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raphene, in its monolayer form, is an

attractive two-dimensional material

with an atomically thick honeycomb
structure.' > Due to its extraordinary electri-
cal,* mechanical,® thermal,® and spintronic’
properties, graphene has the potential to be
applied in nanoelectronic devices®® and in
nanocomposites.'®’’ In the past years,
many methods for production of graphene,
such as exfoliation, chemical methods, and
chemical vapor deposition (CVD), have ap-
peared in the literature. For the exfoliation
methods, researchers originally used adhe-
sive tape to mechanically peel away the
graphite crystals into few-layer or mono-
layer graphene."* Later, liquid exfoliation
methods'?~'* were reported, consisting of
chemical oxidation and dispersion of gra-
phite, reduction of graphite oxide, and an-
nealing in Ar/H,. Although it could become
an industrially important method to pro-
duce graphene,” until now the quality of
this liquid exfoliated graphene is still lower
than mechanically exfoliated graphene due
to the destruction of the basal plane struc-
ture during the oxidation and incomplete
removal of the functional groups. Recently,
many research groups have published sev-
eral CVD methods for growing large-sized
graphene on wafers. For the growth of
epitaxial graphene on single-crystal silicon
carbide (SiC),'®"” the cost of this graphene
is high due to the price of the 4H-SiC
substrate. Also, metals such as copper,'®
nickel,'®%° iron,?" cobalt,** and platinum?>
have been used as catalytic substrates to
grow mono-, bi-, or multilayer graphene.
The carbon source can be a gas, such as
methane or acetylene, or solid carbon
sources, such as poly(methyl methacrylate)
(PMMA) or sucrose.** However, all of these
are purified chemicals.

Here we demonstrate that much less
expensive carbon sources, such as food,
insects, and waste, can be used without
purification to grow high-quality monolayer
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ABSTRACT In its monolayer form, graphene is a one-atom-thick two-dimensional material with
excellent electrical, mechanical, and thermal properties. Large-scale production of high-quality
graphene is attracting an increasing amount of attention. Chemical vapor and solid deposition
methods have been developed to grow graphene from organic gases or solid carbon sources. Most of
the carbon sources used were purified chemicals that could be expensive for mass production. In this
work, we have developed a less expensive approach using six easily obtained, low or negatively
valued raw carbon-containing materials used without prepurification (cookies, chocolate, grass,
plastics, roaches, and dog feces) to grow graphene directly on the backside of a Cu foil at 1050 °C
under H,/Ar flow. The nonvolatile pyrolyzed species were easily removed by etching away the
frontside of the Cu. Analysis by Raman spectroscopy, X-ray photoelectron spectroscopy, ultra-
violet—visible spectroscopy, and transmission electron microscopy indicates that the monolayer

graphene derived from these carbon sources is of high quality.

KEYWORDS: monolayer graphene - CVD growth - inexpensive carbon sources

graphene directly on the backside of Cu foils
under the H,/Ar flow. For food, a Girl Scout
cookie and chocolate were investigated. For
waste with low or negative monetary value,
we used bulk polystyrene plastic,a common
solid waste, blades of grass, and dog feces.
For insects, another often negative value
carbon source, a cockroach leg, was used.
Growing high-quality graphene from these
carbon sources opens a new way to convert
the waste carbon into a high-value-added
product, as graphene is one of the most
expensive materials in the world.?> We pro-
pose a possible purification and growth
mechanism. The graphene forms as the
solid carbon sources decompose and dif-
fuse to the backside of the Cu foil, leaving
the other elemental residues on the original
side. Using this procedure, only high-quality
pristine graphene with few defects and
* Address correspondence to

