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Abstract
This paper describes a novel method to fabricate porous graphene oxide (PGO) from GO by
exposure to oxygen plasma. Compared to other methods to fabricate PGO described so far, e.g.
the thermal and steam etching methods, oxygen plasma etching method is much faster. We
studied the development of the porosity with exposure time using atomic force microscopy
(AFM). It was found that the development of PGO upon oxygen-plasma exposure can be
controlled by tapping mode AFM scanning using a Si tip. AFM tapping stalls the growth of
pores upon further plasma exposure at a level that coincides with the fraction of sp2 carbons in
the GO starting material. We suggest that AFM tapping procedure changes the bond structure of
the intermediate PGO structure, and these stabilized PGO structures cannot be further etched by
oxygen plasma. This constitutes the first report of tapping AFM as a tool for local mechano-
chemistry.

Supplementary material for this article is available online

Keywords: porous network, graphene oxide, atomic force microscopy, oxygen plasma,
mechano-chemistry

(Some figures may appear in colour only in the online journal)

Introduction

2D materials, with extremely high aspect ratio and specific
surface area, are promising for various applications, e.g.
energy conversion and storage, sensors, composites, nano-
mechanical and electrical devices [1, 2]. Creating pores in 2D
materials has become an increasingly crucial topic in these
applications [3–5], which include hydrogen storage [6],
energy and fuel cells [7–12], molecular separation and ion
recovery [13–19]. For graphene and its derivatives, which are
the most popular 2D materials [20], chemical bottom-up
approaches [21], hydro- or carbo-thermal etching of graphene
oxide (GO) [22] and physical high-energy techniques [17, 23]
are employed to fabricate porous 2D structures. Efficient

fabrication of 2D porous network structures by these methods
knows many challenges that impede practical applications.
For instance, the bottom-up approach and high energy tech-
niques are complex and small-scale [17, 21, 23]. Thermal
etching of GO, which is low-cost and large-scale [22, 24], is
multi-step and time-consuming (from hours to several days)
[22, 24]. As other compounds are used during the etching,
post-etching purification and transfer of the products are also
challenging [22, 24]. Moreover, among all these methods,
tuning and control of the porous structure formation have not
been reported so far.

GO comprises of graphene domains and more polar,
hydroxylated ones [25–27]. When exposed to oxygen plasma,
the different GO domains are etched with different rates
[28, 29]. In this work we study the formation of porous GO
(PGO) by oxygen-plasma etching of GO, deposited on Si
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wafer with an interlayer of polydiallyldimethylammonium
(PDADMA). This interlayer strongly enhances the deposition
of GO from an aqueous dispersion, because PDADMA is
cationic, and GO anionic when the pH is about neutral or
higher. We denote this layered system by GO/PDADMA/Si.

Methods

Chemicals and materials

Graphene oxide (GO), synthesized using Hummer’s method,
was purchased from Graphene Supermarket. The elemental
composition of GO was characterized using x-ray photoelectron
spectroscopy (XPS) [30]. A stable dispersion of 0.5 g GO in 1 l
Milli-Q water was prepared using ultrasonication for 1 h (a
USC-TH ultrasonic bath from VWR Scientific). The dispersion
then was centrifuged at 4000 rpm for 1 h (Megafuge 2.0 R
centrifuge from Heraeus Instruments, rotor radius of 20 cm).
The supernatant was decanted and used for the sample prep-
aration. Polydiallyldimethylammonium chloride (PDADMAC,
Mw=200 000∼350 000 gmol−1, 20 wt% in water) solution
and polyethylenimine (PEI, =M 25 000w gmol−1) were pur-
chased from Sigma-Aldrich and used as received. 0.1 g l−1

aqueous polyelectrolyte solutions were prepared in milli-Q
water. A chip of about of 1 cm×1 cm was cut from a (100)
Silicon wafer with a native oxide layer of about 2 nm obtained
from Sil’Tronix Silicon Technologies. The silicon chip was
firstly rinsed with demi-water and ethanol followed by sonica-
tion using ethanol and acetone for 5 min, respectively. Oxygen
plasma treatments of a silicon chip were performed for 1 min at
a pressure of 1600mTorr, using a Harrick plasma cleaner
(Anadis Instruments). After plasma treatment, the silicon chip
was stored in Milli-Q water for at least 24 h to equilibrate.

