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Abstract: We report a facile and efficient method for the
covalent 2D-patterning of monolayer graphene via laser
irradiation. We utilized the photo-cleavage of dibenzoylper-
oxide (DBPO) and optimized the subsequent radical additions
to non-activated graphene up to that level where controlled
covalent 2D-patterning of graphene initiated by spatially
resolved laser writing is possible. The covalent 2D-functional-
ization of graphene, which is monitored by scanning Raman
microscopy (SRM) is completely reversible. This new concept
enables write/read/erase control over the covalent chemical
information stored on the graphene surface.

Introduction

Research into the 2D carbon allotrope graphene has been
a challenging topic spanning physics, chemistry and materials
science since its discovery in 2004.[1–3] The chemical function-
alization of graphene plays a fundamental role in modifying
the outstanding properties of this atomically thin all carbon
architecture. For this purpose, first prototype concepts of both
covalent and non-covalent functionalization of graphene have
been developed in recent years.[4, 5] The covalent modification
is accompanied by the introduction of sp3 centers carrying the
chemically bound addends. In this regard, additions of in situ
generated radicals has been demonstrated to proceed rather
facile.[6] Prominent examples are radical additions initiated by
the reductive decomposition of diazonium salts,[7,8] iodonium
salts,[9–12] aryl-, and alkylhalides.[13–15] This reaction type can be
further facilitated by reductive alkali metal activation of
graphite (metal intercalation) or of graphene supported on
substrates.[12, 15–21] The first steps towards this endeavor con-
stituted a random and locally uncontrolled functionaliza-

tion.[22, 23] The next exciting challenge is the specific tailoring
of covalent functionalization to confined graphene regions
leading to controlled graphene patterning with covalently
bound addends (2D chemistry of graphene). The spatial
controlled patterning of functional moieties onto monolayer
graphene presents the possibility of combining several unique
properties, like region specific hydrophilicity-hydrophobicity,
catalytically or optically active domains, anchoring group
reservoirs for molecular recognition and patterned electron
conductivity. This allows for the generation of materials,
surfaces and devices engineered for specific demands. So far,
some first approaches towards 2D-patterning of graphene
relied on the implementation of masks consisting of poly(-
methyl methacrylate) (PMMA) and subsequent lithography
to access graphene for covalent functionalization in prede-
fined regions. For the corresponding covalent functionaliza-
tion Diels–Alder reactions,[24] hydrogenations and reactions
with diazonium ions have been applied.[25] The drawback of
the initial studies is the comparatively low degree of
functionalization as indicated by low ID/IG ratios in the
Raman spectra. We have recently considerably improved the
field of covalent 2D-patterning of graphene by a) combining
the mask assisted 2D-patterning with the reductive activation
of graphene prior to the covalent addend[26] and b) by
establishing a spatially resolved bottom side fluorination of
graphene.[27] Although these improvements are very impor-
tant, alternative concepts avoiding the implication of mask-
assisted or other types of pre-patterning methods are highly
welcome. The photochemical reactivity of graphene towards
peroxides opening the opportunity of laser writing represents
an attractive approach for this task.[28]

Herein, we report a facile and efficient method for the
covalent 2D-patterning of monolayer graphene via laser
irradiation affording high degrees of functionalization. We
utilized the photo-cleavage of dibenzoylperoxide (DBPO)
and optimized the subsequent radical additions to non-
activated graphene up to that level where controlled covalent
2D-patterning of graphene initiated by spatially resolved laser
writing is possible. Furthermore, the covalent 2D-functional-
ization of graphene is completely reversible, enabling a write/
read/erase control over the covalent chemical information
stored on the graphene surface.

Results and Discussion

Our approach towards a mask-less locally controlled
functionalization utilizes the generation of reactive aryl

[*] K. F. Edelthalhammer, D. Dasler, L. Jurkiewicz, T. Nagel, S. Al-Fogra,
Dr. F. Hauke, Prof. Dr. A. Hirsch
Department of Chemistry and Pharmacy & Joint Institute of Advance
Materials and Processes (ZMP), Friedrich-Alexander University of
Erlangen-Nfrnberg
Nikolaus-Fiebiger-Strasse 10, 91058 Erlangen (Germany)
E-mail: andreas.hirsch@fau.de

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202006874.

T 2020 The Authors. Published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is
properly cited, the use is non-commercial, and no modifications or
adaptations are made.

