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1 Introduction

ABSTRACT

Noble metals such as Pt are a perfect substrate for the catalytic growth of
monolayer graphene. However, the requirements of the subsequent transfer
process are not compatible with the traditional etching method. In this work,
we find that the interaction of graphene with Pt foil can be weakened through the
intercalation of carbon monoxide (CO) under ambient pressure. This intercalation
process occurs on both hexagonal-shape graphene islands and irregular graphene
patches on changing the CO partial pressure from 0 to 0.6 MPa, as observed by
scanning electron microscopy (SEM), Raman spectroscopy and X-ray photoemission
spectroscopy. We demonstrate that, on a practical timescale, the intercalation
ratio is proportional to the partial pressure of CO. Furthermore, we develop a
clean transfer method of CO-intercalated graphene with water as a peeling agent.
We show that this method enables the transfer of tens of micrometer-scale
graphene patches onto SiO,/Si, which are free from metal or oxide particle
contamination. This transfer method should be a significant step towards the clean
transfer of graphene, as well as the recyclable use of noble metal substrates.

is the first key issue. Chemical vapor deposition (CVD)
has been proved to be the most suitable method, but

Graphene, a promising two dimensional (2D) material
[1-3], exhibits various intriguing electronic properties
such as high intrinsic carrier mobility [2] and linear
dispersion of the Dirac electrons [4], which make it
attractive for future applications in nanoelectronics
[5] and optoelectronics [6]. For engineering such
applications, batch production of high quality graphene

because the growth is inevitably carried out on metal
substrates like Cu [7, 8] or Ni [9, 10], a subsequent
transfer process is necessary.

To date, the “PMMA-mediated” approach [7, 8, 10-13]
is most commonly used for transferring graphene
from metal substrates to arbitrary substrates. In this
method, a layer of polymethylmethacrylate (PMMA)
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is spin-coated onto graphene as a temporary support
material, and then the metal substrate is etched away
by oxidative etchants. The PMMA/graphene stack is
then transferred onto arbitrary substrates. The PMMA
is then removed by organic solvents to complete the
transfer process. It is not so hard to imagine that the
use of etching agents and supporting polymers usually
introduces charged carriers and organic contaminants
onto the transferred graphene. This was reported to
dramatically reduce the carrier mobility of graphene
on Si0O; [14, 15]. Hence, developing a portable transfer
method which introduces fewer impurities is con-
sidered to be the most significant step in developing
practical applications of graphene.

Many different transfer methods have been pro-
posed. Some of these have tried to reduce the amount
of contaminants by using alternative etching agents
such as ammonium persulfate [8, 16] or further surface
cleaning [17,18]. Other methods involve directly
peeling off graphene by means of thermal release
tapes [19, 20]. All these methods greatly reduce the
amount of charged impurities on the transferred
graphene. However, some organic contaminants from
PMMA or thermal release tapes still remain on the
graphene surfaces, which reduces the carrier mobility
of the transferred graphene.

Recent research has found that a variety of metal
or semi-metal atoms (Fe [21], Co [22], Au [23, 24], Mn
[25], and Si [26-28]) and small molecules like O, [29],
NO, [30], and H, [31] can intercalate into the space
between graphene and single crystal substrates like
Ru(0001) [27, 29], Rh(111) [21], SiC(0001) [25, 31] under
ultrahigh vacuum (UHV) conditions. This intercalation
process is considered to be a result of weak graphene—
substrate interactions. Recently, CO intercalation into
the interface of graphene/Pt(111) under UHV conditions
has been thoroughly studied by Bao’s group [32].
They showed that CO intercalation indeed occurred
gradually under a certain CO pressure, and was
initiated at substrate terraces and island edges.

Enlightened by this work, here we aim to explore
the nature of CO intercalation into the interface of
graphene on Pt foils due to the decoupling of graphene
and Pt substrates under ambient pressure conditions,
and characterize the resulting materials by scanning
electron microscopy (SEM) and Raman spectroscopy.

Ultimately, we hope the intercalation process can be
utilized to develop a new transfer strategy, which in
principle induces no charged particles or organic
contaminants, thereby engineering a cleaner transfer
technique.