~97% transparency was grown on the back-
side of the Cu foil, as confirmed by Raman
and UV—vis spectroscopy. No heteroatoms
were detected in the monolayer graphene
according to X-ray photoelectron spectros-
copy (XPS), suggesting its pristine nature.
Analysis by selected area diffraction pattern
(SAED) in transmission electron microscopy
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Figure 1. (A) Diagram of the experimental apparatus for the growth of graphene from food, insects, or

waste in a tube furnace. On the left, the Cu foil with the carbon source contained in a quartz boat is placed at the hot zone of a
tube furnace. The growth is performed at 1050 °C under low pressure with a H,/Ar gas flow. On the right is a cross

view that represents the formation of pristine graphene on the backside of the Cu substrate. (B) Growth of graphene

from a cockroach leg. (a) One roach leg on top of the Cu foil. (b) Roach leg under vacuum. (c) Residue from the

roach leg after annealing at 1050 °C for 15 min. The pristine graphene grew on the bottom side of the Cu

film (not shown).

(TEM) confirms the hexagonal lattice structure of the
graphene.

RESULTS AND DISCUSSION

In a typical growth experiment, as shown in Figure
1A, 10 mg of the dry carbon source was placed atop a
Cu foil, and the foil was introduced into a 1050 °C tube
furnace. The sample was annealed for 15 min under
low pressure with H, and Ar at a flow rate of 100 and
500 cm® STP min ™, respectively. For the grass and dog
feces, the samples were heated in a 65 °C vacuum (102
Torr) oven for 10 h to remove excess moisture. The
experimental setup and procedures are similar to
the method used to grow PMMA-derived graphene.*
The main difference in this work is that the high-quality
monolayer graphene only forms on the backside of the
Cu foil, while the PMMA-derived graphene grows on
both sides of the Cu foil.

Since the carbon sources contain non-carbon ele-
ments, nonvolatile residue may remain on the Cu foil
after annealing. Supporting Information Figure S1
shows SEM images of both sides of the Cu foil after a
growth experiment. On the original frontside, many
residual particles were found, as shown in Figure
S1A, while almost no particles were observed on the
backside of the Cu foil where the graphene is formed
(Figure S1B). In Figure 1B, photographic images of
different growth stages are shown and black residue
is present after the growth in Figure 1Bc. On the basis
of the experimental evidence during the growth,
most of the carbon segments from the decomposi-
tion of the solids are carried away as gases by the
H,/Ar flow. However, since the quartz boat has a
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semicircular shape, the slightly bent Cu foil is sup-
ported by the quartz boat and a portion of the
carbon source diffused to the backside of the Cu foil,
forming a monolayer graphene film. It is not known
whether the diffusion is through the Cu foil or via the
edges. As a comparison experiment, if the solid
carbon sources were placed 5 cm ahead of the Cu
substrate (but still in the quartz boat) and both were
introduced into the hot furnace at the same time,
only amorphous carbon formed on both sides of the
Cu foil; the representive Raman spectrum of the film
displays a large D peak as shown in Supporting
Information Figure S2.

After the monolayer graphene samples on the
backside of the Cu foil were transferred onto a
100 nm Si0,/Si wafer using standard protocols,*
the product was analyzed using Raman spectroscopy
at 514 nm laser excitation. As shown in Figure 2, all of
the graphene samples grown have small or no D
peaks in their Raman spectra, an indication of few
graphene defects.?® The large 2D/G ratio suggests
thatitis high-quality monolayer graphene. The exact
G and 2D peak positions and their full width at half-
maximum (fwhm) for each spectrum were measured
and are summarized in Supporting Information Ta-
ble S1; the results are similar to previously reported
graphene data.?’ The G and 2D peaks are located at
1585.5—1591.4 and 2682.6—2693.9 cm ™, respectively.
The fwhm values of the G peak and 2D peak are 14.1—16.3
and 32.0—35.1 cm ™, respectively. In order to investi-
gate the uniformity of the graphene film, a Raman
mapping overa 100 x 100 um? area (graphene derived
from dog feces) was acquired. Over 95% of the
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Figure 2. Raman spectra of monolayer graphene from six different carbon sources. The Raman spectra graphene were
derived from (A) Girl Scout cookie; (B) chocolate; (C) grass; (D) plastic (polystyrene Petri dish); (E) dog feces, and (F) a cockroach
leg. There was only a trace D peak in some of the spectra, and the 2D to G peak intensity ratios were ~4, indicating monolayer

graphene.

scanned area had a signature of I,p/lg > 1.8 and Ip/Ig <
0.1, which further demonstrated the high quality of the
monolayer graphene, as shown in Supporting Informa-
tion Figure S3.

