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ABSTRACT: We demonstrate the large-area lithography-free ordered perforation of
reduced graphene oxide (rGO) and graphene grown by chemical vapor deposition
(CVD) with arrayed Pt nanoparticles (NPs) prepared by using self-patterning diblock
copolymer micelles. The rGO layers were perforated by Pt NPs formed either on top or
bottom surface. On the other hand, CVD graphene was perforated only when the Pt
NPs were placed under the graphene layer. Various control experiments conﬁrm that
the perforation reaction of CVD graphene was catalyzed by Pt NPs, where the
mechanical strain as well as the chemical reactivity of Pt lowered the activation energy
barriers for the oxidation reaction of CC bonds in graphene. Systematic atomic force
microscopy and Raman analyses revealed the detailed perforation mechanism. The pore
size and spacing can be controlled, and thus our present work may open a new direction
in the development of ordered nanopatterns on graphene using metal NPs.

■

INTRODUCTION
Graphene has been widely studied due to its extraordinary
physical properties.1,2 When graphene is patterned to have
ﬁnite nanostructures, this property can be tuned or altered. To
prepare such nanostructured graphene, numerous etching
methods have been developed.3−5 Recently, there are
interesting reports that this graphene can be also etched by
metal nanoparticles (NPs), leading to crystallographic nanopatterns at elevated temperature,6,7 which is, however, hardly
controllable to form ordered nanostructures on graphene
because of migrating NPs. Moreover, a temperature as high as
1000 °C for activating metal NPs results in degraded graphene
properties. Thus, if NPs are ﬁxed during the catalytic etching of
graphene at lower temperature, holes rather than trenches can
be formed with minimizing defects induced by the reaction at
high temperature. In addition, it does not rely on relatively
complicated and time-consuming lithographic processes to
create ordered nanostructures on graphene, which enables
wafer-scale fabrication in a time- and cost-eﬀective manner. We
believe such less defective graphene nanopores will be very
useful for various membrane applications such as DNA
sequencing8 and ultraﬁltration of gas or water molecules.9
Here, we demonstrate that a regular pattern of nanopores
can be fabricated on reduced graphene oxide (rGO) as well as
large-area graphene ﬁlms synthesized by chemical vapor
deposition (CVD), utilizing the catalytic reaction of arrayed
Pt NPs synthesized from diblock copolymer micelles. The size
and spacing of nanopores can be easily tuned by using various
© 2015 American Chemical Society

copolymers with diﬀerent molecular weights. We found that the
Pt NPs penetrate the rGO ﬁlm from top to bottom. On the
other hand, the Pt NPs on the CVD graphene do not react with
graphene, while the Pt NPs placed under graphene lead to
perfect perforation of the graphene ﬁlms during the annealing
at 400 °C in ambient conditions. From systematic atomic force
microscopy (AFM) and Raman analysis, we found that the
graphene ﬁlm transferred on Pt NP arrays is mostly suspended
initially, but it is subject to compressive strain during annealing,
which provides a good conformal contact with underlying Pt
NPs for selective catalytic reaction. As a result, the graphene on
the Pt NP arrays undergoes substantial mechanical deformation
with large strain, which possibly catalyzes the oxidation of sp2
carbon atoms.

