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Synthesis of Wet-Chemically Prepared Porous-Graphene
Single Layers on Si/SiO2 Substrate Increasing the
Photoluminescence of MoS2 in Heterostructures
Yiqing Wang, Christof Neumann, Marleen Hußmann, Qing Cao, Yalei Hu, Oisín Garrity,
Patryk Kusch, Andrey Turchanin, and Siegfried Eigler*

Wet-chemical generation of pores in graphene is a challenging synthetic
task. Although graphene oxide is available in large quantities and chemically
diverse, extended lattice defects already present from synthesis hamper the
controlled growth of pores. However, membrane, energy, or nanoelectronic
applications essentially require uniform pores in applications. Here, oxofunctionalized graphene (oxoG), a type of graphene oxide with a controlled
density of vacancy defects, is used as starting material. Pores in graphene
are generated from potassium permanganate treated oxoG and heating
from room temperature to 400 °C. With etching time, the size of pores
increases and pore-diameters of, for example, 100–200 nm in majority
become accessible. The experiments are conducted on the single-layer level
on Si/SiO2 wafers. Flakes remain stable on the µm scale and do not fold.
The process leads to rims of pores, which are functionalized by carbonyl
groups in addition to hydroxyl and carboxyl groups. In addition, it is found
that heterostructures with intrinsically n-doped MoS2 can be fabricated and
photoluminescence (PL) measurements reveal a 10-fold increased PL. Thus,
graphene with pores is a novel highly temperature-stable electron-accepting
2D material to be integrated into van der Waals heterostructures.
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1. Introduction

Graphene with defects, such as pores in
the lattice of graphene[1–3] finds emerging
applications for water separation, gas separation and purification, or sensing.[4–10]
The chemical functionalization of graphene can either be accomplished with
graphene dispersed in solvents,[11] or with
graphene deposited on surfaces.[12] Applications based on bulk functionalization
target, for example, composite formation, exploiting the mechanical properties
of graphene, or electronic properties for
energy applications and energy conversion
or storage.[13–19] In particular sensing applications are targeted using graphene, which
is deposited on surfaces. Thereby, functionalization of deposited graphene can
in principle occur on the surface or at the
rim of flakes. However, since investigated
sensing devices typically have µm dimensions, functionalization at rims of flakes
is supposed to have only little influence
on the device performance. With drilling
pores into the graphene lattice, the proportion of rims can be
increased. In principle, pores can be etched using focused ion
beam and the approach allows for regular patterning, shape, and
size control.[16,20–22] Thereby, the successful patterning is a technological challenge. Since the focused ion beam also interacts
with the substrate the dielectric layer, such as SiO2 may become
damaged. Thus, although that approach is appealing, it bears
some drawbacks, since high-end technology is required.[16,23]
The growth of pores in graphene on the single-layer level is
described by numerous methods in the literature in particular
etching methods.[24] Nanometer-sized pores were created in graphene by oxygen plasma or other plasmas.[25,26] Moreover, pores
on the nanoscale were created in few-layered graphene using
oxygen, ozone, or liquid phase etching using HNO3 solution as
etching reagents.[26–28] In addition, it is reported that a single Ni
atom can be used to cut graphene to a nanomesh with a pore size
of about 10–50 nm.[29] Sub-nanometer diameter pores in singlelayer graphene membranes were also fabricated, accordingly,
defects were introduced into the graphene lattice through ion
bombardment and oxidative etching enlarged defects into pores
with sizes of 0.40 ± 0.24 nm.[30,31] Moreover, also graphene oxide
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Figure 1. Scheme describing the fabrication of pores starting from oxoG.
Flakes of oxoG are deposited on a Si/SiO2 substrate. Pr-oxoG12h is fabricated from oxoG, immersed in KMnO4 solution, followed by washing,
drying, and annealing in argon atmosphere at 400 °C for 12 h. The white
scale bar relates to 10 µm in optical microscopy images.

was used as precursor for etching pores, however, no uniform
size was reported and the size of pores is limited to few nm,
assumedly due to too many lattice defect sites already present in
common graphene oxide, which act as origins for etching. Thus,
the formation of larger pores is not possible, since flakes start to
disintegrate.[28,32–35] Accordingly, graphene oxide with extended
lattice defects conceptionally can’t be considered as a precursor
for generating graphene with pores of reasonable lateral dimensions, of tens to hundreds of nm (Table S1, Supporting Information). Here we describe the formation of pores of circular
shape by a Mn-species assisted etching procedure at 400 °C in
argon atmosphere. The approach starts from oxo-functionalized
graphene (oxoG) with a low density of initial vacancy defects
(0.8%, as determined by Raman spectroscopy), which is a subclass of the graphene oxide family. By controlling the reaction
conditions, it is possible to gain a certain control over the formation of pores with diameters between 100–200 nm in majority.
Those pore-graphene materials are highly temperature stable
since they are synthesized at 400 °C. Moreover, integration into
heterostructures is possible. We report that the amplitude of the
photoluminescence (PL) signal of MoS2 enhances 10-times.

