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Graphene is generally synthesized at high temperatures. Here we demonstrate a simple method to synthesize
graphene at 150 °C. Carbon foils were irradiated with Ar* ions at 1 keV with a simultaneous supply of catalyst
metal without any intentional heating to survey the novel catalyst for graphene growth at low temperature. The
ion irradiated surfaces were covered with densely distributed conical structures sometimes with a nanofiber on
their respective tips. As revealed by high resolution (HR) transmission electron microscopy (TEM), the conical
tips featured few layer graphene only for the newly selected catalyst metal, In, which is rarely used for the
chemical vapor deposition (CVD) synthesis of graphene. This observation gives a new insight into the
catalytic activity during graphene synthesis. Encouraged by this ion-induced graphene formation, samples of
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1. Introduction

Graphene, a two-dimensional (2D) monolayer of sp>-bonded
carbon atoms, attracts much attention due to its extraordinary
electronic, optical, mechanical, and chemical properties for
potential applications, such as being used as interconnections
for nanoelectronics devices, and next generation semi-
conductor and energy storage devices.'” It is worth mentioning
that most of the reported graphene syntheses include a high
temperature process.*** CVD, which is one of the most popular
methods for graphene synthesis, can synthesize high quality
graphene only at high temperatures (usually higher than
1000 °C) on metal catalyst foils. In addition, for device appli-
cations, CVD grown graphene should be transferred onto
a desired substrate. During transfer of CVD grown graphene,
a metal substrate is chemically etched followed by tedious and
time consuming cycles of cleaning. For a wider range of prac-
tical applications, and also from an energy saving point of view,
lower temperature and transfer-free graphene growth are still
major challenges in graphene research. For example, Marchena
et al. have achieved direct graphene growth on flexible glass at
700 °C."” Sulaiman et al and Jang et al. demonstrated CVD
graphene growth on Cu at 450 and 300 °C by using chloroben-
zene and benzene, respectively, as a carbon source.****
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finally, graphene growth was achieved by simple vacuum heating at 150 °C.

The ion bombardment of solid surfaces is well-known to entail
the formation of nano structures even at room temperature, such
as ripples, pyramid, conical protrusions (cones) and whiskers."**”
So, the ion irradiation has a great potential for the room
temperature fabrication of nanostructured materials. In fact,
room temperature irradiation of Ar’ ions onto carbon-based
materials yields the carbon nanofiber (CNFs) tipped cones,
which can be used for transparent and flexible field emission
displays and atomic force microscope probes.’** Although ion-
induced CNFs are amorphous in nature, if ion-induced gra-
phene is controllably fabricated, it will be quite fascinating.

Towards this goal, we have launched the systematic investi-
gation on the fabrication and characterization of metal incor-
porated CNFs and metal coated CNFs. All the metal catalysts we
tried previously, such as Cu, Fe, Ag and Au, which are typical
catalysts for graphene and carbon nanotube (CNT) growth in
CVD, showed no graphitized layers in the as-grown metal
included CNFs and metal coated CNFs.>*?* They were featured
by metal nanoparticles dispersed in amorphous CNF matrix
and transferred into graphene and CNT only after the electron
current flow (resistive Joule heating) or heating in vacuum.>*>*>¢

Very recently, Sn, which is not popular as a catalyst for the
CVD graphene growth, was demonstrated to be promising as
a novel catalyst for the low-temperature transfer-free graphene
growth (at 250 °C)*” directly on SiO, substrate by our group. This
inspired us for the further selection of suitable metals to be
included into ion-induced CNFs for synthesizing highly crys-
talline graphene at lower temperatures. In what follows, we will
deal with this newest finding on the fabrication of ion-induced
graphene growth catalyzed with In, whose melting point is
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Fig. 1 Schematic illustration of the experimental setup for the fabri-
cation of In-CNFs.

much lower than Sn, and on the graphene growth in the range
of 150-200 °C.

2. Experimental section

Commercially available graphite foil, which was cut into small
pieces, 25 x 5 x 0.1 mm?®, was used for the sample fabrication.
Indium incorporated carbon nanofibers (In-CNFs) were grown at
an edge of the foil. Fig. 1 shows a geometrical configuration of the
graphite foil and an In plate (10 x 20 mm?®), which were mounted
on a water-cooled sample holder, for the growth of In-CNFs. The
foil was placed perpendicularly with the In plate acting as an In
supply source. The graphite foil edge and the In plate were co-
irradiated with Ar" ions at 1 keV and 600 eV for 60 minutes
using Kaufman type ion gun (ION TECH. INC Ltd., model 3-1500-
100FC) without any intentional sample heating. During the ion
irradiation, a simultaneous supply of In onto the foil edge surface
took place, resulting in the formation of In incorporated cones
with a nanofiber (In-CNF) on the respective tips. Details of
mechanism of the ion-induced amorphous CNFs has been
explained in our previous works.”»** The ion incidence angle was
set to be 45° from the normal to the surface because an oblique Ar*
irradiation is known to be suitable for the formation of ion-
induced CNFs.”** The beam diameter was about 60 mm. The
basal and working pressures were 1.5 x 10" > and 2 x 10> Pa,
respectively. After the ion irradiation, scanning electron micro-
scope (SEM, JEOL JEM-5600) and transmission electron micro-
scope (TEM, JEOL JEM-2010HR) were used for the observations of
the surface morphologies and the crystallinity of the sample,
respectively.