■

EXPERIMENTAL SECTION

Synthesis of Diblock Copolymer Micelles. Three polystyreneblock-poly(4-vinylpyridine) (PS-P4VP) diblock copolymers (Mn: 32−
13k, PDI = 1.08; Mn: 51−18k, PDI = 1.15; Mn: 109−27k, PDI = 1.12)
were purchased from Polymer Source Inc. PS-P4VP copolymers were
dissolved in toluene to yield a 0.5 wt % micellar solution, which was
stirred for 24 h at room temperature and for 3 h at 85 °C and then
cooled to room temperature. H2PtCl6, a precursor of Pt NPs, was
added to the micellar solution. The molar ratio of precursors to
pyridine units in the P4VP block was 0.5 for PS-P4VP (32−13k) and
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Figure 1. Schematic of fabrication of nanoscale perforated graphene ﬁlms. (a) rGO is coated on a SiO2/Si substrate. (b) Diblock copolymer micelles
incorporated with Pt precursors are coated on the rGO ﬁlm. (c) The Pt NPs array is formed with penetration from top of rGO at 400 °C in ambient
condition. (d) The nanopores are formed on rGO or CVD graphene. (e) Diblock copolymer micelles incorporating with Pt precursors are ﬁrst
coated on the SiO2/Si substrate. (f) The micelles ﬁlm is converted into Pt NPs array after annealing at 400 °C in ambient condition. (g) The CVD
graphene is transferred on the Pt NPs array, followed by annealing at 400 °C. (h) Local strain on graphene induced by negative thermal expansion
leads to enhanced chemical reactivity resulting in localized catalytic perforation.

Figure 2. AFM and TEM images for perforation processes. (a) AFM image of uniformly coated Pt-micelle arrays on rGO. (b) AFM image of well
arrayed Pt NPs on rGO after annealing. (c) AFM image of perforated rGO after transfer to another substrate. (d) TEM image of nanopores of rGO
suspended in a TEM grid. (e) AFM image of the Pt NPs array on a SiO2/Si substrate after annealing. (f) AFM image of CVD graphene transferred
on the Pt NPs array. (g) AFM image of CVD graphene subjected to local strain caused by annealing treatment. (h) AFM image of nanopores formed
on CVD graphene after removing Pt NPs. Scale bars in AFM and TEM images are 200 nm.
ﬂoating on solution. The graphene with the supporting layer was
rinsed three times with distilled water and transferred onto the Pt NPs
arrayed substrate. After the drying process, the graphene transferred
substrate was submerged vertically in acetone for 30 min, followed by
immersion in isopropanol (IPA) for 2 min. IPA treatment can prevent
rupture of graphene surface, which is ascribed to its solubility in
acetone, volatilization, and lower surface tension than acetone. From
these properties, a clean surface without crack can be acquired even in
natural dry condition.
Perforation of rGO and CVD Graphene by Pt NPs. Aqueous
GO dispersion (0.1 wt %) was obtained by ultrasonication (2 h) of