Sample preparation

Four different types of samples are prepared: GO/Si, hydra-
ted and dried GO/PDADMAC/Si and dried GO/PEI/Si.

GO/PEI/Si and GO/PDADMA/Si samples were prepared
by first coating the Si surface with a monolayer of polycations
by dipping it in an aqueous PEI or PDADMAC solution
(0.1 g l−1) for 15 min. The sample was then rinsed with Milli-
Q water for 5 min to remove non-adsorbed polyelectrolyte.
After that, GO solutions were spin-coated onto the polyca-
tion/Si surfaces at 2000 rpm (IBIS spincoater from Intersens
Instruments B.V.). Due to carboxylic groups, GO is nega-
tively charged at about neutral pH, and adsorbs at the posi-
tively charged PEI or PDADMA layer. For GO/Si samples,
GO solutions were directly spin-coated onto the Si surface,
after which the sample was rinsed with Milli-Q water for
5 min to remove excess GO from the surface. To prepare the
dried samples, they were kept in an oven for 3 h at 70 °C. For
obvious reasons, the GO coverage of GO/Si samples is much
lower than for GO/PEI/Si and GO/PDADMA/Si samples.
All the dipping steps were carried out whilst the solution was
stirred.

For the oxygen plasma treatments of GO coated samples,
we used the same instrument as with the cleaning of the
silicon chips. The samples are put on a glass disk which has to
be placed at the same position in the plasma chamber for each
treatment. The details of sample preparations and measure-
ments are summarized in figure 1. For example, the first GO/
PDADMAC/Si sample (sample 1) was under oxygen plasma
following the treatment sequence 6 s, 6 s, 6 s and 6 s (24 s in
total) of at 1500±100 mTorr. The time for AFM measure-
ments is arbitrary and varies from one sequence to another.
To see the effect of AFM tapping on the plasma etching
process, AFM measurements were performed on the same
sample surface after each plasma treatment step (local AFM
tapping) and on the sample surfaces randomly selected to
avoid the scanning of the same area (random AFM tapping).

AFM imaging

A SOLVER NEXT AFM instrument from NT-MDT was used
in all AFM experiments. Tapping mode AFM measurements
were done with a HA-NC silicon tip purchased from NT-MDT,

Figure 1. Samples sequential treatment.
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with a nominal value for the tip radius of 7 nm (guaranteed
<10 nm). A sharp AFM tip (diamond-like carbon tip, with tip
curvature radius of 1–3 nm) from NT-MDT was employed to
characterize small holes in graphene oxide. Images obtained
with the help of the sharp tip are explicitly indicated in the text
and captions to figures below. In all other cases, a HA-NC tip
was used. For the repeated taping-mode AFM scanning at the
same area, 2000 × 2000 points images were obtained on the
2 μm × 2 μm surface area, using a tapping frequency
of 0.5 Hz.

Results and discssions

Figure 2 shows the tapping-mode AFM height images of a
GO/PDADMA/Si sample, when treated with oxygen plasma
at a pressure of 1500±100 mTorr for 0, 12 s, 18 s and 24 s,
respectively. As shown in figures 2(a), (b), the thickness of
single layer GO nano-sheet deposited on PDADMAC is
1.5±0.3 nm, which is consistent with the literature results
[31, 32]. The thickness of GO deposited on top of GO/
PDADMA/Si, forming a GO bilayer on top of the PDADMA,