3. Results and discussion

After Ar" irradiation, the graphite foil at the position of 1.5 cm
away from In plate was observed by SEM and TEM. Fig. 2 shows
typical SEM images of In-CNF tipped cones after the ion irradia-
tion. It should be noted that only a single nanofiber (In-CNF) grew
on respective cones and no nanofiber grew without cone bases,
similar to the previously reported pure and metal included
CNFs.'#2224282% Both basal cones and In-CNFs pointed in the ion-
beam direction. The CNFs were similar in length, 1.5-2.5 pm, for
both surfaces, whereas the numerical density was much higher
for the surface irradiated at 1 keV (~6.8 x 10> mm™?) compared
with that irradiated at 600 eV (~3.3 x 10° mm?). The growth
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Fig.2 SEM images of the surfaces irradiated with Ar* ions at (a) 600 eV
and (b) 1 keV. Insets: Enlarged SEM images of typical CNF-tipped
cones.

mechanism of ion-induced CNFs is known to be explained in
terms of the redeposition of sputter-ejected carbon atoms onto
the ion-induced conical protrusions and the surface diffusion of
the redeposited carbon atoms towards the cone tip to form
CNFs."™* In the present case also, In would be included into ion-
induced CNFs under the simultaneous In supply to form In-CNFs.

TEM images of a typical In-CNF tipped cone fabricated at
600 eV are shown in Fig. 3(a-c). Fig. 3(a) clearly shows that
a fibrous structure grew on a tip of a cone. High-resolution TEM
images of squares A (CNF bottom-stem part) and B (cone tip part)
in Fig. 3(a) are shown in Fig. 3(b and c¢) which reveal no hollow
structure and the amorphous nature of CNFs, respectively,
disclosing that nanoparticles (nano-crystallites) of dark contrast
were dispersed in the amorphous matrix. As shown in Fig. 3(d),
the selected area electron diffraction (SAED) at around the cone
tip part including A and B regions consisted of spotty rings cor-
responding to In (110), (020), and (112) lattice planes together
with a weak broad ring of amorphous C. Thus, it is concluded that
the nanofiber tipped cone consists of randomly oriented In
nanocrystallites dispersed in amorphous C matrix. The compo-
sition of the In-CNF tipped cone was also confirmed by energy
dispersive X-ray spectrometry (EDX), disclosing that no impurity
was present (Fig. 3(e)).

Fig. 4(a and c) show TEM images of typical In-CNF tipped
cones fabricated at 1 keV. Fig. 4(b) shows high-magnification

Fig. 3 (a) Low magnification TEM image of a typical In-CNF tipped
cone fabricated at 600 eV, and high-magnification TEM images of (b)
region A and (c) region B in (a). (d) SAED pattern at around the cone tip
part including regions A and B in (a). (e) EDX spectrum of the In-CNF
tipped cone. Detected Cu peak is due to the used Cu TEM mesh.

This journal is © The Royal Society of Chemistry 2017
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TEM image of region A of the fiber which is shown in Fig. 4(a).
Similarly, Fig. 4(d) shows high magnification TEM image of
region B of the fiber shown in Fig. 4(c). Both figures reveal the
graphitized regions. It should be noted that the graphene region
was always accompanied by hollow region. Examples of the
hollow regions are indicated by arrows in Fig. 4(a-d). The gra-
phene region seen in Fig. 4(b) is rather prominent and con-
sisted of ~6 straight layers, ~30 nm in length with an inter-
plane spacing of 0.345 nm corresponding to graphite (002)
plane as reported for commercial graphene.”’® As seen in
Fig. 4(d), a tiny In nanoparticle was observed in some cones,
and it also located in the vicinity of the hollow region. This
point will be discussed later. The graphene and hollow regions
were covered with amorphous C layers. It should be mentioned
that the most of the In-CNF tipped cones fabricated at 1 keV was
featured with this type of core-shell (graphitized core-amor-
phous shell) structures.

