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S1. Experimental section

Materials

CVD graphene on a 1x1 cm? polymethyl methacrylate (PMMA) substrate was purchased from
ACS Material Co. (USA). All other chemicals were purchased from Sigma Aldrich Co.
(Germany) and used without further treatment. Si/SiO, wafers (300 nm oxide layer) were
purchased from Fraunhofer-Institute in Erlangen. Before using, the Si/SiO, wafers were cleaned

by immersing into isopropanol for a ultrasonic treatment (300W) for 5 min.

Raman Spectroscopy

The Raman spectroscopic characterization was performed on a Horiba Jobin Yvon LabRAM
Aramis. A laser (Olympus LMPlanF150x, NA 0.50) with an excitation wavelength of 532 nm,
intensity of 8 mW and a spot size of ~ 1 um was used. The spectrometer was calibrated by using
crystalline graphite. Spectral data was obtained through a motorized x-y table in a continuous
line scan mode (SWIFT-module). The temperature dependent Raman measurements were
performed in a Linkam stage THMS 600, equipped with a liquid nitrogen pump MS94 for
temperature stabilization under a constant flow of nitrogen. The measurements were carried out

on Si/Si0, wafers with a heating rate of 10 K/min.

Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS)

Scanning electron microscopyenergy dispersive X-ray spectroscopy was performed on a FE-
SEM (Auriga, Carl Zeiss) equipped with an oxford X-max 80. The working conditions were set
at an operating accelerating voltage of 5 kV for F and 15 kV for Ag, working distance of 7.3mm,
the elevation angle of the detector was 35° and the sample was vertically aligned with respect

to the secondary-electron emission.

Atomic force microscopy (AFM)
Atomic force microscopy was carried out using a Bruker Dimension Icon microscope in tapping
mode. Bruker Scanasyst-Air silicon tips on nitride levers with a spring constant of 0.4 N m™!

were used to obtain images resolved by 1024 x 1024 pixels.
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S2. 2D-patterning of graphene by laser writing

Based on a wet transfer technique as we described before,S! the graphene monolayer was
deposited on a Si/SiO,. Afterwards, the PMMA coating was removed by a treatment with
acetone vapor (60 min) and the wafer was dried in air. Subsequently, three wafers covered with
the graphene monolayer were respectively immersed (ca. 30 min) into a solution of silver
acetate (0.05 mmol/mL), silver benzoate (0.06 mmol/mL) and silver heptafluorobutyrate (9
mmol/mL) dissolved in isopropanol. As soon as the wafers were taken out from the solution,
one drop of the silver heptafluorobutyrate solution and several drops of silver acetate, silver
benzoate (considering their poor solubilities) were dropped on the respective wafer. These
wafers were subsequently dried by a gentle stream of argon to give rise to the formation of films
atop the graphene. The corresponding optical images of films are shown in Figure S1A, S1D,
and SI1G. The two covering steps are required in order to ensure the formation of a
homogeneous and sufficiently thick film atop the graphene. The laser-writing of graphene was
carried out in the Raman spectrometer by directly focusing a green laser (532 nm, 50%
magnification of objective, irradiation time 1 s, 8 mW) on the film and this causes a laser-
triggered photolysis of these photosensitizers (including silver acetate, silver benzoate, and
silver heptafluorobutyrate), generating CH;-, C¢Hs-, CsF;- radicals, confined to the laser-
irradiated areas. These intermediately formed radicals directly react with the monolayer-
graphene underneath, resulting in the generation of 2D patterns on graphene named as Ga, Gg
and Gc. The resulting letter patterns of “Z” (G,), “M” (Gg), and “P” (G¢) were written in the
film as shown in respective microscopic image (Figure S1B, S1E, and S1H). After the laser-
writing process, the samples were rinsed with 20 mL acetone for three times to completely
remove all reactants and by-products. Besides, AFM measurements were carried out to detect
the film thickness of the laser-triggered 2D-functionalized areas (Figure 2A, 2C and 2E, black
squire marked areas). It can be clearly seen that the film thicknesses of silver acetate, silver
benzoate, and silver heptafluorobutyrate were 40, 40, and 50 nm, respectively (Figure 2B, 2D
and 2F).

