages were acquired on a JEOL 2000
ficld-emission TEM system. XRD analysis were conducted
on a Siemens D5000 X-ray diffractometer with Cu Ko, as the
radiation source (A=1.5418 A). XPS spectra were obtained on
a ThermoFisher ESCAlab 2350 X-ray Photoelectron Spec-
trometer. Raman spectra were acquired on a Thermo-Nicolet-
Almega Dispersive Raman Spectrometer equipped with exci-
tation lasers with wavelengths of 532 and 785 nm. BET
surface area measurements were conducted on a Quantach-
rome Nova 2200e Surface Area and Pore Size Analyzer sys-
tem. Thermogravimetric (I'GA) and differential thermo-
gravimetric (DTG) traces were obtained on a Seiko TG/DTA
220 (SSC/3200) system. Polymer ribbons specimens were
cut mto strips of ~5 cmx5 mm for mechanical tests, which
were conducted at room temperature using at least 5 speci-
mens on an Instron 5848 Microtester at a gauge length and a
crosshead speed at 20 mm and 10 mm min™', respectively.

Step I—Catalyst Deposition: Ag Nanoparticle-Decorated
Graphene (Ag—G). The procedure was similar to that for Ag
nanoparticle-decorated MWNTs as reported elsewhere.”” In
a typical reaction, the as-obtained graphene powder (100 mg)
and silver acetate powder of the desired ratio (1 or 10 mol %
Ag-to-C, corresponding to ~9 or ~47 wt %) were mechani-
cally mixed for 5 min using a zirconia vial-ball set (SPEX
CertiPrep, ~20 cm” mixing load, 2 balls) with a SPEX Cer-
t1iPrep 8000D high-energy shaker mill. The solid mixture was
then transferred to an appropriate container (e.g. an alumi-
num pan or a glass beaker) and heated 1n a nitrogen oven
(Blue M Electric A-3245-Q) Inert Gas Oven; nitrogen flow
rate ~60-80 cm’min™") to 350° C. over 1 hour and held
1sothermally for 3 hours. The product was then collected as
the (Ag—G), or (Ag—GQ),, sample (the subscript corre-
sponded to the Ag-to-C molar ratio 1n percentage).

Step II—Catalytic Oxidation: Air-Oxidized Ag—G. In a
typical reaction, a Ag—G sample (100 mg) from Step I was
heated 1n air using a open-ended tube furnace or an air oven to
a given temperature (250-400° C.) over ~1 hour and held
1sothermally for 3 hours.

Step III—Catalyst Removal: Holey Graphene (hG). In a
typical reaction, an air-oxidized Ag—G sample (50 mg) was
refluxed 1n diluted nitric acid (2.6 M, 30 mL) for 2 hours to
remove Ag. Upon cooling, the slurry was centrifuged and the
supernatant was discarded. The solid was then repeatedly
washed with water 1n up to ten more redispersion—centrifu-
gation cycles until the supernatant reached neutral (pH>6).
The solid was then carefully dried to obtain the final hG
product. Typical overall yields 1n terms of carbon weight were
approximately 80% and 68% for hGG, and hG,, samples (air
oxidation at 300° C. for 3 h), respectively.

Ultem-Based Nanocomposites. Ultem was used as the
polymer matrix to blend with graphene and hG samples at 1
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wt % for the subsequent melt processing into nanocompos-
ites. The mixing equipment used was a 30 mL half sized

mixer equipped with roller blades (C. W. Brabender) attached
to a RS7500 drive/data collection system (Rheometer Ser-
vices). Each sample was processed for 150 minat 325° C. and
25 rpm with no purge gas. The mixtures were then put through
a chopper/grinder equipped with a mesh screen (hole diam-
eter ~4.76 mm). For ribbon fabrication, the melt-processed
mixtures were extruded through a Laboratory Mixing
Extruder (Dynisco LME) at a rotor temperature of 190° C.
and a head (0.38 mmx19.1 mm) temperature of 350° C. for
both the blank Ultem sample and the nanocomposites with 1
wt % graphene or hG fillers.