In the previous reports, we have demonstrated that many
kinds of metals and semiconductors, such as Cu, Fe, Ag, Au, Co
and Si, can be included into CNFs by simultaneously supplying
them during Ar" ion irradiation.?>?*?%?* They were always
characterized by the CNF-tipped cone in shape and dispersion
of metal or semiconductor nanoparticles in the amorphous
carbon matrix in crystalline structure, namely no graphene
formation, although most of them are well-known as catalysts
for CVD graphene and CNT growth. In-CNF tipped cones
demonstrated here are the only exception in crystalline nature.
The formation of sp> bonding is known to be thermodynami-
cally favorable as compared to other forms of hybridization.
This must imply that under a certain circumstance, where
carbon atoms move (or displace) readily, sp> bonding (namely

Graphene f

Fig. 4 (a) and (c) Typical TEM images of In-CNF tipped cones fabri-
cated at 1 keV. (b) High magnification TEM image of region A in (a). (d)
High magnification TEM image of region B in (c) showing an In
nanoparticle (encircled) located in the vicinity of hollow region.
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graphene) tends to form naturally. In fact, it was demonstrated
very recently that graphene can form even at the temperature as
low as 250 °C using Sn, a low melting point (MP) metal catalyst
by solid-liquid-solid phase reaction.?” Carbon atoms in molten
metal would meet this condition. MP of bulk In is 156.6 °C, and
it is also well-known that the smaller the particle size, the lower
the MP. It is sometimes dramatic especially for the nano-
particles of less than 10 nm in size.*® As seen in Fig. 3(b and c),
size of In particles included into the amorphous carbon matrix
are less than 10 nm in average. Thus, MP of the included In
nanoparticles would be much lower than that of the bulk In. So,
In nanoparticles would have melted and moved to the base cone
part in the case of Ar" ion irradiation at 1 keV, whereas the
temperature increase during ion irradiation was not so prom-
inent at 600 eV. Thus, in the molten In, graphene would form.
And this would be the reason why graphene layers were always
accompanied with hollow regions and sometimes residual In
nanoparticles located in the vicinity of hollow regions. In the
present case, molten In nanoparticles are thought to catalyze
the graphitization. In order to confirm this hypothesis and to
estimate the necessary temperature for the graphene formation,
thin In layer, 100 nm in thickness, and thin amorphous C layer,
50 nm in thickness, was deposited onto SiO, covered Si
substrates (In/C/SiO,/Si), and the thin film samples thus
prepared were simply heated at 150 and 200 °C for 60 min under
a vacuum condition of 10~ Pa. In order to study the carbon
state on the sample surface after heating, Raman analysis was
performed.

Fig. 5(a) shows a typical optical image of a sample surface
before heating showing uniform film with some metal particles
at some places. Fig. 5(b) presents a SEM image of sample
surface after heating at 150 °C, disclosing that a flake of dark
gray contrast (labeled A) is located on the surface after heating.
Fig. 5(c and d) show Raman spectra attained at the flake (labeled
A in Fig. 5(b)) and the surroundings (labeled B in Fig. 5(b)),
respectively. It can be seen that the spectrum of region A
consists of intense G and 2D peaks centered at 1583 and
2711 em™ ', respectively, with an intense D peak at 1354 cm ™,
revealing the formation of multilayer graphene with defect. The
peaks at 2260 and 2725 cm ™' are In peaks. Thus, from the
Raman spectra it is concluded that the multilayer graphene
formed on the In flake. By contrast, Raman spectrum of region
B consisted of a broad peak at about 1550 cm™', which is
a typical amorphous carbon peak, together with In peaks at
2260 and 2725 cm ™ ', disclosing the amorphous carbon layer on
the In film. Fig. 5(e-g) show a SEM image and Raman spectra for
a thin film sample heated at 200 °C. As seen in Fig. 5(e), the
surface morphology was similar to that of the 150 °C sample.
However, a flake (labeled A) formed on the surface was much
bigger than that of the 150 °C sample. It should be stressed that
as seen in Fig. 5(f), the sharp and intense G and 2D peaks
almost without D peak were detected for region A, clearly
indicating the graphene formation of better quality than the
150 °C heated sample. Unfortunately, formed graphene did not
cover the whole surface, but only on the In flake, as seen in
Fig. 5(g) which discloses the amorphous C and In peaks for
surrounding area B, similar to Fig. 5(d). Thus, it is concluded
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Fig. 5 (a) Optical image of a thin film sample before heating (b) SEM
image of a thin film sample after heating at 150 °C. Raman spectra
taken at (c) flake A and (d) surrounding area B in (b). (e) SEM image of
a sample after heating at 200 °C. Raman spectra taken at (f) flake A and
(g) surrounding area B of figure (e).

that by using In as a catalyst, graphene growth at the temper-
ature as low as 150 °C is possible, and that higher quality gra-
phene grows at elevated growth temperatures. We are now
tackling the optimization of the layer thickness of In and C, and
the direct graphene growth onto the flexible polymer substrates.
The results will be dealt with forthcoming papers.

4. Conclusions

In summary, we demonstrated the graphene formation using
indium as a catalyst for the samples of both room-temperature Ar"
irradiated carbon foil and In/carbon stacked films at 150 °C in the
vacuum. The key of this low temperature graphene growth was
the melting point of the catalyst metal. This finding will open up
the synthesis of graphene at further lower temperatures.
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