Angewandte
ChemieResearch Articles

How to cite: Angew. Chem. Int. Ed. 2020, 59, 23329–23334
International Edition: doi.org/10.1002/anie.202006874
German Edition: doi.org/10.1002/ange.202006874

23329Angew. Chem. Int. Ed. 2020, 59, 23329 – 23334 T 2020 The Authors. Published by Wiley-VCH GmbH

http://orcid.org/0000-0003-3510-5964
http://orcid.org/0000-0003-3510-5964
http://orcid.org/0000-0003-3510-5964
https://doi.org/10.1002/anie.202006874
http://dx.doi.org/10.1002/anie.202006874
http://dx.doi.org/10.1002/ange.202006874


radicals generated from DBPO deposited onto the graphene
monolayer. The oxygen-oxygen bond in DBPO is rather weak
and therefore can undergo homolysis resulting in the
formation of two benzoyloxyl radicals. Subsequent decarbox-
ylation of the benzoyloxyl radicals leads to the generation of
two phenyl radicals.[29, 30] The decomposition of DBPO is
initiated by either photolytic or thermolytic cleavage of the
peroxide bond. For our 2D-patterning we induced the
homolytic cleavage of the DBPO by irradiation with
a 532 nm laser (Scheme 1b).[28] The created phenyl radicals
undergo covalent topside binding to graphene. Solely supra-
topic binding, however, would create a huge amount of strain
energy and unrealistic bending of the graphene lattice.[22] In
our cases this is compensated by antaratopic back bonding of
substrate functionalities quenching the initially formed rad-
ical centers on graphene and allowing for the establishment of
strain free environments.[22, 27, 31,32] Here, Si/SiO2 as a substrate
plays an important role as it allows for the antaratopic
backside bonding through its functional groups, relieving
strain.

For the laser induced binding of phenyl radicals to
graphene DBPO was dissolved in diethyl ether and one drop
of the 10@3 M solution was placed on top of monolayer
graphene deposited on a Si/SiO2 substrate (for experimental
details see electronic supplementary information ESI). After
evaporation of the diethyl ether at room temperature, a thin,
crystalline film of DBPO formed on the graphene surface
(Figure S1). This DBPO film is the fundamental starting point
for our locally controlled functionalization of the graphene
layer beneath. By laser irradiation, the peroxide bond is
cleaved homolytically and after extrusion of CO2 reactive
phenyl radicals are formed. The radicals are only formed in
those areas where the laser hits the DBPO film resulting in
a locally controlled addend binding accompanied by the

generation of sp3 carbon defects. In accordance to the work of
Brus et al.[28] we have chosen a green laser (532 nm) for the
photoexcitation of the peroxide film. As can be seen in
Figure 1, a 60 second (0.88 mW, laser spot size & 1 mm2)
irradiation of the film-covered graphene sample clearly
results in a significant increase of the D-band intensity,
indicative for the covalent binding of photo-generated phenyl
radicals.

In principle, the laser based covalent “writing” of func-
tional entities on graphene cannot fully be decoupled from an
additional radical generation/graphene functionalization at-
tributed to a laser based Raman read-out of the “written”
information. Therefore, we have investigated the contribution
to the respective ID/IG ratios of our chosen standard “reading”

Scheme 1. a) Mechanism of the laser induced functionalization of graphene with DBPO, which involves antaratopic back bonding of the Si/SiO2

substrate. b) Laser patterning of graphene on Si/SiO2 by spatially controlled cleavage of DBPO: A) Drop casting of DBPO dissolved in diethyl
ether leading to a DBPO coating on top of the graphene monolayer; B) Laser irradiation with a 532 nm laser of locally predefined areas and
subsequent functionalization of the monolayer graphene by the laser-generated reactive radical intermediates; C) Removal of the residual
crystalline DBPO coating by washing with acetone.

Figure 1. Raman spectrum of the pristine monolayer graphene on Si/
SiO2 (black) and Raman spectrum after illumination of the DBPO film
for 60 seconds (red). lexec. =532 nm, 0.88 mW.
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conditions (0,88 mW, integration time: 10 s) to the initial ID/IG

ratio of the writing process (Figure 2).
Here, the peroxide covered sample was irradiated for

70 seconds at the same laser spot, resulting in an ID/IG ratio of
the writing process of 0.84. Subsequently, the same spot was
irradiated for another 10 seconds to simulate the standard
Raman reading conditions. As can be seen the additionally
applied laser time leads to a subsequent increase of the initial
ID/IG ratio of about 0.24. It has to be kept in mind, that this
additional functionalization becomes less dominant the
longer the initial laser writing time and therefore the achieved
degree of functionalization has been chosen. Furthermore,
a continues laser irradiation of the sample over a certain time
span yields a very similar ID/IG ratio as can be achieved for
iterative sample irradiations summing up to the same time
span (Figure S2). These results nicely contribute to our
picture that a laser based covalent writing of functional
moieties on graphene is in an easy and highly efficient way
possible by our chosen approach.

