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Abstract: A very facile and efficient protocol for the
covalent patterning and properties tuning of graphene is
reported. Highly reactive fluorine radicals were added to
confined regions of graphene directed by laser writing on
graphene coated with 1-fluoro-3,3-dimethylbenziodoxole.
This process allows for the realization of exquisite patterns
on graphene with resolutions down to 200 nm. The degree
of functionalization, ranging from the unfunctionalized
graphene to extremely high functionalized graphene, can
be precisely tuned by controlling the laser irradiation time.
Subsequent substitution of the initially patterned fluorine
atoms afforded an unprecedented graphene nanostructure
bearing thiophene groups. This substitution led to a
complete switch of both the electronic structure and the
polarization within the patterned graphene regions. This
approach paves the way towards the precise modulation of
the structure and properties of nanostructured graphene.

Well-controlled fabrication and properties modulation of 2D
graphene nanoarchitectures remain quite challenging, despite
their highly attractive potential in high-tech application fields
like electronics, catalysis, and sensors.[1–4] Realization of this goal
relies on the disclosure of facile and efficient chemical
approaches to anchor/switch functional groups on graphene in
a well-defined order to engineer the structure and surface
properties of graphene. In preceding reports, five methods for
graphene patterned functionalization have been reported,

namely, poly(methyl methacrylate) (PMMA)-assisted
lithography,[5–8] laser/plasma writing,[9–12] force-accelerated
patterning,[13] space-controlling by self-assembly[14–16] and our
recently developed 2D-substrate patterning.[17] The use of these
methods led to examples of patterned graphene architectures
bearing for instance atomic hydrogen and aryl addends.[6]

Indeed, these initial results represent considerable progresses
for the 2D-engineering of graphene. Yet, from a general
perspective, precise and controllable 2D-patterning of graphene
remains a very challenging task leaving a couple of crucial
bottlenecks: I) functional groups applicable for graphene
patterning are still very scarce – only hydrogen[6] and fluorine
atoms,[9] diazonium salts,[6,14,15] cis-dienes,[7] cyclopentadienes,[13]

and peroxides[11,12] have been patterned to selected regions of
graphene; II) the degree of functionalization is generally on the
one hand not easy to control and on the other hand relatively
low in most cases being in the low-functionalization-regime of
the Cançado curve.[18] Two exceptions are fluorination and
trifluoromethylation which have been demonstrated to be
efficient methods towards highly functionalized graphene;[9,17,19]

III) whilst the 5 nm process have been commercially used for
silicon-based electronics, the current resolution of covalent 2D-
patterning of graphene is generally limited to the super-
micrometer range. The only few exceptions are based on the
implementation of scanning tunneling microscopes (STM) as a
patterning tool, a technique which is highly difficult to handle
and does not allow for the realization of arbitrary pattern
designs in large areas.[20–22] Overcoming these drawbacks
represents the next higher level of graphene 2D-engineering.

On the basis of the 2D-chemistry of graphene patterning,
the next goal is to precisely manipulate the properties of
graphene nanostructures for target demands through pattern-
ing/switching specific functional addends on graphene. How-
ever, research in this direction is still in its infancy and to the
best of our knowledge, only three examples of electronic
property alteration (fluorination,[9] photocycloaddition[16] and
hydrogen desorption[20]) and two cases of surface potential
modulation (diazonium[5] and Diels-Alder reaction[7]) of pat-
terned graphene nanostructures have been reported so far.
Moreover, all these preceding examples are limited to a single-
step functionalization of graphene. For the realization of multi-
functional graphene 2D-architectures useful for real applications
like electronics, a multi-step manipulation of graphene’s proper-
ties through a stepwise graphene chemistry is of vital
importance but still unfulfilled.

Here, we report a new simplistic and highly efficient method
for graphene fluorination in a patterned fashion, and for the first
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time, the switching of the local electronic structure and polar-
ization in confined areas of graphene at the nanometer level
through a two-step treatment of graphene chemistry. Highly
reactive fluorine radicals, generated by the decomposition of an
environmental-friendly and mild fluorination reagent 1-fluoro-3,3-
dimethylbenziodoxole (FMBO)[23,24] (Figure 1) under laser irradia-
tion, were attached to the graphene surface in a spatially defined
manner. The degree of functionalization – spanning from the
unfunctionalized graphene to extremely functionalized graphene
(in the high-functionalization-regime of the Cançado curve[18]) –
can be precisely controlled by tuning the laser irradiation time.
Compared to the reported fluorination of graphene using a
fluoropolymer (CYTOP)[9] where both F and CFx radicals are
involved, our present work demonstrates that the usage of small
molecule FMBO provides clear advantages: I) a more homoge-
neous functionalization nature with only F addends; II) a higher
degree of functionalization at a faster reaction rate; III) the
possibility of graphene patterning also in the liquid-phase, in
addition to the common solid-state condition; IV) the post-
patterning removal of the residual FMBO layer is very facile as
opposed to the difficult removal of CYTOP on graphene which