2. Results and Discussion
The formation of pores in monolayers of oxoG was elaborated
in a five-step procedure (Figure 1). Accordingly, oxoG flakes are
deposited on Si/300 nm SiO2 wafer by Langmuir–Blodgett technique.[36–38] The lateral dimensions of monolayer oxoG flakes
are roughly 20 µm (Figure 1 left and Figure S2A–C, Supporting
Information). Figure S1A,B, Supporting Information, show the
results of the statistical Raman analysis of flakes of reduced
oxoG revealing an ID/IG ratio of the defect induced D band and
the G band of 2.7 ± 0.14 and a full-width at half-maximum (Γ)
of the 2D band Γ2D = 93 ± 9 cm−1. Thus, the average distance
of defects LD is about 2 nm, following the relation introduced
by Lucchese and Cançado.[39,40] The distance of defects can be
related to a density of defects of about 0.8%.
Then the wafer was immersed into a solution of potassium
permanganate (KMnO4) overnight (for details see experimental
part). Metal ions are bound to the surface of the single-layers
of oxoG on Si/SiO2 substrates. A study based on the roughness
analysis performed by atomic force microscopy (AFM) was conducted focusing on one specific flake of oxoG before and after
KMnO4 immersion (step 1 in Figure 1) and finally after washing
the surface with water (step 2 in Figure 1, see also Figure S2,
Adv. Mater. Interfaces 2021, 8, 2100783
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Supporting Information). Line height scans indicate that the
root mean square roughness of the surface increases from
about 0.14 nm to about 0.39 and 0.32 nm, respectively. As we
showed before, organosulfate groups with hydronium counter
ions explain the thickness of flakes of oxoG.[41] Here, we propose
that hydronium ions are exchanged by Mn-species. Although
we realized that step 2, washing the wafer with water to remove
possible excess or loosely bound Mn-species is essential for the
controlled growth of pores, the AFM height profile remains
similar (Figure S2F, Supporting Information) with a roughness
of 0.32 nm. After drying the sample at room temperature, the
annealing process was carried out in a tube furnace in argon at
400 °C for 12 h. Afterward, the annealed material on the wafer
was washed with 1 m hydrochloric acid (HCl) to remove metal
or metal oxide particles.[33] The annealing process induces the
disproportionation reaction of oxoG, and we identified in an
earlier study that pores can grow by the release of CO2, while
intact graphene patches with diameters of around 3 nm in
diameter are generated, as a consequence of mobile oxo-groups
on the lattice of graphene.[42] However, by the here described
procedure, graphene with pores (Pr-oxoG12h; index indicated
the annealing time) is generated with much larger pores.
By varying the annealing time, graphene materials with
pores of different sizes are generated. The formed pores can be
visualized by AFM and optical microscopy, respectively. Here,
through comparative experiments, we can confirm that manga
nese plays a very important role in the formation process of
pores. For single layers, we suggest that there are small nanoparticles at the edges of pores. Because of the little amount,
the content is below the detection limit of, for example, X-ray
photoelectron spectroscopy (XPS) or Raman (MnO vibrations,
Figure S6A, Supporting Information). We further assume that
the metal particles move along the edge of the pore to continuously catalyze the pore formation leading to increased dia
meters of pores. Accordingly, based on this assumption it can
be explained why round pores are formed, and thus, the size
of the pores can be controlled by etching-time. Figure S3A,
Supporting Information, shows an AFM image of single-layer
oxoG with no visible pores in the zoomed area depicted in
Figure S3B, Supporting Information. As we visualized before
by transmission electron microscopy at atomic resolution, oxoG
bears only one or few atom vacancies.[42,43] Figure S3C,D, Supporting Information, show AFM images of Pr-oxoG6h. The
presence of small pores is visible in Figure S3D, Supporting
Information. To make the comparison reliable, we analyzed
the same flake and same area of the flake before and after
annealing. Therefore, we conclude that there are small pores
of 45 ± 24 nm formed in Pr-oxoG6h, as can be observed from
Figure S3D and Table S2, Supporting Information.[30]
Extending the annealing time from 6 to 12 h results in the
formation of larger pores (Pr-oxoG12h). Pores in Pr-oxoG12h on
Si/SiO2 substrates are visible under the optical microscope
(Figure 2A). As shown in the AFM image of Figure 2B, (the
stacked square is visible in the center with higher resolution)
there are many pores distributed over the entire flake. An AFM
image with a further enlarged area of the flake of Pr-oxoG12h is
depicted in Figure 2C. The circular shape of pores with an apparently uniform size of 147 ± 73 nm is clearly visible (Table S2, Supporting Information). The height of Pr-oxoG12h is about 1.4 nm,
as measured by the AFM tip hitting the underneath surface
© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. A) Optical microscopy image (differential interference contrast, DIC) of flakes of Pr-oxoG12h on Si/SiO2 substrates. Inset: histogram shows
the size distribution of pores shown in B and C, smaller than 50 nm are not counted. B) AFM topography image of Pr-oxoG12h with overlay of detailed
scanned area; C) zoomed AFM topography image of (B) showing pores. White line: height profile, arrow indicates 1 nm.