PS-P4VP (51−18k), and 0.35 for PS-P4VP (109−27k). Arrays of Au
and SiO2 NPs were also prepared from PS-P4VP (51−18k) micelles
containing HAuCl4 and tetraethyl orthosilicate with 0.5 molar ratio,
respectively.
CVD Graphene Growth and Transfer to Pt NPs Array. CVD
graphene was synthesized on 25 μm Cu foil with H2 and CH4 ﬂow for
5 and 50 sccm, respectively, at 1000 °C for 30 min in a vacuum. After
graphene growth, poly(methyl methacrylate) (PMMA) as a supporting
layer was coated on one side, and the other side was removed by
reactive ion etching (RIE). Cu foil can be etched away using
ammonium persulfate aqueous solution (20mM), leaving the graphene
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GO synthesized by the modiﬁed Hummers’ method, followed by
centrifugation at 3000 rpm for 1 h to remove precipitates. The rGO
ﬁlm was prepared by spin coating of GO dispersion ﬁve times and
followed by hydrazine vapor treatment on a SiO2(300 nm)/Si
substrate, which was cleaned in a piranha solution (70:30 v/v
concentrated H2SO4 and 30% H2O2) prior to spin coating. A single
layer of PS-P4VP micelles containing precursors of Pt NPs was spincoated onto an rGO ﬁlm for 60 s at 4000 rpm for PS-P4VP (32−13k)
and at 2000 rpm for PS-P4VP (51−18k) and PS-P4VP (109−27k). To
perforate the rGO ﬁlm by synthesizing Pt NPs with the removal of
copolymers, the micellar ﬁlm on the rGO ﬁlm was heated at 400 °C
for 30 min in air. For the perforated rGO ﬁlm transfer, the rGO ﬁlm
was spin coated with a PMMA supporting layer and delaminated from
the SiO2/Si substrate by exposing it to an aqueous NaOH solution
(1.0 M). After transfer to another SiO2/Si substrate, the PMMA layer
was removed by mild sonication in acetone. To perforate the CVD
graphene, Pt NPs were ﬁrst synthesized on a SiO2/Si substrate with
the same procedure on an rGO ﬁlm. The single-layered graphene was
then transferred onto the top of Pt NPs using transfer technique as
described earlier. Annealing treatment (400 °C) was exerted to each
sample, which was 20 min for PS-P4VP (32−13k), 30 min for PSP4VP (51−18k), and 40 min for PS-P4VP (109−27k), respectively.
The perforated graphene was transferred to another SiO2/Si with the
same method used for perforated rGO ﬁlms.
Device Fabrication. The SiO2 (300 nm)/Si2+ substrate was used
for electrical measurement of perforated graphene ﬁeld eﬀect
transistor. Perforated graphene was spin coated with PMMA and
delaminated using aqueous NaOH solution (1.0 M). After several
rinses using distilled water, the PMMA-coated sample was transferred
onto the highly p-doped SiO2/Si2++ substrate, and PMMA was
removed by acetone. Chromium (5 nm) and gold (30 nm) electrodes
were thermally deposited using prepatterned mask, followed by
isolation of graphene channels using photolithography. Each device
having diﬀerent pore size and density was fabricated, forming same
channel length (50 μm) and width (200 μm). Drain-source current
(Ids) was measured at constant drain-source voltage (Vds) 10 mV. Prior
to the measurement, all graphene samples were annealed at 300 °C
under H2/Ar atmosphere.
Characterization. Copolymer micelles, NPs, and perforated
graphene were analyzed using a Multimode 8 AFM with a Nanoscope
V controller (Bruker) in tapping mode with Al-coated Si cantilevers.
Transmission electron microscopy (TEM) was performed on a Hitachi
7600 operating at 100 kV and a JEM-3010 (JEOL) at 300 kV. Raman
spectra were obtained using a Renishaw 2000 with a 514.5 nm line
from an Ar ion laser as an excitation source. Agilent 2602 was used for
electrical measurement of ﬁeld eﬀect device in the ambient condition.

