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Abstract: Patterned functionalization can, on the one hand,
open the band gap of graphene and, on the other hand,
program demanding designs on graphene. The functionaliza-
tion technique is essential for graphene-based nanoarchitec-
tures. A new and highly efficient method was applied to obtain
patterned functionalization on graphene by mild fluorination
with spatially arranged AgF arrays on the structured substrate.
Scanning Raman spectroscopy (SRS) and scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDS) were used to characterize the functionalized
materials. For the first time, chemical patterning on the bottom
side of graphene was realized. The chemical nature of the
patterned functionalization was determined to be the ditopic
scenario with fluorine atoms occupying the bottom side and
moieties, such as oxygen-containing groups or hydrogen atoms,
binding on the top side, which provides information about the
mechanism of the fluorination process. Our strategy can be
conceptually extended to pattern other functionalities by using
other reactants. Bottom-side patterned functionalization ena-
bles utilization of the top side of a material, thereby opening up
the possibilities for applications in graphene-based devices.

Well-defined graphene nanoarchitectures engineered by
patterning the confined surface areas of graphene have
a highly attractive potential in various fields of applications,
such as molecular electronics and catalysis.[H] However, such
structures requires facile and flexible synthetic methods for
the rational design of spatially resolved two-dimensional (2D)
patterning of graphene. In preceding reports, graphene
patterning has been accomplished by two general approaches:
1) etching away selected parts of the graphene lattice in a top-
down manner® or bottom-up surface assisted polymeri-
zations of aromatic precursors to form nanoribbons,® and
2) covalent surface patterning of addends on defined areas of
the graphene basal plane.”' The latter method allows for
combining the outstanding properties of graphene with those
of other compound classes. The latter approach can, in
general, be realized by combining graphene chemistry with
established patterning techniques, such as lithography and
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laser/plasma writing. Typically, predefined poly(methyl meth-
acrylate) (PMMA) masks prepared by lithography are used to
direct covalent functionalization to occur only in the unpro-
tected regions of exposed graphene. In this way, hydro-
genations, reactions with diazonium salts,”! and additions of
cis-dienes!"”) have been performed to generate addend
structured graphene. However, so far the corresponding
addend patterned areas are characterized by a relatively low
degree of functionalization; for example, the Raman features
are located in the low-functionalization regime of the
Cancado curve.! This drawback was also observed for the
reported force-accelerated stamping method.'"! Alterna-
tively, laser/plasma-write techniques were applied to obtain
a high degree of patterned functionalization on graphene.['>!3!
These methods require a laser-trigged reaction with related
laser equipment or a suitable plasma source, which limits the
scope of the sequences. Thus, new, efficient and easy-to-
perform methods are still highly desired for the patterned 2D
functionalization of graphene.

Herein we report a new and highly efficient method for
the covalent 2D patterning of graphene. For the first time, we
carried out a bottom-side fluorination of graphene by using
2D patterned substrates containing spatially arranged AgF
arrays serving as a mild fluorination source. A very high
degree of covalent functionalization was obtained by allowing
for antaratopic top-side reactions; for example, from ad-
sorbed water layers quenching the initially formed dangling
bonds in trans positions (Scheme 1d). This leads to strain-free

a) FF b) F! c) d) X!
):( EERE F
X=e.g., -OH, -H
Allowed

X=e.g., -O-, -SiO-

Forbidden Allowed Forbidden

Scheme 1. Possible binding topologies of graphene derivatives sup-
ported on a solid substrate. a) Supratopic top-side addition, b) top-
side initiation with antaratopic quenching by interlayer molecules,
such as water or non-inert substrates, c) supratopic bottom-side
addition, and d) bottom-side addition with antaratopic quenching by
molecules located at the top side (for example, water coverages).

sp® regions within the hexagonal C-lattice. This strategy could
be easily extended to pattern other functionalities on
graphene by using other reactants. To date, all the reported
patterned graphene derivatizations have been based on top-
side chemistry opposite to the underlying substrate.*
Notably, exclusive supratopic addition sequences (Scheme-
s la,c) on graphene are not allowed because an enormous
amount of strain energy would be built up (eclipsing addend
interactions, the planar cyclohexane ring, dramatic sheet
bending, and loss of contact with the substrate).*!”) Antar-
atopic quenching (X addend from the opposite side of the
basal plane of graphene, Schemes 1b,d) requires the avail-
ability of either reactive substrates or adjacent molecules,
such as a water layer. Binding of addends from both sides is
hindered by direct contact of graphene with the substrate but