requires a special stripper but also a much longer time.
Remarkably, the resolution of our protocol approaches the nano-
meter regime and exquisite pattern designs can easily be realized.
In follow-up reactions, the fluorine atoms can be substituted by
nucleophiles. While this substitution has provided plenty of room
for patterning of otherwise difficult addends on graphene with
very high degree of functionalization, it allows also for the precise
properties engineering of graphene at the nanometer scale, as an
example, doping and polarization switching has been demon-
strated in this work.

Our patterning protocol illustrated in Figure 1 utilized the
generation of highly reactive fluorine radicals of FMBO
deposited on monolayer graphene under laser irradiation (see
Supporting Information for the experimental details). For this
purpose, a layer of FMBO was dip-coated onto a monolayer
graphene supported by a SiO2/Si wafer. Note that the use of a
reactive SiO2/Si substrate here is crucial as it permits a strain-
free antaratopic addition mode through bottom-side quenching
by the reactive supernatant SiO2 layer on the substrate
(Figure 1b), which could therefore allow for high degrees of
functionalization.[17,25,26] Subsequently, the generated highly
reactive fluorine radicals undergo covalent addition on the top
surface of graphene. The generation of F radicals, which takes
place only at the laser-irradiated area leads to a locally
controlled functionalization of graphene. The laser irradiation
can be nicely controlled and as a result, a sophisticated pattern
(the logo of our SFB project, Figure 1c and S1) is demonstrated
here. After the writing process, the residual reagent layer was
removed by washing with THF, affording the patterned
graphene sample denoted as fG.

The functionalization process was monitored in situ by
Raman spectroscopy. Figure 2a depicts the Raman spectra of
the graphene sample as a function of the laser irradiation time.
The time study revealed that laser irradiation for only 0.2 s has
already induced the appearance of a pronounced D-band,
which correlates with the sp3-hybridization of sp2-lattice carbon
due to the covalent attachment of F atoms onto graphene.
After 1 s irradiation, an ID/IG ratio of 1.5 was observed and the
2D-band was significantly reduced (I2D/IG=1 compared to I2D/
IG=2 for the pristine monolayer graphene). Higher degrees of
functionalization can be achieved by simply increasing the laser

Figure 1. a) Schematic illustration of the laser writing process (left) and the
corresponding microscopic images of the sample at each step (right): I) a
layer of FMBO was dip-coated onto a monolayer graphene supported on a
SiO2/Si substrate. II) Laser writing with a green laser (λ=532 nm, see
Supporting Information for the detailed parameters) on predefined regions
generated highly reactive F radical intermediates which subsequently added
onto the graphene surface. III) The residual reagent layer was removed by
THF, yielding the corresponding patterned graphene sample denoted as fG;
b) the binding topology of the functionalized graphene of fG and fG-Sub; c)
the pattern design (the logo of our SFB project of “Synthetic Carbon
Allotropes”) used in the laser writing process.

Figure 2. a) Raman spectrum of the monolayer graphene coated with FMBO
as a function of laser irradiation time and b) the corresponding ID/IG profile
located on the Cançado curve.[18] LD: the mean distance between defects.
The pink dashed line indicates the position of G-band (1582 cm� 1) of the
starting monolayer graphene. λexc=532 nm.
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irradiation time. After 40 s, both the D- and G-band became
very broad and the 2D-band almost vanished. This is a direct
indication of a very high degree of functionalization which falls
in the high-functionalization-regime of the Cançado curve
(Figure 2b).[18] Further increase of the laser irradiation time to
120 s generated a Raman spectrum with broad fluorescence
signal and very week characteristic D- and G-band of graphene,
suggesting the formation of extremely high fluorinated
graphene.[27] The increased functionalization degree correlates
with the laser irradiation time. This goes also in line with the G-
band upshift (Figure 2a) due to the attachment of electron-
withdrawing F atoms in the functionalized regions.[27] For
example, after laser irradiation of 40 s, the G-band is located at
1603 cm� 1, corresponding to an up-shift of 21 cm� 1 compared
to that of the starting graphene (1582 cm� 1). Significantly, the
irradiation-based functionalization of SiO2/Si supported mono-
layer graphene can also be conducted in the liquid phase
where the degree of functionalization can correspondingly be
precisely controlled by the time of laser irradiation (Figure S2).