is known to be safe enough to prevent the degradation of
rGO.10 The spacing of nonaggregated Pt NPs (∼51 nm) is
identical to that of the original micelles, implying that an array
of Pt NPs was successfully fabricated preserving the order of
the copolymer micelles.
The height histograms of Pt NPs on rGO before and after
annealing indicate that the Pt NPs penetrating the rGO ﬁlm
reside on the SiO2/Si substrate (Figure S1). To conﬁrm the
perforation of rGO, the sample shown in Figure 2, panel b was
delaminated and transferred onto another SiO2/Si substrate for
AFM analysis and also on a TEM grid. In the AFM image of the
transferred rGO (Figure 2c), we clearly observe arrayed holes
with the depth of ∼2.2 nm, which is again equivalent to the
thickness of rGO (∼2.3 nm). These arrayed holes are evidently
noticeable in the TEM image (Figure 2d). The spacing of holes
(∼49 nm in AFM, ∼50 nm in TEM) is almost identical to that
of Pt NPs (∼51 nm), indicating that holes were produced by
arrayed Pt NPs. The crystalline structure of Pt NPs was
conﬁrmed by the selected-area electron diﬀraction pattern
(inset of Figure S2b).
When Pt NPs were synthesized on rGO, they directly
contacted the rGO surface at the beginning. Since rGO has
many oxygen-containing defective sites on its surface, catalytic
oxidation of rGO by Pt NPs could be initiated from these
surface defects and facilitated by oxygen molecules in air,
resulting in the formation of holes in rGO by eliminating
carbon atoms near Pt NPs. Once Pt NPs touched the substrate
by etching the rGO around Pt NPs, no further oxidation by
catalytic Pt NPs could proceed in lateral directions. Pt NPs
were immobile when they were synthesized on a bare SiO2/Si
substrate at 400 °C. Thus, Pt NPs perforated rGO from the top
of rGO. Since the size of holes (∼15 nm) is somewhat larger
than the diameter of NPs (∼10 nm), there would be a small
positional drift or deformation of NPs (Figure S2b).
One of the merits of the diblock copolymer micellar
approach is the controllability of the size and spacing of NPs.
We employed a lower molecular weight copolymer PS-P4VP
(32−13k) and also a higher one PS-P4VP (109−27k) than
previously utilized PS-P4VP (51−18k). We repeated the same
procedure as before to generate nanoholes in rGO. Since the
length of the PS corona block eventually governs the spacing of
nanoholes, we obtained a smaller spacing of holes (∼34 nm)
with PS-P4VP (32−13k), that is, dense holes, and a larger one
(∼101 nm) with PS-P4VP (109−27k), that is, sparse holes, as
shown in AFM and TEM images (Figure S3). These spacing
values are consistent with those of Pt NPs (Figure S2). For the
size of holes, which depends on the length of the P4VP core
block, smaller holes (∼8 nm) and larger holes (∼19 nm) were
produced by PS-P4VP (32−13k) and PS-P4VP (109−27k),
respectively. Overall, we were able to generate the arrays of
discrete nanoholes in rGO with controllable sizes and spacing
by regulating the molecular weights of copolymers.
Next, we applied the diblock copolymer micellar approach to
perforate CVD graphene. We simply followed the same
procedure as the previous rGO perforation, but the
aggregations of Pt NPs were observed on the CVD graphene
(Figure S4). Considering the similar phenomenon observed on
graphite surface, the aggregation of Pt NPs might be due to the
low surface energy of graphene11 and low temperature (400
°C) that cannot activate thermal decomposition of sp2 carbon−
carbon bonds. Thus, previous methods usually employed the
temperature higher than 1000 °C to promote the reaction,
which is unfavorable for maintaining the high-quality graphene.

■

RESULTS AND DISCUSSION
We chose diﬀerent types of graphene, one of which is rGO, and
the other is CVD graphene. Both materials showed uniformly
punched holes with varying pore sizes. Those fabrication
mechanisms were extremely diﬀerent from each other, which is
summarized in Figure 1. First, the rGO ﬁlm was prepared by
successive spin-coating of graphene oxide on a SiO2/Si
substrate followed by reduction using hydrazine. The thickness
of rGO ﬁlm is approximately 2.3 nm with uniform surface (rms
roughness of 0.4 nm) (Figure S1a). Then, on such rGO ﬁlm,
we spin-coated a single-layer polystyrene-block-poly(4-vinylpyridine) (PS-P4VP, 51−18k) micelles with H2PtCl6, a
precursor of Pt NPs, in the P4VP cores. The AFM image in
Figure 2, panel a shows an array of spherical micelles without
overlapping, implying a single layer of copolymer micelles. The
spacing of micelles obtained by the fast Fourier transformation
(FFT) analysis of the image is ∼51 nm. Then, we removed the
copolymers by heating at 400 °C in air, which resulted in the
generation of Pt NPs in the core regions of the micelles as
shown in Figure 2, panel b. The heating temperature of 400 °C
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Figure 3. Raman analyses of CVD graphene on Pt NPs with respect to annealing time. (a) The variation of the phonon frequencies of the 2D and G
modes as a function of annealing time. (b) Correlation between 2D/G intensity ratio and G mode position as a function of each annealing treated
samples (black dashed line represents second-order polynomial curve ﬁt to the data points). (c) Correlation between fwhm of G mode and its
position as a function of each annealing treated samples (black dashed line represents second-order polynomial curve ﬁt to the data points). (d)
Correlation between the G and 2D modes varied by annealing. The black dashed line indicates the charge neutral graphene under randomly oriented
uniaxial strain. The red solid line indicates doped graphene with varying density of holes. Green dot indicates the charge neutral and strain-free
graphene (inset: decomposition of hole doping and strain types using unit vectors; εC, compressive strain; εT, tensile strain; eH, hole doping eﬀect;
magenta dashed line, average value of strain-free graphene with varying density of holes).