XPS analysis of the graphene films was performed
to confirm the elemental composition and the che-
mical environment of the Catoms. In Figure 3, only a
sharp peak at 284.5 eV with an asymmetric tailing
toward high bonding energy is observed for the C1s
peak, suggesting a sp® graphitic peak.?®>° The
fwhm was ~1.1 eV for each C1s peak. Although the
raw carbon sources contain other elements such
as oxygen, nitrogen, iron, sulfur, or phosphorus,
the obtained graphene consisted of carbon, with
none of these other elements found in the XPS
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survey spectra, confirming the graphene's pristine
composition.

In the growth system, the H, gas might act as both a
reducing reagent and a carrier gas. Since carbon is the
most abundant element in these materials and gra-
phene is the most thermodynamically stable form of
carbon,®' only pristine graphene forms on the Cu.
According to the C—C bond length (0.142 nm) in the
hexagonal lattice of graphene? the surface area
of one side of a monolayer of graphene is about
1315 m?/g.*® Theoretically, it only takes 228 ng of
carbon to cover one side of a 2 cm x 3 cm Cu foil with
monolayer graphene. In our growth system, the size of
the graphene is ultimately limited by the size of the
tube furnace, which limits the size of the Cu substrate
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Figure 3. XPS spectra of graphene from six carbon sources. The C1s XPS spectra of the randomly selected detection spots on

graphene derived from the various sources.

that can be used. With a larger furnace, larger-sized
graphene could be produced with 10 mg of the carbon
source. Therefore, the limiting reagent in this work is
the Cu foil, though scrolled Cu foil could provide
enhanced surface areas.

All of the graphene films were transferred to a quartz
slides before UV—vis analysis. In the spectra, each
graphene film exhibits a peak at 268 nm, a typical
m—* transition for the aromatic C—C bond
graphene,®*** and the typical (2.4 & 0.1%) absorption
at 550 nm corresponding to the monolayer nature of
graphene,**3¢
graphic images, the graphene films on quartz slides

in

as shown in Figure 4. In the photo-

are unifom and transparent. Also, the sheet resistance
(Rs) of the graphene was in the range of 1.5—3.0 k€2/
square by the four-probe method.

TEM images and the selected area electron diffrac-
tion (SAED) pattern were taken to determine the crystal
structure of a representative graphene sample derived
from the cookie. The graphene was transferred to a
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c-flat TEM grid (Protochips), where most of the area of
the graphene was determined to be crystalline by its
hexagonal diffraction pattern (Figure 5A) and was
continuous as shown in Figure 5B. A randomly chosen
monolayer edge of the graphene was imaged in
Figure 5C. The edge of the graphene corresponds
to monolayer graphene, corroborating the UV—vis
spectra and Raman data. The dark spots in the
image in Figure 5C might arise from the PMMA resi-
dues introduced during the etching and transferring
step.?