Obviously, many modifications may be made without
departing from the basic spirit of the present invention.
Accordingly, it will be appreciated by those skilled 1n the art
that within the scope of the appended claims, the mnvention
may be practiced other than has been specifically described
herein. Many 1mprovements, modifications, and additions
will be apparent to the skilled artisan without departing from
the spirit and scope of the present invention as described
herein and defined 1n the following claims.
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What 1s claimed 1s:

1. A method for forming a holey carbon allotrope, com-
prising;:

providing a carbon allotrope 1n solid form;

depositing carbon oxidation catalyst nanoparticles on the

surface of the carbon allotrope sheet 1n a facile, control-
lable, and solvent-1ree process to yield a carbon oxida-
tion catalyst-carbon allotrope material;
subjecting the resulting carbon oxidation catalyst-carbon
allotrope matenal to a thermal treatment 1n air;

selectively oxidizing the carbons 1n contact with the carbon
oxidation catalyst nanoparticles mto gaseous byprod-
ucts; and

removing the carbon oxidation catalyst nanoparticles such

that the holes remain 1n the surface of the carbon allot-
rope and penetrate completely therethrough.

2. The method of claim 1 wherein the carbon allotrope 1s
selected from the group consisting of graphene. graphene
oxide, reduced graphene oxide, thermal exfoliated graphene,
graphene nanoribbons, graphite, exiohated graphite,
expanded graphite, single-walled carbon nanotubes, double-
walled carbon nanotubes, multi-walled carbon nanotubes,
carbon nanofibers, carbon fibers, carbon black. amorphous
carbon, fullerenes and combinations thereof.

3. The method of claim 1 wherein the carbon oxidation
catalyst 1s selected from the group consisting of transition
metals, rare earth metals, oxides, and combinations thereof.

4. The method of claim 1 wherein the carbon oxidation
catalyst 1s selected from the group consisting of Fe, Co, N,

Ru, Rh, Pd, Os, Ir, Pt, Cu, Ag, and Au.
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5. The method of claim 1 wherein the carbon oxidation
catalyst nanoparticle-carbon allotrope 1s prepared by heating
a mixture ol ametal salt precursor and a carbon allotrope at an
clevated temperature whereby the metal salt precursor is
decomposed 1n an mert atmosphere.

6. The method of claim 5 wherein the elevated temperature
1s between 100 to 500° C.

7. The method of claim 5 wherein the heating 1s provided
by energy input that 1s 1n a form selected from the group
consisting of thermal, electrical, mechanochemical, electro-
chemical, electron bombardment, 1on bombardment, electro-
magnetic, and combinations thereof.

8. The method of claim § wherein the elevated temperature
1s 350° C.

9. The method of claim 5 wherein the metal salt precursor
1s a compound with organic groups.

10. The method of claim 5 wherein, the metal salt precursor
1s a compound with 1mnorganic groups.

11. The method of claim S wherein the metal salt precursor
1s selected from the group consisting of metal acetate. metal
acetylacetonate, metal nitrate, metal halides, and combina-
tions thereof.

12. The method of claim 1 wherein the carbon oxidation
catalyst nanoparticle 1s 1n a concentration of between 0.1 mol
% and 20 mol %.

13. The method of claim 1 wherein the oxidation step
occurs at a temperature between 150° C. and 500° C.

14. The method of claim 1 wherein the carbon oxidation
catalyst nanoparticles are removed by treatment 1n acid at
temperatures between ambient and the temperature to reflux
the acid.

15. The method of claim 13 wherein the acid 1s selected
from the group consisting of nitric acid, hydrochloric acid,
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sulfuric acid, acetic acid, chlorosulionic acid, phosphorous
acid and combinations thereof.

16. A method for forming holey graphene, comprising:
providing a graphene sheet;
depositing Ag nanoparticles on the surface of the graphene

sheet 1n a facile, controllable, and solvent-iree process to
yield an Ag—G matenal;

subjecting the resulting Ag—G material to a thermal treat-
ment 1n air; and selectively oxidizing the graphitic car-
bon atoms in contact with the Ag nanoparticles 1nto
gaseous byproducts; and

removing the Ag nanoparticles such that the holes remain

in the surface of the graphene sheet and penetrate com-
pletely therethrough.

17. The method of claim 16 wherein the thermal treatment
occurs at a temperature of 350° C.

18. The method of claim 16 wherein the Ag nanoparticles
are 1n the form of metallic silver.

19. The method of claim 16 wherein the oxidation step
occurs at a temperature between 250° C. and 400° C.

20. The method of claim 16 wherein the oxidation step
occurs at a temperature of 300° C.

21. The method of claim 18 wherein the metallic silver 1s 1n
the concentration of between 0.1 mol % and 20 mol %.

22. The method of claim 16 wherein the Ag nanoparticles
are removed by treatment 1n diluted nitric acid at tempera-
tures between ambient and the temperature to reflux the acid.

23. The method of claim 16 wherein the resulting holey
graphene 1s incorporated 1into an electrode as a platform for an
clectrochemical device.

% o *H % x
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