Figure 2. (a) AFM height image of an untreated GO/PDADMA/Si sample. (b) Height profile along the red line in (a). (c) AFM height image
of a different region of the same sample as in (a), after treatment with oxygen plasma for 12 s in total at 1500±100 mTorr. A larger-area
scan including this region is shown in figure S1(a) (supporting information). (d) Height profile along the red line in (c). (e) AFM height image
of a different region of the same sample, after treatment with oxygen plasma for 18 s in total. (f) Height profile along the red line in (e). (g)
AFM height image of again a different region of the same sample, after treatment with oxygen plasma for 24 s in total. The red dashed lines
show the edges of the monolayer GO. The larger-area scan including this region is shown in figure S1(b). (h) Height profile along the red line
in (g).
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Figure 3. (a) AFM height image of GO/PDADMAC/Si. The sample is the same as in figure 2 after treatment with oxygen plasma for 18 s in
total. Figures 2(b)–(d) show detailed AFM height images of areas denoted by the red boxes in (a) ((b), (c) and (d) respectively). The dashed
red boxes in (b)–(d) mark monolayer GO and the dashed green boxes show bilayer GO. These areas (200×200 nm2) are studied
quantitatively using the grain method. (e) The left images in the dashed red box are the selected monolayer areas and the right images show
the porous structures (white corresponds to holes) revealed using the grain method. The dashed green box in (e) illustrates the grain method
analysis for bilayer areas. (f) The pore-size distributions of the selected areas in (e). (g) The pore area in % of the total GO surface area shown
in (e).

4

Nanotechnology 29 (2018) 185301 L Chu et al



Figure 4. (a) Height morphology of a GO/PDADMA/Si sample treated for 42 s with oxygen plasma at 700 mTorr. (b) Detailed scan of the
area marked by solid red box. Sequence of AFM images of the area enclosed by the red box of (b), recorded after each subsequent 6 s plasma
treatment, named as b.42 s to b.138 s. In this area (200×300 nm2), 4 holes are formed as shown in b.84 s. (c) Height profiles taken along the
line through the centers of each of four holes. (d) Integral of the area under the height profile lines in (c) versus plasma-exposure time. We
assume that the depth of pore 2 is constant after 48 s treatment and the level at the bottom of that pore is chosen as the zero height level. (e)
Development of the pore-area: the effect of plasma pressure and AFM tapping. The curves labeled A and B are for 1500±100 mTorr and
700 mTorr, respectively. Each point of those dependencies corresponds to AFM measurements on randomly selected area of PGO. More data
of AFM characterizations at 700 mTorr (curve B) are included in figure S6. The curve labeled C shows the stalling of pore growth at
700 mTorr for the area that undergoes repeated AFM tapping-mode imaging.
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is slightly thinner (about 1.0±0.3 nm) than a first GO layer on
top of PDADMA/Si [32]. So, a GO bilayer is thinner than twice
a GO monolayer. It was found by others as well that a GO nano-
sheet fits the roughness of another GO surface in contact better
than with other surfaces [32]. Along the red line in figure 2(a), a
rupture in the GO flake is clearly recognized, at the position
1.5–1.8μm shown in figure 2(b). When the depth of a ‘well’ in a
GO surface is comparable to that of the rift, the ‘well’ is
assumed to completely perforate the GO layer, and denoted as a
pore (see supporting information (2) is available online at stacks.
iop.org/NANO/29/185301/mmedia. The height profile in
figure 2(b) shows that an untreated GO flake has a continuous
2D structure with a roughness of about 0.6 nm [32], and no
pores are detected. After treatment with oxygen plasma for 3 s at
1500±100mTorr, still no holes are visible (supporting infor-
mation 3). This may however be due to the spatial resolution,
which is dominated by the AFM-tip size. For AFM height-
morphology scanning, the lateral resolution is largely determined
by the radius of the AFM tip. The radius of the AFM tip used for
most experiments was about 10 nm [30]. For 1 nm thick GO,
only pores with a radius larger than 4.3 nm can be detected by
the tip of this size (supporting information 4). Figure 2(c) shows
the height morphology of the same sample, after another 9 s of
plasma treatment at the same pressure (12 s in total). Pores are
now clearly recognized as dark spots on the GO flakes. The
height profile obtained along the dashed red line (see figure 2(c))
reveals a gap between two partly overlapping GO flakes at the
position around 0.1 μm. We found that the depth of holes is
similar to that of the gap, which confirms that the holes are
indeed pores piercing the GO nano-sheets. The porosity of this
PGO is quantified by analyzing the size distribution of the pores
(supporting information 5) [33]. As shown in figure 2(e), after
further plasma treatment for another 6 s (18 s in total), the
number density of pores has significantly increased, both on the
monolayer and bilayer patches. The holes start to connect with
each other, forming larger holes. Figure 2(g) reflects the height
morphology of the sample after further treatment with oxygen
plasma at the same pressure for another 6 s (24 s in total). The
dashed red lines indicate the circumferences of areas of mono-
layer GO. We can clearly see that the monolayer GO flakes in
these areas are largely etched away. The bilayer patches still
partially remain (figure 2(h)) and form a similar porous network
structure as the monolayer PGO after 18 s of plasma treatment
(supporting information 1).