2 Results and discussion

In parallel with the intensively explored system of
graphene islands on Pt(111) under UHV conditions,
CO molecules have been shown to be capable of
intercalation into the interface of graphene islands on
Pt foils. Furthermore, the intercalated structure of
graphene/CO/Pt foils can be stable even after the CO
supply was terminated [33], in contrast to the observed
desorption of CO from graphene/CO/Pt(111) under
UHYV conditions. Figure 1(a) is a schematic illustration
of the CO intercalation process. The interaction between
graphene and Pt substrates is suggested to be
weakened by the intercalation process.

In previous studies, we have successfully prepared
monolayer or bilayer graphene on Pt foils via an
atmospheric pressure chemical vapor deposition
method (APCVD), and examined the continuity of
graphene on the highly multifaceted textured sub-
strates [34, 35]. In this work, graphene islands or patches
were prepared in order to explore the intercalation
process, because the plentiful edges in a sub-monolayer
sample are more effective as intercalation fronts than
a complete monolayer. In this case, a low pressure
CVD method was utilized to prepare sub-monolayer
graphene, and the typical SEM images are displayed
in Figs. 1(b) and 1(f). Note that, increasing the pres-
sure ratio of H, to CH, in the CVD growth process
usually results in sharper boundaries or hexagonal-
shape graphene islands (Fig. 1(b)).

In the intercalation process, the sample was placed
in a gas cylinder which can supply CO partial pres-
sure from 0 up to 0.6 MPa. For a better illustration of
the experimental results, we selected a hexagonal-
shape island as a candidate. It is intriguing to find
that a contrast change from dark to gray at the island
periphery is observed by SEM after exposing the
sample to CO at 0.2 MPa (Fig. 1(c)) for 1 h. This contrast
change may indicate the intercalation of CO, similar
to the observed intercalation of CO into graphene on
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Pt(111) [32]. The moderate reaction time is selected
because by increasing the timescale from 1 h (even to
as long as one day), the proportion of the intercalated
region seemed almost unchanged. That suggests 1 h
may be the saturation time for intercalation under
atmospheric conditions.

When the partial pressure of CO was raised stepwise
to 0.2, 0.4, and 0.6 MPa over 1 h, the intercalated area
ratio increased towards the full intercalation of CO—
from 37%, to 60%, and 100%, respectively. The edges
of graphene islands seem to be the fronts triggering the
CO intercalation, since the intercalated regions seen
as gray contrasts extend from the edge to the inner
part of the islands as shown by SEM (Figs. 1(c)-1(e)).
Note that, when the partial pressure of CO reaches
0.6 MPa, the whole island becomes gray, and the
contrast difference between the graphene islands and
the SiO, substrate was minimized, probably indicating
that the graphene island was fully intercalated by CO
molecules (Atomic force microscope (AFM) images of
graphene on Pt foils before and after CO intercalation
are shown in Fig. S1 in the Electronic Supplementary
Material (ESM)). Figure 1(j) exhibits statistical data
of the coverage of the CO-intercalated area, which
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increase nearly monotonically with increasing CO
partial pressure.

As supplementary samples, the interaction with CO
of graphene islands having irregular boundaries is also
displayed in Figs. 1(f)-1(i), which also show strong
CO pressure dependence of the intercalated regions.

We further confirmed the intercalated nature of the
material by spectroscopic methods. Raman spectros-
copy measurements were performed to explore the
different interactions between the intercalated and
the normal graphene regions with the Pt substrate.
Figure 2(a) is a large-area SEM image of a square-
shape graphene island (the darker area in the center
of the square graphene flake is multilayer graphene),
which was partly intercalated by CO with the periphery
of the island showing a gray contrast with regard to
the inner part. A zoom-in image of the area marked
with a red square in Fig. 2(b) presents more details of
the SEM contrast difference. It is worthy of note that,
the Pt grain boundary, spanning underneath the
graphene flake (showing a weaker line contrast by
SEM than that of the intercalated regions at the island
periphery), may not act as the front for CO intercalation.
In fact, a graphene wrinkle, seen as a darker line shape

e

Coverage ratio (%)
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401 ',0‘"

02 04 06
CO pressure (MPa)
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Figure 1 (a) Schematic illustration of CO intercalation into the interface of graphene on Pt foils. (b) SEM image of a hexagonal
single-layer graphene on a polycrystalline Pt foil, which was grown with 8 standard cubic centimeters per minute (sccm) CH4 and 700
scem Hy at 990 °C for 1 h. (c)—(e) Series of SEM images of the same graphene island in (b) after exposure to 0.2, 0.4, and 0.6 MPa CO
at room temperature for 1 h, respectively. Lighter contrast on a graphene island is presumed to be the area intercalated by CO. (f)-(i) CO
intercalation in the irregular shape graphene islands prepared with 10 sccm CH, and 700 scem H, at 990 °C for 1 h. (j) Statistical diagram of

CO intercalation ratio on graphene as function of CO partial pressure.
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contrast on the graphene island surface, is where minor
CO intercalation probably occurs with the appearance
of some semicircular gray regions. That means, in
addition to the island boundary, the graphene wrinkle
may serve as another initial place for CO intercalation.