Interestingly, after this washing treatment, the patterns remain visible (Figure S1C, S1F and
S1I). This can be traced back to the fact that silver nanoparticles have simultaneously been
formed during the laser-irradiation of the silver carboxylate film. Due to the formation of silver
nanoparticles and the corresponding SERS effect,5>53 the Raman G-band intensities for G4, Gg,
and G¢ were significantly enhanced (30 times high) with respect to the pristine graphene sample

(Figure 1).
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Figure S1. Optical images of (A) a film of the silver acetate photosensitizer film deposited on a monolayer
graphene, (B) the same area after laser-induced reaction, and (C) after washing with acetone to remove the
film and the remaining silver nanoparticles produced by decomposition of silver acetate. Analog optical
information as in (A-C) given for the silver benzoate (D-F) and silver heptafluorobutyrate (G-I). Scale bar: 6

pm.
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Figure S2. Optical images and corresponding AFM images of the film of silver acetate (A, B), silver benzoate
(C, D), and silver heptafluorobutyrate (E, F). In order to facilitate the AFM measurements the scratches
shown in image A, C, and E have been implemented on purpose. The black square denotes the location where

the AFM characterization has been carried out.

83. Reference experiment: Laser writing with different wavelengths and Raman features

after silver removal

Prior to the 2D-patterning of graphene, Raman lasers with different wavelengths including 457,
532 and 633 nm have been tested to screen out the best laser for graphene 2D-patterning.

Following a similar procedure, the homogeneous films of each photosensitizer comprising
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silver acetate, silver benzoate, and silver heptafluorobutyrate were prepared atop the monolayer
graphene deposited on a Si/SiO, wafer. The laser-triggered 2D-functionalizations was
performed by focusing the different Raman-lasers on the respective films and the corresponding
Raman spectra were recorded. Clearly, Raman spectra for the different laser wavelengths of
each photosensitizer differ from each other substantially. Compared to the Raman spectra
obtained under 457 and 633 nm laser irradiation, the Raman spectra generated under irradiation
with a 532 nm laser (for each photosensitizer) exhibits an even broader D- and G-band as well
as a almost vanished 2D-band, suggesting its higher degree of 2D-functionalization. As a
consequence, the green laser (532 nm) was naturally adopted for the next 2D-pattern of

graphene.

30000 5000

A 532 nm B 532 nm
25000 4000
200004 2000
150004
2000
10000

5000 1000

3 S

@ 16000 C : : : o ° . x =
~ 14000 633 nm ~ 1200/ D 633 nm
> >

£ 12000 =

7)) [7)]

& 10000 c

..q_.J 8000 -.03 600

c 6000 | E

o 4000 L c 300

(@ 20001 W]

% o1 g 100?)4 L\
oY oo E 457 nm x |F 457 nm

800
8000

600
6000

4000 400+

2000 L\ 200 N
0 0-
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000

Raman shift / cm’ Raman shift / cm_1

Figure S3. Raman spectra of functionalized monolayer graphene by the usage of silver acetate under
irradiation of different laser wavelengths in the writing process: Left column: Before removal of the silver
nanoparticles A (Aexe = 532 nm), C (Aexe = 633 nm), and E (Aeye = 457 nm). Right column: After removal of
the silver nanoparticles B (Aexc = 532 nm), D (Aexc = 633 nm), and F (Aeye =457 nm).

S6



35000
30000
25000
20000
15000
10000

5000

Raman Intensity / a.u.