As it is important for many applications to control the
porosity of 2D materials, the pore-size distribution was ana-
lyzed after the sample had been treated with oxygen plasma
for 18 s in total (figure 3). Figure 3(a) shows a large area of
the sample, where several PGO flakes are clearly recogniz-
able. We can distinguish between monolayer PGO and
regions covered by two layers of PGO. In figure 3(e),
enclosed by the dashed red box, three zoomed-in images of
monolayer PGO are shown. Images of bilayer PGO are
enclosed by the dashed green box. The pore-size distribu-
tions, obtained using the grain method [33], reveal that the
number densities of small pores (O(5 nm)) are similar for
monolayer GO and for those GO that forms the top layer of a
GO bilayer. However, larger pores are considerably more

numerous for monolayer GO. This indicates that the substrate
below a GO flake influences its sensitivity to oxygen-plasma
etching. GO deposited on PDADMA/Si is more sensitive to
oxygen plasma than GO deposited on top of another GO layer.
This is probably related to the finding that binding a GO sheet
to other GO sheets is better than to substrates. The pore-size
distributions of different PGO regions at the same substrate are
roughly the same and small variations among the regions might
be due to slight variations in the chemical composition of GO.

In order to quantify the evolution of PGO under oxygen
plasma treatment, a new GO/PDADMAC/Si sample was
prepared (see methods) and treated with plasma at 700 mTorr.
The etching rate at 700 mTorr is expected to be slower than at
higher plasma pressure, enabling us to better follow the time
evolution of the pores. Using an ultra-sharp AFM tip (a dia-
mond-like carbon tip, with tip curvature radius of 1–3 nm)
and 700 mTorr oxygen plasma, pores with radii of 2–5 nm
appear after the treatment time of sample exceeds 24 s, as
shown in figures S6(b) and (c). No pores have been detected
before that time (supporting information 7).

After plasma treatment at 700 mTorr for 42 s, holes are
clearly visible in the AFM images (using the normal tip),
figures 4(a) and (b). The area enclosed by a red box in
figure 4(a) was investigated in more detail. After each sub-
sequent 6 s plasma treatment, a height image was recorded by
tapping mode AFM. The sequence of images illustrates the
emergence, growth and clustering of holes (labeled 1–4 in the
b.84 s image). These four holes gradually get connected and
finally form single hole of larger size. Height profiles along a
line through the centers of these four holes are shown in
figure 4(c). Figure 4(d) shows the evolution of the integral of
the area under the height profiles indicated in figure 4(c). This
integral corresponds to the amount of material that is still left in
the PGO sheet. We observe a linear decrease, which indicates
the constant etching rate during the plasma treatment. At other
positions, where no holes were formed after the first 42 s, no
new holes are formed later on, and there is no material loss
upon plasma exposure. These observations indicate GO has
domains that are susceptible to oxygen plasma, where holes
arise already after brief plasma exposure and domains that are
more stable to the plasma treatment, where no holes appear
even after prolonged exposure to the plasma.