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

6701


https://doi.org/10.1002/anie.202002508
http://www.angewandte.org

GDCh
~~—~

6702

is possible if 1) the addend can travel around edges or through
extended hole defects in the basal plane, or 2) the reaction is
carried out in solution."' Our approach includes the
possibility of Janus-type patterned functionalization, which
has not been realized to date, although unpatterned Janus
graphene has been accomplished in a step-by-step proce-
dure® or simultaneously by trapping the starting graphene at
the liquid-liquid interface.”"! Remarkably, the mild fluorina-
tion approach shown here is reasonably facile, whereas the
methods reported to date generally involve hazardous gases
(F, or XeF,),”%! or expensive plasma or laser equip-
ment.['>24

Our patterning process, initiated by bottom-side additions
from the structured substrate, is described in Scheme 2.
Briefly, predefined channels were first introduced onto a
Si/SiO, wafer using lithography. AgF was then specifically
trapped in these channels. Subsequently, monolayer graphene
covered by PMMA was transferred onto the prepared wafer.
The F-patterning on the bottom side was initiated by heating
at 100°C for 30 seconds. The PMMA layer was then removed
using acetone.

Photoresist )
a) Spin-coating , b) Exposure M
development
Si/SiO, Wafer
c) Etching
PMMA cleaning

# e) Transfer ~Graphene
/ / d) AgF
lf) A

e
X X X X

B* F* B* B*
o

@ Generated Ag metal X=e.g.-OH, -H

Scheme 2. lllustration of the 2D substrate patterning leading to
structured bottom-side fluorination on graphene. a) The positive
photoresist layer (S1813) was spin-coated on a Si/SiO, wafer. b) The
desired pattern was realized on the photoresist film by exposure
through a Cr mask under 365 nm UV light and developed in a diluted
UN1824 solution (NaOH). c) The exposed silicon oxide was etched by
buffered ammonium fluoride/hydrofluoric acid (v/v=7:3), followed by
cleaning with acetone to afford the predefined channels on the Si/SiO,
wafer. d) An AgF water solution (0.05 mmolmL™") was specifically
trapped in these channels using a needle and visualized under

a microscope. €) Monolayer graphene was transferred onto the wafer.
f) The wafer was heated at 100°C for 30 s. g) The PMMA layer was
removed using acetone.

To determine the patterned graphene functionalization
we first carried out systematic Raman spectroscopy inves-
tigations. Figure 1a shows the typical Raman spectrum of
pristine monolayer graphene before functionalization with
a G-band at 1582cm™ (sp? lattice carbon atoms) and
a negligible defect-induced D-band at 1350 cm™'. After the
thermal treatment with AgF, the Raman spectrum for the
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Figure 1. Raman spectra of a) starting graphene, b) unpatterned areas,
and c) patterned regions after functionalization; A, =532 nm.

unpatterned regions remains intact with an I// ratio of <0.1
(Figure 1b), showing unaffected graphene regions. In con-
trast, for the patterned area the D-band is very broad and the
2D band almost vanished. This is a direct indication of a very
high degree of functionalization and it shows that we are on
the high-functionalization regime of the Cangado curve.™
Consistently, the G-band at the patterned area is observed at
1600 cm ™!, corresponding to an upshift relative to that of the
unpatterned regions (1582cm™) owing to the covalent
attachment of electron-withdrawing fluorine atoms in the
functionalized areas.”'Successful fluorination is further dem-
onstrated by the reaction of exfoliated graphene with AgF
(Supporting Information). The G-band intensity for
patterned areas is significantly enhanced and reaches over
50 times that of unpatterned regions as a result of the
enhancement of Raman scattering by the Ag metal generated
in patterned areas after the reaction (Supporting Information,
Figures S4, S6, and S7).2¢!

As a prototype, a specific letter pattern “OMD” (Fig-
ure 2a) was generated on the wafer. After the reaction,
patterned OMD-functionalized graphene (fG) was obtained.

™y oo
0.6
0.3
0.0

Figure 2. a) Optical image of the “OMD” pattern on the substrate,
b) Raman Ip/ls mapping, and c) Raman I,5/l; mapping of fG;
Aexe =532 nm. d) SEM-EDS mapping of F in fG; scale bar=50 um.