CONCLUSION

We have demonstrated a general method to grow
high-quality graphene from various raw carbon
materials at 1050 °C under vacuum and H,/Ar
flow. The carbon sources were foods (cookie and
chocolate), waste (grass, plastic, dog feces) and
insect-derived. With this technique, many kinds of
solid materials that contain carbon can potentially
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Figure 4. UV—vis spectra of graphene derived from six carbon sources. The absorbance of each monolayer graphene film at
550 nm is approximately 2.4 &+ 0.1%. On the right top of each spectrum is the photographic image of the monolayer graphene
film of ~1 cm X 1 cm in size on a 1 mm thick quartz slide; the graphene is labeled with a dashed square.

be used without purification as the feedstocks to
produce high-quality graphene. Furthermore, through
this method, low-valued foods and negative-valued

EXPERIMENTAL METHODS

Growth and Transfer of Graphene Samples. Six different carbon
sources were used: Girl Scout cookie (the Girl Scouts of America
Troop 25080 from Houston, Texas, provided the cookies, short-
bread flavor), chocolate (Chocolate Kennedy Half Dollar Gold
Coins), grass (Ophiopogon picked at Rice University), plastic
(Fisherbrand polystyrene Petri dishes, catalog #08-757-12), dog
feces (Miniature Dachsund), and a cockroach leg (American
cockroach caught in a house). The grass and the dog feces were
dehydrated in a vacuum oven (102 Torr) at 65 °C for 10 h before
being used in the growth process.

The CVD system was evacuated to 10 mTorr for 10 h before
growth. For the growth of graphene, 10 mg of a carbon source
was placed atop the Cu foil (99.8% purity). The Cu foil was
slightly bent to better retain the solid sources without spilling.
The foil was then supported by the steeper-curved quartz boat,
as shown in Figure 6. The sample was annealed at 1050 °C for

RUAN ET AL.

solid wastes are successfully transformed into high-
valued graphene which brings new solutions for recy-
cling of carbon from impure sources.

15 min with Ar flow at 500 cm® STP min~' and H, flow at
100 cm? STP min~". The pressure was 9.3 Torr during growth.
When growing graphene from different carbon sources, the
quartz tube and boat were cleaned by annealing them at
1050 °C in air for 10 min between each growth to eliminate
cross contamination. The system was then fast cooled (moved
to the cool zone using a magnetic transfer rod) to room
temperature under the H,/Ar flow. A 100 nm thick PMMA film
was deposited on the backside of the foil using a 4% PMMA
anisole solution spin-coated at 3000 rpm for 40 s. The frontside
of the Cu foil was etched away by floating the foil metal-down
on an acidic CuSO, solution (made with CuSO,4-5H,0 (15.6 g),
conc. HCI (50 mL), H>0 (50 mL), and H,S0O, (2 mL)) for ~5 s, then
dipping the foil in DI water; this process was repeated at least
two times in order to wash away the residue left on the frontside
of the Cu foil. If the water washes did not remove the residue
from the frontside of the Cu foil, a Kimwipe was used to
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Figure 5. Diffraction pattern and TEM images of the cookie-derived graphene. (A) SAED pattern, (B) suspended graphene film

on a 1 um diameter hole, and (C) the edge of monolayer graphene.

carbon

/source
(X

qgg:tz Cu foil

pristine graphene forms
at the bottom after growth

Figure 6. Arrangement of the Cu foil within the quartz boat.
The size of the Cu foil was ~2 cm x 3.0 cm and the boat was
40 cm long and cut from a quartz tube with a 15 mm inside
diameter.

carefully brush the residue away before all of the Cu was
removed. The PMMA-coated graphene was transferred to
different substrates such as 100 nm SiO,/Si wafers and quartz.
After the film was completely dried in a vacuum oven at 65 °C
for 2 h, the film was rinsed with acetone three times before
characterization.

Characterization. Raman spectra were obtained by the single
scan generated by the WIRE spectral acquisition wizard using a
514.5 nm laser in a Renishaw Raman RE02 microscope. UV—vis
spectroscopy was done using a 1 mm thick quartz slide on
which the sample was placed in a Shimadzu UV-3101 system.
The XPS spectra were obtained using a 100 um X-ray beam of
the 45° takeoff angle and 26.00 eV pass energy in a PHI
Quantera SXM scanning X-ray microprobe system. TEM imaging
was obtained in a 2100F field emission gun transmission
electron microscope. The graphene samples were transferred
to a c-flat TEM grid (Protochips).
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