Based on investigations described above, a region on a
GO flake (the area enclosed by the red box in figure 4(a)) was
repeatedly scanned by tapping-mode AFM after each short-
time explosion of GO to the plasma. AFM data indicates that
AFM tapping itself influences the evolution of the hole
morphology upon plasma exposure. In order to prove this, we
investigated the morphology of PGO surface after different
durations of plasma exposure and at randomly selected
locations, that had not been imaged before. Comparing the
results of the latter measurement with those of the repeated
measurements at the same area after each explosion to
plasma, experimental observations clearly demonstrate that
AFM tapping significantly influences the etching process. As
figure 4(e) shows (and also figure S6), the etching rate of the
PGO surface scanned by AFM after each short-term exposure
to plasma was significantly lower (dependency C). Especially
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after about 50 s, when the pore development started to level
off (the red-boxed area, figure 4(a)). After about 120 s of
plasma treatment with intermittent tapping-mode AFM scans,
further pore development has ceased completely, and the total
pore area reaches a plateau at high number of AFM scans.

In figures 5(a) and (b), we show the sample measured
after 102 s of plasma treatment (see also figure 4(a), area
noticed by the red box). The area belonging to interval A of
the single scan was repeatedly scanned by tapping-mode
AFM. Interval B, which runs across another GO monolayer
(a long wrinkle is clearly recognized), was scanned for the
first time when image 5(a) was obtained. We clearly observe
that GO has eroded much more at B than at A. In fact, at B it
is almost completely etched away. As shown in figures 5(d)
and (e), after 198 s of plasma treatment, the GO that was
repeatedly scanned by tapping-mode AFM is still largely

preserved, while the surrounding GO is almost completely
etched away. So, it turns out that taping mode AFM influences
the evolution of PGO upon oxygen-plasma exposure, and that
AFM tapping protects PGO against the effect of oxygen
plasma. This implies that we can use AFM tapping as a tool for
localized control of the porosity of PGO. In order to verify this,
we made some further tests on the sample that had been treated
with oxygen plasma at 700 mTorr for 150 s. We scanned the
area (the same area enclosed by the dashed red box in
figures 5(c) and 3(a)) for 4 times. We found that after these
150 s of plasma exposure, the monolayer PGO in this area
(enclosed by a dashed red contour in figure 5(f)) is almost
completely removed, similarly as for the other areas, shown in
figures S6.2.g and S6.2.h Then the sample is further treated
with oxygen plasma for another 120 s under 700 mTorr and
24 s at 1500±100mTorr. AFM scanning shows that the area

Figure 5. (a) Height morphology of the sample treated with oxygen plasma for 102 s at 700 mTorr. (b) Height profile along the red line in (a).
(c) Height morphology of the sample treated with oxygen plasma for 150 s at 700 mTorr. The area is the same as in figure 5(a). (d) Height
morphology of the sample treated with oxygen plasma for 198 s at 700 mTorr. (e) Height profiles along the dashed red line in (d) after 42 s
and 198 s, respectively. (f) Detailed scans of the area enclosed by the dashed red box of (c) after 150 s of plasma treatment (in total).
(g) Height profiles of the same area as (f), after 320 s of plasma treatment (in total) at 700 mTorr followed by an additional 24 s at
1500±100 mTorr. (h) Height profiles along the red line in (f) and (g). (i) Height profiles after the same treatments as with (g) of the area,
where AFM imaging was performed after every plasma treatment. This demonstrates that the fabrication of PGO can be controlled by AFM
tapping and patches with various porosities can be fabricated on the single PGO sheet.
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under investigation does not change significantly after every
plasma treatment as compared to what is seen in figure 5(i) and
in the dashed red box in figure 5(c). The morphology of this
area is similar to that of figure 5(h), which was obtained after
150 s of treatment.