To visualize the chemical pattern, Raman mapping and
scanning electron microscopy coupled with energy-dispersive
spectroscopy (SEM-EDS) were conducted. Raman I,/I; and
L/l maps (Figures 2b,c) clearly show that the functionali-
zation selectively took place at the regions where predefined
channels were located on the substrate. Furthermore, the
functionalization at the patterned area is homogeneous. This
patterned fluorination is further supported by the matching F
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and Ag distributions in the SEM-EDS images (Figure 2d;
Supporting Information, Figure S6).

The thermal stability of the patterned fluorination was
investigated by temperature-dependent Raman spectroscopy.
As shown in Figure 3, only a minor decrease of the Raman
Ip/l; ratios was observed below 250°C, suggesting high
stability in this temperature range. Further increasing the
temperature to 400°C resulted in a sharp decline of the
Raman Ip/I; ratio accompanied by the complete disappear-
ance of the characteristic Raman features (D-, G-, and 2D-
bands). This demonstrates the complete destruction of the
graphene framework upon heating to 400 °C as a consequence
of the very high degree of functionalization.*?

&) 200°c__ x4 2osfs .
b 350°C___ x4 LR
J b A, 300°C, A\ x4 0.6 ‘
om0 2| _
2| ~"\_200% =04
[0 ]
El_~\_150°C
0.2 -
7\ 100°C
| _~\__s0°c
1000 2000 3000 100 200 300 400

Raman shift / cm” Temperature / °C

Figure 3. a) Temperature-dependent Raman spectra of the patterned
area of fG and b) the mean Raman I/l ratio extracted from temper-
ature-dependent Raman spectra; A.,. =532 nm. These spectra have
been magnified for clarity.

With this new 2D substrate patterning method, we have
initiated the graphene functionalization by spatially resolved
fluorination from the bottom side of graphene. The question
is: what happened on the top side during this process?
In principle, three scenarios can be considered after the initial
addition of fluorine radicals has taken place (Figure 4):

a) b) ° ol‘o  ~ C) e o 0 o
® 0 06 0 o e 0 0 0 0~ ¢ 06 06 0 o
Si/SiO, Si/SiO, Si/SiO,
° F — Graphene ¢ X=e.g.,-OH,-H

Figure 4. Possible configurations of fG. a) Supratopic fluorination
(Config-a), b) antaratopic fluorination with possible transportation
routes of fluorine atoms indicated by green arrows (Config-b), and
c) fluorine atoms on the bottom side with antaratopic quenching by
hydroxy groups or hydrogen atoms on the top side (Config-c).

1) no top-side additions at all (Config-a), 2) antaratopic
fluorine additions provided by migrations of F from the
bottom side through o-holes in the basal plane or around the
entire graphene flake (Config-b), and 3) quenching reactions
with molecules located at the top side, such as H,O or O,
(Contfig-c).

As pointed out in the preceding text, the high degree of
functionalization reported herein can only be realized if
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antaratopic reactions are involved. Hence, Config-a is directly
ruled out because addition from one side must always be
accompanied by an addition to the other side.'*'l Our
Raman studies imply that Config-b is unlikely because, during
a normal fluorination procedure that allows for attacks on
both sides of the basal graphene, reaction products are
generated with Raman spectra that are almost featureless and
lack the characteristic signatures of graphene. In particular,
very weak or even absent D- and G-bands are noted and,
instead, a very broad and unstructured low-intensity peak at
1000-3000 cm™" is observed, which was attributed to the
fluorescence of the highly fluorinated graphene.” In our
case, the characteristic Raman spectrum for highly fluori-
nated graphene (Figure Sa) is found for very few spots

a) c)
]
®©
2 5
2 |b) o)
2 >
= =)
- 2
2
=
1000 1500 2000 2500 30001000 1500 2000 2500 3000

Raman shift / cm™ Raman shift / cm™

Figure 5. a) Single-point Raman spectrum of selected spots of fG and
b) mean Raman spectrum of fG. c) The SEM image and d) mean
Raman spectrum of fG-Hi; 1., =532 nm, scale bar=>50 um.