Figure 2(d) shows Raman spectra of pristine
graphene on Pt foils (the orange circle in Fig. 2(b))
and the CO-intercalated area (purple dot in Fig. 2(b)).
Similar to previous work [34], the intensity of the
Raman 2D band (2,650-2,750 cm™) on native graphene
is greatly weakened and the G band is shifted to
1,600 cm™ due to the substrate effect (more Raman
data are shown in Fig. 52 in the ESM). Surprisingly,
in the intercalated region, the 2D band presents a
typical single Lorentzian shape at 2,677 cm™, with a
full width at half-maximum (FWHM) of 31 cm™ and
an intensity ratio of 2D band to G band (I,p/Ig) in the
range of 2-3. This spectral feature is comparable to
monolayer graphene on 5i0,/Si, thus providing solid
evidence of the greatly weakened interaction between
graphene and the Pt substrate. Hence, Raman spectra
of monolayer graphene can be obtained with a high
fidelity. Note that, on the hexagonal-shape graphene
island with partial CO intercalation (Fig. 2(c)), the
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Figure 2 (a) Large-area SEM image of sub-monolayer graphene
on Pt foils. (b) Zoom-in image of the square-shape graphene
flake in (a). Lighter contrast on the graphene flake corresponds to
the CO-intercalated area. (¢) SEM image showing partial CO
intercalation on a hexagonal-shape graphene island. (d) The
upper and lower spectra in Fig. 2(d) are recorded from the
regions indicated with purple spots or orange circles, referring to
CO-intercalated and native graphene areas in (b), respectively.

differences in Raman spectra between the native and
the intercalated regions also show the same features
as in Fig. 2(d).

We also performed X-ray photoelectron spectroscopy
(XPS) measurements to confirm the CO intercalation
behavior. Figures 3(a) and 3(b) are SEM images of a
mostly CO-intercalated graphene on Pt foils. The
coverage of graphene on the Pt foils is ~0.6 monolayer.
Figure 3(c) shows survey spectra of the sample in
Figs. 3(a) and 3(b). In addition to the typical peaks of
Pt substrates, C 1s and O 1s peaks are also visible in the
spectra. The signal of C 1s at 284.8 eV can be mainly
attributed to graphene, as reported for exfoliated
graphene [36]. The O 1s signal can be attributed to
intercalated CO molecules. Fine details of the O 1s
spectra are exhibited in Fig. 3(d): There are two peaks
at 532.4 and 530.6 eV corresponding to CO adsorption
at the top site and bridge site of Pt(111), respectively
[37]. This evidence further proves that CO molecules
are indeed located below graphene.

The above experimental results confirm that CO
intercalation into the interface of graphene on Pt foils
can dramatically decrease the coupling between the
overlayer and the substrate. This suggests that this
intercalation process can be effective in developing
new graphene transfer method, which does not require
etching the metal substrate. We selected two methods
to transfer the graphene. As schematically shown in
Fig. 4, graphene was initially synthesized on Pt foils,
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Figure 3 (a) and (b) SEM images of CO-intercalated graphene on
Pt foils prepared for XPS analysis. (c) and (d) XPS survey spectra
and O 1s spectra of the samples in (a) and (b), respectively.
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Figure 4 Synthesis, intercalation, and transfer process for CO-
intercalated graphene onto SiO,/Si.