Since the functionalization could be well-controlled both in
terms of the region-selectivity and the degree of functionaliza-
tion, patterned fluorination could be easily realized by our laser
writing process. As a prototype, our ‘SCA’ logo (Figure 1c) was
written on graphene and each point was irradiated for 40 s. The
reaction steps can be visualized with the corresponding optical
images of the sample (Figure 1). After laser treatment, the
irradiated regions match well with our input pattern design
(Figure 1c). Interestingly, in the optical image of the sample
after washing, the input pattern could already be distinguished:
the irradiated area shows higher transparency compared with
the unreacted regions. This indicates the successful high degree
of fluorination in the patterned area as fluorination increases
the transparency of monolayer graphene according to the
previous reports.[28] In Figure 3a the corresponding Raman
mean spectra are depicted. For the non-irradiated area, an ID/IG
ratio of <0.1 is found, confirming its undisturbed nature. In
contrast, a 40 s irradiation at the patterned area has induced a
very high degree of local fluorination, which is reflected by the
very broad D- and G-bands but very weak 2D-band as well as
the significant G-band shift (1603 cm� 1 compared to 1582 cm� 1

of the pristine graphene). Besides, the corresponding ID/IG ratio
of these patterned areas exhibits a uniform distribution

centered at around 2 (Figure 3b), further confirming the
successful and uniform fluorination at these patterned areas.

To visualize this chemical pattern, a large-scale Raman
mapping of the ID/IG ratio (60×20 μm2) was performed. Clearly,
our pattern design can be easily distinguished in the correspond-
ing Raman ID/IG map (Figure 4a), which is in perfect agreement
with the input pattern design and the optical image of the sample
after washing (Figure 1a). In addition to the high accuracy of the
laser pathway, our approach could provide a very high resolution
down to ca. 200 nm. To verify this very important merit, parallel
lines with perpendicular distances of 1 μm were written on
graphene by laser irradiation (Figure 4b). After the removal of
residual FMBO, the acquired Raman D-band map shown in
Figure 4c confirms the very high resolution of ca. 200 nm. Such a
nanometer scale resolution realized in this work constitutes a new
level of covalent 2D-patterning of graphene.

The successful implementation of the chemical pattern on
fG was further corroborated by Kelvin probe force microscopy
(KPFM). First, the topographic scan using the conventional
atomic force microscopic (AFM) showed no significant height
variation (Figure 5a and 5c) between the patterned and
unfunctionalized region. This could be explicitly rationalized by
considering the surface contaminants and the length of the C� F
bond (ca. 1.35 Å) which is in the same order as our AFM

Figure 3. a) Mean Raman spectra of starting graphene (I), graphene regions
without (II) and with laser irradiation (III). b) Statistical Raman ID/IG histogram
of the functionalized areas of fG in comparison to the histogram obtained
for the starting material. λexc=532 nm.

Figure 4. a) Raman ID/IG map of fG, b) optical image of the graphene sample
after laser writing of parallel lines and c) Raman D-band map of the sample
after the removal of FMBO. λexc=532 nm.

Figure 5. a) AFM and b) KPFM images of fG, c) height (green line, upper) and
surface potential (blue line, lower) profiles of fG.
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uncertainty limit (0.1 nm). Consequently, the chemical pattern is
difficult to be distinguished from the AFM height scan (Fig-
ure 5a). In contrast, the pattern can be clearly visualized by
KPFM (Figure 5b) and matches well with the input pattern
design (Figure 1c) as well as the Raman ID/IG map of fG
(Figure 4a). The functionalized area shows a higher surface
electrostatic potential of ca. 120 mV (Figure 5c) compared to
the undisturbed area, due to the very strong electron-with-
drawing ability of covalently attached F atoms on graphene
and the resulted p-doped nature of fG in the patterned area.
This surface potential difference gives rise to stark contrast as
proved by KPFM, thus yielding a clear image of the functional-
ized pattern (Figure 5b). Moreover, the surface potential line
profile shows a sharp pattern edge (Figure 5c, bottom), which
further confirm that very high resolution (ca. 200 nm) pattern
can be realized by our laser writing process.