between graphene and Pt NPs.16−19 The suspended regions
disappear after 30 min (Figure 2g) as the Pt NPs perforate the
graphene from bottom to top, which is clearly shown in the 3D
views of the AFM images before and after heating (Figure 2f,g).
To conﬁrm the perforation in CVD graphene, the sample
shown in Figure 2, panel g was delaminated and transferred
onto another SiO2/Si substrate. In the AFM image of the
transferred graphene (Figure 2h), we can clearly observe the
arrayed holes. The spacing of the holes (∼56 nm) is close to
that of the Pt NPs (∼51 nm). The hole array can be also
observed in the TEM image of the perforated graphene (Figure
S6).
We further explored the mechanism of the perforation in
CVD graphene with varying annealing time using Raman

In this regard, a catalytic condition that can lower the reaction
energy barrier is desirable, which includes the use of catalysts or
strain-induced sp2−sp3 bond character changes.12−15 In
particular, the Pt NPs lying under graphene are useful to
generate highly localized strain that can alter the bond
characteristics of graphene, leading to eﬃcient perforation at
lower temperature.
We ﬁrst synthesized arrayed Pt NPs from PS-P4VP (51−
18k) on a bare SiO2/Si substrate and transferred CVD
graphene on top (Figure 2e,f). The transferred graphene on
the Pt NPs tends to be suspended across a few Pt NPs (Figure
2f). At the initial stage of the annealing process (Figure S5b−
d), the graphene seems to experience the local strain increasing
with time due to the diﬀerence in thermal expansion coeﬃcient
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Figure 4. (a) AFM image of nanopores (diameter, 17 nm; spacing, 42 nm) of CVD graphene obtained from smaller molecular weight of diblock
copolymer PS-P4VP (32−13k). (b) AFM image of nanopores (diameter, 21 nm; spacing, 56 nm) of CVD graphene obtained from diblock
copolymer PS-P4VP (51−18k). (c) AFM image of nanopores (diameter, 27 nm; spacing, 125 nm) of CVD graphene obtained from higher
molecular weight of diblock copolymer PS-P4VP (109−27k). (d) Raman spectrum with respect to each sample. (e) Ids of each sample measured at
constant Vds = 10 mV after the annealing under H2/Ar atmosphere at 300 °C for 10 min (solid curves) and 20 min (dashed curves).

molecules such as oxygen.20−23 Finally, the oxidized carbons
decompose into CO or CO2, resulting in the nanohole arrays of
graphene as shown in Figure 2, panel h. The 2D band
broadening (Figure S7) also manifests the role of mechanical
strain in the perforation of graphene by Pt NPs.24
Recently, Lee et al. reported Raman studies on the optical
separation of mechanical strain from doping in graphene,25
where eH, εC, and εT vectors represent doping concentration,
compressive strain, and tensile strain, respectively (inset of
Figure 3d). As shown in Figure 3, panel d, we borrowed this
concept to elucidate the detailed mechanism of perforation by
Pt NPs, which indicates that the strained graphene by Pt NPs
follows the uniaxial slope (Δω2D/ΔωG = 2.2 ± 0.2) as well as
the hole doping slope (0.75 ± 0.04) with annealing time.
The graphene on SiO2 substrates typically shows the pdoping of ∼3.55 × 1012 cm−2 and the compressive strain (εC)
of ∼0.15% that is caused by slippage and shrinkage during the
drying process at ∼80 °C (gray dots in Figure 3d).13 On the
other hand, the graphene on NPs arrays remarkably experiences
the tensile strain (εT) of ∼0.16% (point A in Figure 3d),
resulting in the downshift of G peaks at ∼1577.1 cm−1 (blue
dots in Figure 3d). The hole doping level is ∼3.8 × 1012 cm−2
(point B in Figure 3d), which is similar to the graphene on
SiO2. The shift of data points after transfer onto Pt NP arrays
looks parallel to the uniaxial slope in general, but rather wide
distributions and relatively steeper slopes imply the coexistence
of suspended regions that leads to the biaxial buckling graphene
as shown in Figure 2, panel f.28−30 After 10 min of annealing,
the distribution mostly changes back to conﬁned quasi linearity
and follows the uniaxial type (purple dots in Figure 3d). This