through the pores. The results of the quantitative analysis of the
lateral dimensions of pores in graphene are illustrated in the
histogram shown in the inset of Figure 2A. The analysis reveals
that the pores diameters are roughly 150 ± 70 nm.
Skipping the final step of HCl washing results in an
increased height when measuring through a hole from the
SiO2 surface to the surface of graphene (Figure 3). We assume
that a uniform hydration layer may be present between the substrate and graphene. We note that Mn-species, such as nanoparticles, supposed to be located at the rims of pores are not
detected by AFM.[29,33] An analysis of the pore size before and
after HCl washing indicates a little increase from 129 ± 75 to
147 ± 72 nm in Figure 3D. Those data are also listed in Table S2,
Supporting Information. Next, a reference experiment was
performed to eliminate the possibility that similar pores are
formed using oxoG without the influence of Mn-species. Thus,
flakes of oxoG were annealed for 12 h. As shown in Figure S4,
Supporting Information, by optical microscopy and AFM, no
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obvious large pores are observed. Therefore, we conclude that
annealing alone is not leading to the formation of large pores,
starting from oxoG.
To further investigate the effect of annealing time on the
pore diameter, we further extended the processing time to
16 h. As shown in Figure S5, Supporting Information, large
and merged pores are visible for Pr-oxoG16h, both in the optical
microscopy image of Figure S5A, Supporting Information, and
AFM images of Figure S5B,C, Supporting Information. As
shown in Figure S5B, Supporting Information, there are many
pores in the flakes (enlargement in Figure S5C, Supporting
Information) and the mean diameter is 168 ± 94 nm. To gain
more insights into the mechanism of pore formation process
was conducted on few-layers of oxo-G. The AFM images in
Figure S6, Supporting Information, reveal some dots in the
center of the pore. The thickness of the dots is basically the
same as the material height. We suggest that those dots are
either trapped etched carbon dots or manganese nanoparticles.
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Figure 3. AFM topography images in (A); before (Pr-oxoG12h (Mn)), and B) after (Pr-oxoG12h) HCl washing. C) Height profiles of AFM images along
yellow dashed lines. The black and red lines represent the pores height profiles of Pr-oxoG12h (Mn) and Pr-oxoG12h, respectively. D) Distribution of pores
in the white box. The black and red bars represent the pores quantity profiles of Pr-oxoG12h (Mn) and Pr-oxoG12h.