The thermal stability of the fluorinated graphene fG was
investigated using temperature-dependent Raman spectro-
scopy. At 50 °C (Figure 6), the sample shows an ID/IG ratio of
around 2 and a negligible 2D-band – as discussed above –
which suggests a very high degree of functionalization falling in
the high-functionalization-regime of the Cançado curve.[18] Very
little change in the Raman spectra could be observed below
350 °C, suggesting a relatively high stability in this temperature
range. Further increasing the temperature to 500 °C results in
the complete disappearance of the characteristic Raman
features (D-, G- and 2D-band) due to the complete destruction
of the graphene framework as a consequence of the very high
degree of fluorination within the functionalized sample fG.[17,29]

Another significant merit of our protocol is the combination
of this facile patterned approach with the nucleophilic sub-
stitution reaction of fluorinated graphene.[30–32] Considering its
simplicity, the nanometer scale resolution of our laser writing
method and the wide variety of nucleophiles, the potential for
patterning of otherwise difficult to bind addends with very high
degree of functionalization and precise properties engineering
at the nanometer level are very exciting. To verify this concept,
fG was reacted with 3-thienylmagnesium iodide to substitute
the fluorine addends with thiophene affording fG-Sub (Fig-
ure 7a). The corresponding Raman spectra before and after the
substitution are shown in Figure 7b. The Raman spectrum of fG-
Sub resembles that of fG (e. g., comparable ID/IG and I2D/IG ratio),

because the substitution does not change the sp3-hybridized
structure of graphene at the patterned area. However, the G-
band of fG-Sub locates at 1582 cm� 1 with a significant down-
shift compared to that of fG (1603 cm� 1), indicating the
successful substitution and fabrication of an unprecedented
patterned graphene sample bearing thiophene groups.

Further solid proof for this substitution is provided by the
KPFM result (Figure 8b) and the elemental distribution of S
(Figure 8e) of fG-Sub. Both clearly show the ‘SCA’ pattern which is
in excellent agreement with the input pattern design. Besides, the
‘SCA’ pattern can also be distinguished from the SEM image
(Figure 8d), suggesting the distinct nature of the patterned areas
compared to the unfunctionalized regions. In contrast to the case
of fG, the surface potential of the patterned areas of fG-Sub is
now lower by ca. 70 mV than that of non-patterned areas. This
corresponds to a complete switch of both the doping (from p-
doped to n-doped) and the polarization of our graphene nano-
structure (Figure 7a), due to the substitution of the electron-
withdrawing fluorine atoms with electron-donating thiophene
groups. This complete switch of the doping and polarization,

Figure 6. a) Temperature-dependent Raman spectra of fG and b) mean
Raman ID/IG and I2D/IG ratios extracted from temperature-dependent Raman
spectra. λexc=532 nm. These Raman spectra have been zoomed for clarity.

Figure 7. a) Schematic illustration of the substitution reaction of fG with 3-
thienylmagnesium iodide affording fG-Sub, b) Raman spectra of the
patterned area of the graphene sample before and after the substitution
reaction. λexc=532 nm. The arrows indicate the polarization of the graphene
sample.

Figure 8. a) AFM and b) KPFM images of fG-Sub, c) height (green line, upper)
and surface potential (blue line, lower) profiles of fG-Sub. d) SEM and e) S
elemental mapping of fG-Sub.
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combined with the Raman result (Figure 7b), unequivocally
demonstrates that most, if not all, fluorine atoms in fG have been
replaced by thiophene groups in fG-Sub through this simple
nucleophilic substitution treatment. Such a high-density addition
of thiophene groups in fG-Sub is also benefited from the
antaratopic addition mode shown in Figure 1b. Hence, considering
the wide variety of nucleophiles (e.g., Grignard reagents, amines),
one can deliberately control the structure and properties of 2D
graphene nanostructures at the nanometer level with high
precision.

In summary, a very facile and highly efficient protocol for the
covalent 2D-patterning of graphene enabling fine-tuning of its
properties has been reported. The patterned fluorination was
realized by laser writing on a monolayer graphene coated with 1-
fluoro-3,3-dimethylbenziodoxole (solid state reaction) or immersed
in the corresponding solution (liquid-phase reaction). This gen-
erates highly reactive fluorine radicals exclusively in the irradiated
areas, leading to spatially resolved covalent functionalization of
graphene. This laser writing process allows not only for a very
high degree of functionalization, but also for the realization of
sophisticated pattern designs with resolutions down the nano-
meter level. In addition, by a subsequent substitution with
nucleophiles, functional groups otherwise difficult to anchor to the
2D-carbon network can be easily patterned onto graphene with a
very high degree of functionalization. This concept was demon-
strated in this work where the initially attached electron-with-
drawing fluorine atoms have been replaced by electron-donating
thiophene groups, leading to a complete switch of both the
electronic structure and the polarization within the 2D-functional-
ized graphene. Considering its simplicity, the nanometer resolu-
tion, the very high degree of functionalization, and the numerous
possibilities for the substitution, our method provides exciting
potentials for the rational fabrication and precise properties
tailoring of 2D-structured graphene nanoarchitectures.
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