spectroscopy. Dozens of random points of each sample were
measured and classiﬁed to elucidate the correlation between
strain and doping eﬀects. The Raman G and 2D bands for
graphene transferred on Pt NPs before annealing were
observed at 1580.4 ± 1.7 cm−1 and 2671.9 ± 3.7 cm−1 and
shifted to 1597.4 ± 1.0 cm−1 and 2691.4 ± 1.4 cm−1 after 30
min, respectively (Figure 3a). This indicates that the annealing
generally induces strong p-doping eﬀect,20 but the large
downshift of G peak at 1577.1 cm−1 from the suspended
region cannot be explained only by doping eﬀect21 and is
possibly correlated with mechanical strain22−24 between the
graphene and its underlying substrate.25 From these, we assume
that both mechanical deformation and the doping of graphene
are critical factors that promote the catalytic perforation of
graphene by Pt NPs during annealing process.
The 2D/G ratio is a typical means to estimate the doping
concentration. The double resonant process (2D peak) in the
intervalley is strongly aﬀected by doping eﬀect, which induces
decreasing intensity owing to electron−electron scattering
eﬀect.26 The 2D/G ratio gradually decreases, and the frequency
of G band increases with annealing time and saturates after 30
min (Figure 3b). This implies that the graphene on Pt NPs is
inﬂuenced by the thermally induced p-doping eﬀect.
The G band broadening (Figure 3c) appearing from 5−20
min supports the dominance of mechanical strain23−25 rather
than doping eﬀect that leads to the sharpening of the G band.27
After annealing for 30 min, the Raman data points look similar
to those before annealing. This exhibits that the strain is
released as the graphene is perforated by Pt NPs, where the
local curvatures provide the sp3-like reactive sites for adsorbed
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Figure 5. (a) AFM image of annealing treated CVD graphene on Pt NPs in vacuum. (b) AFM image of annealing treated CVD graphene on silica
NPs in the air. (c) AFM image of annealing treated CVD graphene on Au NPs in the air. Scale bars are 200 nm. (d) Raman spectrum with respect to
each sample.

intensity of D peak appears to be proportional to nanopore
density (Figure 4d).
To investigate the electrical properties of the perforated
graphene, we fabricated the ﬁeld eﬀect transistor (FET) (Figure
4e). We calculated the charge neutral point of nanoperforated
graphene shown in Figure 4, panel b from its p-doping
concentration (1.2 × 1013 cm−2) to be ∼167 V,33 which is
beyond the upper limit of our measurement setup. Thus, we
carried out the H2/Ar annealing treatment at 300 °C for 10 min
prior to the measurement to reduce the doping level, which
allowed us to observe the charge neutral points of FETs (solid
lines in Figure 4e). The charge neutral points shift more
dramatically when the H2/Ar annealing process takes longer
(dashed lines in Figure 4e and Figure S9). The diﬀerent charge
neutral points of perforated graphene FETs show that the
Fermi level is closely related to the nanopore density. Note that
Ids−Vg curves are asymmetric because of a diﬀerence in the
conductance of holes and electrons.34 Electrical properties
seems to act as a p-type graphene based FET rather than
semiconductor, which may be attributed to relatively large
spacing among holes against previous report.5 We think that
the neck width of perforated graphene should be scaled down
below 20 nm to have semiconducting properties, which will be
further studied in our following research. As opposed to doping
correlation, current level is inversely proportional to high pore
density, which once again demonstrates the rate of carbon
decomposition at each sample.
We have performed several control experiments to conﬁrm
the catalytic role of Pt NPs. First, graphene on a bare substrate
heated at 400 °C in air showed no changes regardless of
annealing time. Second, graphene on Pt NP arrays heated at
400 °C in vacuum resulted in formation of many ripples but no