We will now try to formulate a comprehensive inter-
pretation of the observations described above: the generation
and growth of holes in GO due to oxygen plasma, and the
effect of AFM tapping on these processes. This interpreta-
tion is schematically illustrated in figure 6. First, we need to
consider that GO has graphene domains and more polar
hydroxylated domains. It is known that apolar compounds
and moieties are more sensitive to oxygen-plasma than
polar ones [34, 35]. We performed XPS measurements on
original GO/PDADMAC/Si sample and on the GO/
PDADMAC/Si sample treated by oxygen plasma for 18 s (at
1500±100 mTorr). XPS shows that after 18 s of plasma
treatment, the ratio of C–C, C=C and C=O, C–O decreased
from 0.731:1 to 0.601:1 (see supporting information 10).
This indicates that carbon patches are firstly etched. For GO,
this implies that the graphene domains are more sensitive to
oxygen plasma than the hydroxylated ones, as the latter are
less sensitive to oxygen ions due to the polar moieties. So,
holes arising in the early stages of plasma treatment are
formed most likely in the graphene domains, as illustrated in
figure 6(1). Upon prolonged exposure to oxygen plasma,
more holes are formed, most likely in the graphene domains,
and existing holes grow larger in size. When the edge of a
hole in a graphene domain reaches the boundary between the
graphene and a hydroxylated domain, the hole can grow
further because at the edge of a hole the backbone carbons of
the hydroxylated domains are exposed to attack by high-
energy oxygen species. So ultimately GO is completely
etched away, as illustrated in the sequence 1–6 in figure 6.
This corresponds to the experimental observations shown in
figures 1(a)–(d), where we see the increase of holes both in
numbers and in size, and for the region B in figures 6(a) and
(b), where GO is almost completely etched away upon
prolonged plasma treatment. This unbounded etching is
quantified in curves A and B in figure 3(e). However, we
observe (figure 3) that this does not happen for GO that is
repeatedly scanned by tapping mode AFM. These images
show that expansion of holes does not occur equally in all
directions. Some holes become long and narrow rather than
spherical. Moreover, the total hole area does not increase
until all GO is etched away. Rather, the increase of the total
hole area levels off and reaches a plateau, as quantified by
curve C in figure 4(e). How to explain what is going on? A
clue is offered by the finding that the total hole area of GO that
undergoes repeated AFM tapping reaches a plateau at about
20% of the total area. This percentage corresponds to the
percentage of sp2 hybridized carbon atoms in the GO starting
material, as found by XPS [17]. Obviously, sp2 hybridized
carbons correspond to graphene domains, whereas sp3 hybri-
dized carbons correspond to the hydroxylated ones in the polar
domains of GO. Hence, we infer that in some way AFM