Although, evidence is found supporting the hypothesis of the
catalytical role of Mn-species such as Mn-atoms or nanoparticles, the final proof is a matter of further research.
A comparison between the different mean diameters and
mean pore areas after different annealing time are shown in
Figure S7, Supporting Information (data listed in the Table S2,
Supporting Information). As the pyrolysis time increases, the
average diameter and area of the pores increase according. In
the process of growing pores, as shown in Figure 1, we pointed
out that skipping washing step 2 with water results in a highly
uncontrolled etching process. Compared with Figure 2A, the
same annealing time of 12 h was chosen and the AFM image
in Figure S8, Supporting Information, shows small pores, very
large and also merged pores distributed all over the flakes. We
suggest that Mn-species are unevenly distributed on the surface of oxoG if the water washing step is skipped. We note that
we observed also partly destroyed and crumpled/folded layers.
Therefore, we conclude that washing step 2 is essential to control the generation of pores, and to get some control over the
uniformity of grown pores.
Next, an XPS study was conducted to analyze changes in
the chemical composition of oxoG and Pr-oxoG12h (Figure 4).
All XPS data are listed in Table S3. The high-resolution C 1s
spectrum of oxoG in Figure 4A displays a typical saddle-like
pattern, which stems from significant oxidation in oxoG.
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The content of sp2-C is about 47.8% (due to oxo-groups) and
the content of CO/COH/CO is up to 46.3%. It can be
seen from the high-resolution Mn 2p that there is no obvious
peak in Figure 4E. Thus, few-layer oxoG contains less than
0.1 at% Mn. Before HCl washing, the high-resolution Mn 2p
of Pr-oxoG12h (Mn) reveals also less than 0.1 at% Mn, as shown
in Figure 4F. This finding further support that little quantities
of Mn-species are catalytically active in the etching process.
After annealing, the oxygen content of Pr-oxoG12h is significantly reduced compared to oxoG. As expected, the content of
sp2-C increased, here to 50.8%. The high-resolution O 1s spectrum of Pr-oxoG12h displays the peaks of CO, CO, OCO
(Figure 4D). We note that the O 1s peak in Figure 4B is only for
reference, since Pr-oxoG12h is not completely covering the Si/
SiO2 substrate and since large pores exist in Pr-oxoG12h. Thus,
the influence of the surface O-signal from SiO2 is affecting
the quantitative analysis. The oxygen content is significantly
reduced in comparison to oxoG and close to zero if we consider
its influence on SiO2.[2,44,45] We note, for analyzing the CO
species the C 1s analysis is representative. The analyses of C
1s peaks reveal the formation of CO and CO/COH groups
as a consequence of annealing and the accompanied growth of
pores (Figure 4B). Thus, we conclude that the rims of pores are
functionalized by carbonyl groups in addition to hydroxyl and
carboxyl groups.
© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. High-resolution C 1s (top) and O 1s (middle) spectra of (A), C) oxo-G, and B,D) Pr-oxoG12h. High-resolution Mn 2p spectra (bottom) of
E) oxo-G and F) Pr-oxoG12h (Mn).

Moreover, with growing pores into graphene the sp2patches become smaller and consequently, the Raman spectra
in Figure S9, Supporting Information, shows, as expected, a
broadened D peak with ΓD = 106 cm−1 for Pr-oxoG12h, compared
to ΓD = 84 cm−1 for oxoG.
In the following, oxoG and Pr-oxoG12h, respectively, are used
to fabricate van-der-Waals heterostructures with a single-layer
flake of MoS2 deposited on top (illustrated in Figure 5). Raman
spectra (Figure S10, Supporting Information) confirm that the
transferred flake of MoS2 is a monolayer by the measured difference between the out-of-plane A1g mode and the E2g mode
of about 19.0 cm−1, as typical for a monolayer.[46] For the fabrication of the heterostructures, we used a previously described
procedure.[47] Figures 5B,D show optical microscopy images of
the realized oxoG/MoS2and Pr-oxoG12h/MoS2 heterostructures,
Adv. Mater. Interfaces 2021, 8, 2100783
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respectively. The AFM images of the Pr-oxoG12h/MoS2 heterostructure is depicted in Figure S11A,B, Supporting Information,
and proved the expected morphology.
The PL of MoS2 on SiO2, on oxoG, on Pr-oxoG6h, and on
Pr-oxoG12h are studied next. Figure 5E shows the respective
PL of heterostructures. Obviously, the amplitude of the PL is
increased for oxoG/MoS2 and Pr-oxoG12h/MoS2, using pure
MoS2 on Si/SiO2 substrate as internal reference, respectively,
compared to the PL of the MoS2 monolayer. The most intense
PL is detected for Pr-oxoG12h/MoS2 with a 10-times increased
amplitude. In contrast, the PL of Pr-oxoG6h/MoS2 is increased
3-times (Figure S12, Supporting Information) and for oxoG/
MoS2 a fourfold increased PL. As depicted in Figure 6 there
is a constant PL intensity over the complete flake, without
any modulation. A related investigation demonstrated that
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Figure 5. A) Illustration of the heterostructure of oxoG/MoS2 and B) optical microscopy image of the realized oxoG/MoS2 heterostructure. C) Illustration of the heterostructure of Pr-oxoG12h/MoS2 and D) optical microscopy image of the realized Pr-oxoG12h/MoS2 heterostructure. E) PL spectra of
monolayer MoS2 on SiO2 (black), oxoG/MoS2 (red), and Pr-oxoG12h/MoS2 (blue). F) Raman spectra of the same samples as in (E).