(approximately five out of 9570 single-point Raman spectra
for the entire mapping area shown in Figure 2). Moreover, no
fluorescence signal is seen, but a very pronounced D-band
appears in the mean Raman spectrum of the entire mapping
area (Figure 5b). Ditopic fluorination with a low degree of
functionalization was excluded by a control experiment with
a 120-fold longer reaction time (1 h) and a 10-fold higher
amount of AgF compared to fG, affording fG-Hi. As seen in
the SEM image (Figure 5¢), many cracks or holes were
generated during the formation of fG-Hi. The defects could
provide channels for transferring fluorine (for example, from
the bottom side to the top side), leading to a high degree of
fluorination on both sides. However, the mean Raman
spectrum of fG-Hi (Figure 5d) resembles that of fG (Fig-
ure 5b), suggesting that the reaction sites of carbon atoms on
both sides in fG are already saturated.

Config-b is further excluded by testing a potential sub-
stitution reaction. As illustrated in Figure S8a (Supporting
Information), fG was heated in ethylenediamine according to
the reported procedure, which affords fG-Sub after
workup.*”! However, for fG-Sub, the element N (Supporting
Information, Figure S9) cannot be seen in the “OMD”
pattern using SEM-EDS, while the F signal (Supporting
Information, Figure S8b) resembles that in Figure 2d; this
behavior is not compatible with Config-b.*"*"!

This leaves Config-c as the most plausible scenario.
Further strong support for Config-c stems from wettability
experiments on the top side (Figure 6); the pristine graphene
shows a static water contact angle of 96.7°. After fluorination
of the entire area on the bottom side, the contact angle
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Scheme 3. lllustration of the proposed reaction mechanism of the
bottom-side fluorination of graphene with AgF upon heating.

measured on the top side of this graphene becomes 88.4°,
demonstrating enhanced hydrophilicity compared to that of
pristine graphene. The results support Config-c with moieties
such as oxygen-containing groups or hydrogen atoms on the
top side. Furthermore, the presence of hydroxy groups is
supported by the reaction of fG with SOCI, (Supporting
Information, Figure S10). In contrast, for Config-b with
fluorine terminals on the top side, a more hydrophobic
surface is obtained compared to pristine graphene.?”!

A fluorination reaction mechanism is suggested
(Scheme 3) based on the aforementioned results. Firstly,
thermal decomposition of AgF generates Ag metal and F
radicals (Step I).”**1 The highly active F radicals attack the
graphene, fluorinating the bottom side and generating
dangling bonds (radical centers) on the opposite side at the

a) b)
1 ° 88.4° -
96.7 , 8384° e X=eg,-OH,-H
> o o o o — GCraphene
Si/Sio, Si/sio, ° F

Figure 6. Wettability of the top side of a) pristine graphene and
b) graphene with fluorination of the entire area on the bottom side.

same tune (Step II). Carbon radicals have been reported to
react with H,O or O, to afford hydroxylation or hydro-
genation.’>®! In our case, these reactive carbon radicals on
graphene can undergo attacks by, for example, H,O or O,
(ambient or imported during the graphene transfer process)
antaratopically to the fluorine atoms already bound
(Step III). We have recently shown that an antaratopic 1,2-
addition mode provides, by far, the thermodynamically most
stable scenario.'”l Hence, the very high degree of function-
alization at the patterned area can be attributed to the ditopic
(antaratopic) addition mode; that is, fluorine atoms occupy
the bottom side and moieties such as oxygen-containing
groups or hydrogen atoms bind on the top side, giving rise to
Config-c (Figure 4c).

In summary, a new method titled “2D substrate pattern-
ing” was developed for patterned functionalization of
graphene by trapping the mild fluorination agent AgF in
structured channels on the substrate. This facile method is
quite efficient and can be easily extended to other systems by
using other reactants. For the first time, patterned function-
alization on the bottom side of graphene was realized by
resolving the spatial hindrance from the substrate using our
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new method. The chemical patterning was performed with
a high degree of functionalization and precise control, as
visualized with Raman spectroscopy and SEM-EDS mapping.
Moreover, the chemical nature of this patterned derivatiza-
tion was demonstrated to be ditopic with fluorine atoms
binding on the bottom side and moieties such as oxygen-
containing groups or hydrogen atoms quenching on the top
side. Accordingly, the reaction mechanism of the functional-
ization process is clearly disclosed. Our work provides a new
facile method for patterned graphene functionalization and
graphene fluorination, thereby freeing up the top side of
graphene for many possibilities and enabling applications in
graphene-based devices.
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