tapping has the effect that hole growth beyond the graphene
domains is prevented, and that the sizes and shapes of the
holes, as obtained by the combination of plasma treatment and
AFM tapping, correspond to the sizes and shapes of the gra-
phene domains in the original GO starting material. This is
illustrated in figures 6(2) and (3). It is still puzzling how AFM
tapping brings about the effect of stabilizing the edges of
hydroxylated domains and leads to protection against further
attack by high-energy oxygen species. As the first step of
etching at the atomistic level, high-energy oxygen species
attach and form intermediate structures. Subsequently, C–C
bonds break and small volatile molecules like CO, CO2 detach.
It seems that in some way the latter step is prevented by AFM
tapping. In order to obtain an AFM image, the sample is taken
out of the plasma chamber. This allows for the exposed C
atoms and their dangling bonds to bond with water molecules
from the air. These intermediate structures decrease the etching
rate. This explains our finding that the etching rate we observed
at 700 mTorr is significantly slower than 7/15 of that of at
1500±100mTorr because with the lower pressure treatment
the sample was taken out of the plasma chamber more often.
This slows down but does not prevent further plasma etching.
Only at regions that undergo AFM tapping, etching levels off
and reaches a plateau value. Apparently, at those regions,
intermediate polar moieties at the edges of hydroxylated
domains are stabilized by AFM tapping. The edges of PGO are
all covered by polar moieties, such as –OH, –O–, and –COOH
groups. In this way, it leads to protection against further plasma
etching (24 s at 1500±100mTorr; figures 6(g) and (i)). This
is illustrated in figures 6(3′) and (4′). This effect of AFM
tapping is an interesting example of mechano-chemistry [36],
and it constitutes the first example of AFM tapping as a tool for
local mechano-chemistry. Another interesting feature of the
observed mechano-chemical effect observed here is that it
involves stabilization of chemical structures, whereas most
other known mechano-chemical effects involve breaking of,
often macromolecular, bonds. Meanwhile, our observations
constitute a warning that tapping-mode AFM imaging is not
always as inconsequential for the investigated surfaces as is
usually assumed.

According to the mechanism described above, the size
and shape of the holes after plasma treatment in combination
with AFM tapping correspond to those of the graphene
domains of the GO starting material, as illustrated by
figure 6(3′) evolving from figure 6(0).

In practical applications, GO nanosheets are deposited on
various substrates. Therefore, we briefly examined oxygen
plasma etching of GO deposited on some other substrates: on
silicon coated with another polycation (polyethyleneimine,
(PEI)) and on silicon coated by its native oxide layer.
We found that, after oxygen plasma treatment at
1500±100 mTorr for 12 s, pores in GO are found with all
the samples. The AFM height morphologies of these plasma
treated samples are shown in the supporting information, part
11. The growth rate was found to depend on the substrate.
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Conclusions

We report a fast and controlled method to fabricate PGO and
GO nano-flakes. PGO has a structure analogous to single
layer covalent organic frameworks, and GO nano-flakes are
promising to fabricate 2D quantum dots. GO comprises of
graphene domains and more polar, hydroxylated ones. When
exposed to oxygen plasma, the different GO domains are
etched with different rates. Compared to other methods of
fabricating PGO, the oxygen plasma etching method shows
much promise in producing the porous 2D GO significantly
faster. The porosity development with exposure time is stu-
died with AFM. We demonstrate an effective approach to
control the process of etching by applying AFM tapping in

between subsequent plasma treatments. We explain our result
as following: AFM tapping changes the bond structure of the
intermediate PGO structure and these stabilized PGO struc-
ture cannot be further etched by oxygen plasma. This con-
stitutes the first example where AFM is applied as a tool for
mechano-chemistry.
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Figure 6. Schematic drawing of the evolution of PGO upon treatment by oxygen plasma and AFM tapping. Picture 0 shows the structure of
GO, composed of graphene and hydroxylated domains. Structures 1–6 illustrate the evolution of PGO under oxygen plasma treatment.
Initially (structures 0–2), C atoms of the graphene domains, that are directly exposed to oxygen plasma, are etched away. As the edge of a
pore in a graphene domain reaches the border with a hydroxylated domain, C atoms of the hydroxylated domain at the edges of the pore get
directly exposed to oxygen plasma. When the sample is not treated with AFM tapping, the etching at the edges of the holes can carry on into
the graphene domains. As the holes get more and more connected, small GO flakes appear, which decrease in size upon further plasma
treatment, as illustrated in structures 4–6. However, when the sample is treated by AFM tapping, the structure of the edges of the holes
stabilize, and the holes do not grow beyond the graphene domains, as illustrated in 3′ and 4′.
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