The next step was the determination of the most suitable
parameters for the photo-generation of the intermediate aryl-
radicals and their subsequent efficient binding to the gra-
phene lattice. For this purpose, we carried out a systematic
study, analyzing the influence of the laser intensity and
irradiation time of a 532 nm laser on the degree of function-
alization. In a first experiment, we selected a specific
irradiation spot on the graphene surface and varied the
irradiation time from 30 seconds to 16 minutes (30 s, 60 s,
120 s,…). It has to be kept in mind that for the read-out of the
written information additional Raman measurements of 10
second laser irradiation has been carried out for each data
point, extending the over-all irradiation time of the sample to
40 s, 80 s, 150 s … (Figure 3, individual spectral information
presented in Figure S3). As discussed before, for the read-out
process an additional contribution of about 0.24 to the
respective ID/IG ratio has to be expected—affecting to a higher
degree the data points obtained for shorter irradiation time
spans.

The time study revealed that already irradiating for one
minute leads to a significant increase of the D-band intensity,

which correlates with an increase of addend carrying sp3

centers. After two minutes, the D-band did not increase any
further indicating that all of the DBPO present at the
irradiated area decayed to the aryl radicals resulting in
a saturation of addend binding (Figure 3a).

In a second experiment we have varied the laser intensity
from 0.017 mW to 14 mW applied for a fixed time span of one
minute. In contrast to the experiment described above, we
have here changed the measuring spots on the sample after
each individual measurement. As the analysis of the obtained
spectral information shows (Figure 3b), the most intense D-
band emerges after an irradiation with 1.6 mW laser intensity.
At higher intensities of 4 mW and above a decrease in D-band
intensity can be detected (respective Raman spectra are
depicted in Figure S4) due to the fact that the energy
introduced to the system at these intensities already leads to
a defunctionalization, similar to the already reported laser-
induced defunctionalization of carbon nanotubes.[12] Here, the
higher laser intensity and therefore a locally increased
temperature results in the cleavage of the newly formed C@
C bonds, reverting the sp3 centers in the graphene lattice back
to sp2 configuration. A laser-induced defunctionalization is
even more likely to occur in graphene due to the fact that the
defunctionalization leads to a decrease of strain energy in the
whole system. The concept of detaching functional moieties
through laser or thermal treatment is widely utilized in the
concept of the TG-MS characterization of covalently func-
tionalized graphene samples[33] and in the annealing of

Figure 2. Black: Raman measurement of DBPO coated graphene after
laser irradiation of 70 s. Red: Raman measurement of the same spot
with an additional 10 s laser irradiation showing the ID/IG increase due
to the read-out measurements.

Figure 3. Evolution of the ID/IG ratios for the a) irradiation-time study
ranging from 30 seconds up to 16 minutes and the b) laser-intensity
study with laser powers of 0.017 mW to 14 mW—the individual Raman
spectra are depicted in Figure S3 and S4 in the Supporting Informa-
tion.
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graphene oxide[34] yielding a higher quality material with less
defects.

In order to investigate the thermal stability of the
graphene patterning, we carried out a temperature dependent
Raman investigation to access insights into the reversibility of
the covalent addend binding. Since the peroxide bond of
DBPO can also be cleaved thermally upon heating, generat-
ing phenyl radicals, it has to be expected that a thermal
heating of the wafer leads also to a parallel graphene
functionalization up to a certain temperature threshold.[32]

We started the measurements with a moderate temperature
ramp of 5 88C per minute from 0 88C up to 125 88C (Figure 4a).
Due to the low heating rate, it was possible to follow the
temperature-based functionalization process by Raman spec-
troscopy. As illustrated by the respective optical images of the
wafer (Figure S5) the DBPO film has vanished when a tem-
perature of 100 88C was reached. For the investigation of the
thermally-induced addend defunctionalization processes we
increased the temperature ramp at 125 88C to 50 88C per minute,
up to a final temperature of 450 88C.

Significantly, the D-band intensity at & 1350 cm@1 in-
creased with increasing temperature to an ID/IG ratio of 2.0 at
50 88C. After 50 88C the D-band starts to decrease until 80 88C
and increases again at 85 88C just to decrease once more at
around 125 88C (Figure 4).

The behavior of the D-band is similar to the observations
made by CanÅado et al.[35] where upon reaching a high
functionalization degree the ID/IG ratio starts to decrease
though further functionalization is occurring. This is attrib-
uted to the fact that the defect distance decreases below 3 nm,
as disorder in the sp2 system progresses. If two defects are
closer than the average distance an electron-hole pair travels
before scattering with a phonon, the contribution to the D-
band will no longer add up independently, so the intensity of
the D-band will decrease with respect to the G-band,
although further functionalization is occurring. The increase
of ID/IG ratio at 85 88C indicates an increase in inter defect
distance, resulting in a return to the low functionalization
regime. During this process, the system eventually reaches the
low functionalization regime where upon further defunction-
alization the D-band intensity decreases down to the values of
intact graphene.