spectral change indicates that the negative thermal expansion of
graphene tends to form uniaxial strain along the linear wrinkles
bridged by adjacent Pt NPs rather than biaxial strain as shown
in Figure 2, panel g. In addition, the region of distribution is
upshifted with a slightly declined slope, suggesting that the
graphene was p-doped. The appearance of the hole doping (6.0
× 1012 cm−2) is possibly caused by the attachment of oxygen
molecules on the graphene surface.13 After 20 min of annealing,
the degree of distribution is more perturbed, and the slope is
declined toward the hole doping slope. We suppose that the
spectral inhomogeneity after 20 min annealing is originated
from the increased hole doping by oxidation reaction at
structurally deformed sites (pink dots in Figure 3d). The
continuing annealing up to 30 min further p-dopes the
deformed graphene on Pt NP arrays, and ﬁnally, the
compressive strain is released as the graphene is perforated
by the Pt NP-assisted oxidation reaction (see red dots with no
linearity assigned to strain in Figure 3d). After complete
perforation, the ﬁnal compressive strain appears to be ∼0.22%
at a p-doping level of ∼1.2 × 1013 cm−2 (Table S1). The
gradual appearance of defect-related D and D′ peaks as well as
the shift of G and 2D peaks also supports that the perforation
proceeds with increasing annealing time (Figure S8). Thus, we
conclude that the localized strain and the oxidation reaction by
Pt NPs cooperatively contribute the strain-assisted perforation
of graphene.
As previously shown in rGO case, the size and spacing of the
nanopore arrays on the CVD graphene can be also tuned by
regulating the molecular weight of copolymers (number of
pores per unit area, ∼1.0 × 1010 cm−2, ∼ 3.4 × 1010 cm−2, and
∼6.0 × 1010 cm−2, for Figure 4a−c, respectively). This
observation is consistent with Raman spectra, in which the
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perforation (Figure 5a), implying that oxygen molecules are
essential for perforation in addition to structural deformation.
Third, instead of Pt NPs, graphene was transferred on SiO2 NP
and Au NP arrays, and then heated at 400 °C in air, but no
signature of perforation was observed both in AFM images
(Figure 5b,c) and Raman spectra (Figure 5d), suggesting that
Pt plays an important role as a catalyst to perforate graphene.
We suppose that the use of Pt NPs as catalysts lowers the
activation energy needed for perforation reaction, while the
noncatalytic SiO2 NPs requires more thermal activation energy
and reaction temperature as high as 1100 °C.31
In conclusion, we successfully fabricated rGO and CVD
graphene ﬁlms patterned with nanopore arrays using Pt NP
arrays whose sizes and spacing are controllable by using
diﬀerent diblock copolymer precursors. We conﬁrmed that the
perforation reaction is catalyzed by Pt NPs lowering the
activation energy barriers for the oxidation reaction of carbon
atoms, where the mechanical strain should be additionally
considered for the perforation of CVD graphene. The method
of using diblock copolymers is scalable above a wafer scale
(Figure S10), and thus it is expected to provide a practical route
to fabricate large-area nanopatterned graphene without employing complicated lithography processes. The suggested perforation mechanism by Pt NPs can be compared with using
diﬀerent metals such as Ag, Ni, and Fe utilized for randomly
directional patterning at high temperature,6,7,32 which are
unlike the case of using diblock copolymer method. In addition,
further studies on the chemistry and strain-engineering between
graphene and metal catalysts would be useful to understand the
properties of graphene, which could be utilized for various
electronic, chemical, biological, and environmental applications.
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