graphene oxide forms a p-type contact with monolayer MoS2
and this is plausible due to electron-accepting groups detected
by XPS, such as carbonyl groups.[48] Overall, the highest PL
enhancement is achieved by using Pr-oxoG12h. Figure 5F shows
the Raman spectra of heterostructures detecting the A1g mode
of MoS2 in the heterostructures at around 404.4 cm−1, which
is blue-shifted to 405.5 and 405.6 cm−1 for MoS2 on oxoG and
Pr-oxoG12h, respectively, while the position of E2g mode is not
shifted. Those observations indicate the p-doping of MoS2 in
the heterostructures by oxoG and Pr-oxoG12h, respectively.[49,50]
Moreover, Pr-oxoG12h reflects a p-doped graphene type material, as indicated by the analysis of the shifts of the G and 2D
peak, respectively (Figure S15, Supporting Information). The
p-doping effect of Pr-oxoG12h was further investigated by fabricating a heterostructure with a trilayer of MoS2. Consistent
with the expectations, the PL investigation (Figure S13, Supporting Information) indicates less enhancement (trilayer
MoS2 possesses an indirect band-gap), however, a fourfold
increased PL is measured, compared to that of a monolayer
MoS2 with a direct band-gap on SiO2. Thus, the highest, here
10-times increased PL is detected for assembled heterostructure
of monolayer Pr-oxoG12h/MoS2.
Adv. Mater. Interfaces 2021, 8, 2100783
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In order to exclude the influence of remaining Mn-species
on the PL, the PL enhancement of Pr-oxoG12h (Mn) (without
HCl washing) was studied by forming the heterostructure of
Pr-oxoG12h (Mn)/MoS2. As shown in Figure S14, Supporting Information, the PL increases, however, only twice, indicating that
full enhancement of PL is only achieved after HCl washing
and the accompanied removal of particles. Thus, we speculate
that Mn-species may form complexes with, for example, carbonyl groups at the rims of pores inhibiting the dramatic PL
enhancement, although Raman spectra show the E2g shift to
405.6 cm−1 for Pr-oxoG12h (Mn)/MoS2. We note that the experimental observations give evidence for a p-doping effect by
pore-graphene.

3. Conclusion
Here, we demonstrated the fabrication of graphene with circular pores on the 100 nm scale deposited on Si/SiO2 surface
by annealing of oxo-functionalized and potassium permanganate treated graphene flakes at 400 °C. While excess of
Mn-species leads to heterogeneously formed pores and
© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. A) Features an AFM map of MoS2 on top of Pr-oxoG12h. Holes of sizes ranging from 50 nm to 200 nm are visible in the top right of the image
and are well separated from one another. The Pr-oxoG12h/MoS2 PL intensity map (B) shows a constant PL intensity over the MoS2 flake, exhibiting no
sign of a spatial PL modulation that may arise from free-standing MoS2. C) shows PL spectra from oxo-G/MoS2 (red) and Pr-oxoG12h/MoS2 (black), the
PL on the Pr-oxoG12h sample exhibiting higher intensity than that seen in the oxo-G/MoS2 sample. A PL Intensity map of oxo-G/MoS2 (D) taken with
the same parameters as (B) shows a similar constant PL intensity in addition to having slightly lower intensity to that of Pr-oxoG12h/MoS2.

destroyed flakes, removal of excess potassium permanganate leads to the growth of circular pores with diameters of
50 to 250 nm, depending on the annealing time. Thereby, for
example, uniform pores have mean diameters of 147 ± 73 nm
after annealing for 12 h. From XPS analysis we conclude that
carbonyl, hydroxyl, and carboxyl groups decorate the rims of
pores. Since carbonyl groups have electron-accepting properties, it is plausible that the 2D material pore-graphene, can
p-dope other 2D materials, such as MoS2. However, further
research, such as correlating field-effect measurements with
PL mapping is necessary to further elucidate the mechanism behind PL enhancement by 10-times. Moreover, we
showed that Mn-impurities limit the increase of the PL of
MoS2 in the heterostructure with pore-graphene and thus,
we propose that the interaction of Mn-species with carbonyl
groups may be responsible. Moreover, we conclude that
not all defects detected by Raman spectroscopy lead to the
growth of pores, taking into account that the initial distance
of defects is 2 nm and the final pore-size increased to several
hundreds of nm. Finally, we propose that pore-graphene is a
2D material with functional groups at the rims of pores and
thus an attractive novel material for sensing applications in
the future.
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