This behavior can also be nicely followed by the develop-
ment of the 2D-band and D’-band intensities. The 2D-band
development starts with a high I2D/IG ratio expected for
monolayer graphene and constantly decreases during the
functionalization process up to 85 88C due to the dampening
effect of the functionalization. During the defunctionalization
of the graphene monolayer, the I2D/IG ratio goes back almost
to the initial value (Figure S6). For the D’-band an inverse
trend is observed. It increases during the functionalization
period and starts to decrease when approaching the defunc-
tionalization regime (Figure S7). These studies show that
thermal treatment of the 2D graphene architectures allows
for controlling the degree of functionalization and can even
lead to a restauration of an intact graphene lattice by erasing
the chemical information stored during the preceding writing
process (Scheme 2).

We now describe the imaging process of the laser induced
2D-functionalization of graphene. The laser writing as well as
the read out of the stored 2D information is based on
screening studies pointed out above. Therefore, a Raman map
was designed, using the shape of “FAU”. Each mapping point
was irradiated with a 532 nm laser for 30 seconds applying
a laser intensity of 1.6 mW. The successful patterning of
chemical information concludes the “writing process”. For the
visualization of the imprinted pattern, as seen in Scheme 2,
a “reading process” was established were a Raman map of the
functionalized area is performed with a 633 nm laser—lower
ID/IG contribution in the reading process (see Figure S8). The
ID/IG ratios depicted and spatially resolved in Figure 5 provide
excellent imaging of the chemical information of the 2D-
patterned graphene. An average ID/IG ratio of 1.5 for the
predefined functionalization spots is displayed, whilst the

Figure 4. a) Temperature-dependent Raman measurement of monolay-
er Graphene coated with DBPO. b) Plot of D-band intensity evolution
during functionalization (blue area) and defunctionalization (red area)
over the temperature range from 0 88C to 450 88C, measured with
a 532 nm laser, an integration time of 10 seconds, and an intensity of
0.88 mW. Scheme 2. Schematic illustration of the write/read/erase concept.
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unfunctionalized background and intact graphene region
yields an ID/IG ratio between 0.4 and 0.9. By displaying the
difference in ID/IG ratios between background and patterned
area (Figure 5b), Raman measurements allow for visualiza-
tion of the spatially resolved functionalization areas. One can
observe a local introduction of sp3 carbon centers at those
points where irradiation by the 532 nm laser occurred. The
resolution for differentiating between two patterning spots is
approximately 2 mm and is limited by the spot size of the laser
and the mesh of the “reading” map. Defined boundaries
indicate the areas between the intact graphene lattice and the
sp3 regimes. With these “writing” and “reading” procedures
we have realized 2D graphene-patterning by generating
addend regions introducing areas of high functionalization.
These take the shape of a desired pattern and an area of
unfunctionalized graphene is left in the background. By
thermal treatment, the chemical information stored on the
graphene can be erased as shown by our temperature
dependent Raman study (Figure 4 a). This allows for the
precise adjustment of the degree of functionalization, com-

plete restauration of the graphene, and reusability for further
storage of new chemical information.

Conclusion

We have introduced a very facile and efficient method for
the covalent 2D-patterning of monolayer graphene via laser
irradiation. We utilized the photo-cleavage of dibenzoylper-
oxide (DBPO) and optimized the subsequent radical addi-
tions to non-activated graphene up to a level where controlled
covalent 2D-patterning of graphene initiated by spatially
resolved laser writing is possible. Efficient covalent binding
takes place exclusively on the laser illuminated areas. The
visualization of the covalent addend patterning has been
accomplished by scanning with a 633 nm laser and analyzing
the corresponding ID/IG ratios in the spatially resolved Raman
spectra. The covalent 2D-functionalization of graphene,
which is monitored by scanning Raman microscopy (SRM)
is completely reversible. This can be seen, for example, from
stepwise heating causing controlled defunctionalization and
eventually the complete restauration of the graphene sp2

lattice. This new concept enables write/read/erase control
over the covalent chemical information stored on the
graphene surface. Moreover, by systematically varying the
nature of covalent functionalities many types of program-
mable surface architectures can be generated opening a wide
field of sophisticated applications. Investigations along these
lines are currently under way in our laboratories examining
other potential radical starters like AIBN and heteroatom
marked DBPO as well as further 2D materials like MoS2.
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