and then CO was intercalated into the interface of
graphene and Pt under ambient pressure with a CO
pressure of 0.6 MPa, resulting in a CO layer underneath.
Afterwards, two distinct transfer processes were
designed. A solid poly(dimethylsiloxane) (PDMS)
stamp was directly attached to the CO-intercalated
graphene to adsorb the graphene layer, by using the
moderate adhesion force between solid PDMS and
graphene. The PDMS stamp was then pressed down on
a S5i0,/Si substrate, leading to adsorption of graphene
on SiO,/Si. Unlike the conventional method, this
transfer process does not require etching of the metal
substrate, or the removal of a soft supporting material.
Thus, problems associated with the presence of
inorganic ions such as Fe* introduced by the etching
process and organic residues such as PMMA, which
usually serve as extraneous scattering centers and
suppress the carrier mobility of intrinsic graphene,
are eliminated in our nearly clean transfer method.
An alternative transfer method involves peeling
off the CO-intercalated graphene from Pt foils with
water being a special stamp. As shown in Fig. 4, the
CO-intercalated graphene on Pt foil was turned
upside down and pressed onto plasma-treated SiO,/Si,
with the substrate decorated by a drop of deionized
water. The reason for plasma treatment of SiO, prior
to graphene transfer is to improve the hydrophilicity
of Si0,/Si, so that water can form a uniform water
membrane on the surface. After the graphene layer
was pressed on SiO,, a nearly homogenous soaking
of water into graphene can be realized, resulting in a
uniform surface tension on the water surface. This

675

surface tension can serve as a driving force for the
exfoliation of graphene. As a result, graphene was
peeled off from the Pt foil and became attached to the
Si0,/Si substrate. Note that different from previous
transfer processes, where a soft support material
such as PMMA, PDMS or thermal release tape was
employed, the water-assisted transfer method is totally
free from soft support materials resulting the complete
absence of organic residues.

To characterize the quality of the transferred
graphene, we then performed Raman spectroscopy
on both samples. As shown in the optical image in
Fig. 5(a), tens of micron-sized graphene flakes have
been transferred onto SiO,/Si substrates using the
first method. The size of the flake can be varied from
several microns to tens of microns, limited by the
current unoptimized transfer conditions (more OM
data are presented in Fig. S3 in the ESM). Figure 5(b)
shows a Raman spectrum collected randomly on the
transferred graphene flakes with the laser spot away
from the folded regions on the flake boundary. It
shows a G band located at 1,582 cm™ and a 2D band
at 2,682 cm™ with a narrow FWHM of ~30 cm™, along
with a Lp/I; ratio in the range of 2-3. No obvious D
band can be observed around 1,350 cm™. These results
confirm the monolayer nature, as well as the high
crystal quality, of the transferred graphene.
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Figure 5 (a) and (c) Optical images of CO-intercalated graphene
on Pt foils after being transferred onto SiO,/Si by PDMS and
H,O0, respectively. (b) and (d) The corresponding Raman spectra
of the samples transferred onto SiO,/Si.
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With the second transfer method, we find that
many graphene flakes appear on SiO,/Si substrates,
showing purple-like contrast with regard to the SiO,
substrate by optical microscopy (Fig. 5(c)). Compared
to the first transfer method, graphene flakes transferred
using this strategy are a little smaller in size (more
comparative OM images are shown in Fig. 54 in the
ESM). We suggest that this is due to the overstress of
water surface tension on the intralayer mechanical
strength of monolayer graphene. In this case, finding a
suitable liquid with lower surface tension may improve
the continuity of the transferred graphene to some
extent. As shown in Fig. 5(d), graphene transferred by
this method also exhibits good film quality, since there
is only a very weak D band in the Raman spectra. Note
that, compared with the material obtained using the first
transfer method, the 2D band, with a narrow FWHM of
~30 cm™, is slightly red-shifted from 2,682 to 2,695 cm™.
This shift in 2D peak to higher wavelength by ~13 cm™
can be understood in terms of a high p-doping effect
due to the involvement of water in the transfer process.
We believe that after appropriate annealing of the
sample obtained by water-assisted transfer, this doping
effect may be weakened to some extent.

3 Conclusion

We have explored the CO intercalation process for

graphene on Pt foils under ambient pressure conditions.

Evidence from SEM images and Raman spectra proves
that CO intercalation is significantly dependent on
the partial pressure of CO. The difference between
this system and the intercalation of CO into graphene
on Pt(111) in a UHV system is that CO molecules can
be confined in the space between graphene and Pt foil
after the CO atmosphere is removed and the sample
removed from the reaction chamber. The CO inter-
calation process under ambient pressure was exploited
as a basis for developing a novel transfer strategy.
Two specific transfer processes were found to be
effective in the successful transfer of sub-monolayer
graphene onto SiO,/Si substrates. We believe that this
work provides a new way of optimizing graphene
transfer, especially for graphene grown on noble metal
substrates.
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