-

-2000

Figure S4. Raman spectra of functionalized monolayer graphene by the usage of silver benzoate under
irradiation of different laser wavelengths in the writing process: Left column: Before removal of the silver

nanoparticles A (Aexe = 532 nm), C (Aexc = 633 nm), and E (Aeyxe = 457 nm). Right column: After removal of
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Figure S5. Raman spectra of functionalized monolayer graphene by the usage of silver heptafluorobutyrate
under irradiation of different laser wavelengths in the writing process: Left column: Before removal of the
silver nanoparticles A (Aexe = 532 nm), C (Agxe = 633 nm), and E (A =457 nm). Right column: After removal
of the silver nanoparticles B (Aexc = 532 nm), D (Aexc = 633 nm), and F (Aeyxe = 457 nm).

As outlined in the main text, in the course of the laser-writing process, in addition to the
formation of CH;3- C¢Hs-, CsF;-radicals, silver nanoparticles were also generated and were
patterned exactly in the same areas where these radicals are bound to graphene. Due to the
corresponding SERS effect, the Raman signals of G, Gg, and G¢ will be increased and
broadened. To deconvolute the Raman signal of this Ag/2D-functionalized graphene
composites to solely provide the Raman features of 2D-functioanlized graphene samples, these
silver nanoparticles were removed following the two-step strategy including dissolving with
diluted nitric acid and subsequent sonication treatment. Afterwards, the Raman measurements
under each laser wavelengths including 457, 532, and 633 nm were performed in the
corresponding patterns. Clearly, compared to the Raman spectra before the removal of silver
nanoparticles, the intensities of the D- and G-band were significantly reduced (ca. 30 times

lower) and the peak shape became sharper after the removal of the silver nanoparticles.

S84. Quantifying the degree of functionalization

The Raman Ip/Ig ratio is related to the mean defect distance Lp. Generally, with the increase of
Lp, the ratio of Ip/Ig will increase first and then decrease and the maximum Ip/Ig ratio
(corresponding to the Lp_.i value) is used to distinguish the low-functionalization-regime and
high-functionalization-regime. The regime where the Ip/Ig ratio is located is directly reflected
by the width of the Raman bands. As a consequence, the Ip/I ratio together with the full width
at half maximum (FWHM) can be used to quantify the degree of functionalization of graphene.
The observed very broad D-band with FWHM values > 30 cm™! in the Raman spectra of Gy,
Gg, and Gc are indicative for their location in the high-functionalization-regime. According to
the method we introduced previously,* the degrees of functionalization of G4, Gg, and G¢ can
be quantified as 1.76%, 1.65 %, and 1.65%, respectively. Additionally, we also quantified the
degrees of functionalization of previously reported covalent patterning of graphene for
comparison (Table S1). Clearly, similar to the strategy we introduced earlier,%* our present
reaction sequence provides a very higher degree of functionalization and is significantly higher
than other cases. Besides, this very efficient 2D-functioanlization can be easily achieved upon

Is of irradiation time, highlighting the superiority of our protocol.
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Table S1: Comparison of quantified degrees of functionalization (0) of previously reported

covalent 2D-patterning of graphene and this work.

Ip/le 0.80 0.60 0.56 0.72 0.80 0.25 2.60/2.80 2.58/1.12/2.40 0.60/0.65/0.65
8% 1.385 1.758 0.009 0.012 0.014 0.004 0.066/0.060 0.059/1.176/0.053 1.758/1.647/1.647

85. Reference experiment: laser writing on multi-layer graphene

A key factor for the high degrees of functionalization of G, Gg, and G¢ is an antaratopic
addition scenario. To verify this assumption, a reference experiment has been carried out on the
basis of multi-layer (3-5 layers) graphene, where only one side is available for the addend
binding. In specific, under the identical conditions as described for monolayer graphene, multi-
layer (3-5 layers) graphene was applied to respectively react with silver acetate, silver benzoate,
and silver heptafluorobutyrate upon laser-writing. After the reaction and subsequent work-up,
the samples were characterized by Raman spectroscopy. The pristine multi-layer graphene
exhibits a pronounced G-band along with an indiscernible D-band. The D-band intensity is
increased after the laser-induced reaction with silver acetate, silver benzoate and silver
heptafluorobutyrate, respectively, suggesting laser-triggered functionalization of the multi-
layer graphene. The observed broadening of D-, G- and 2D-band can be assigned to SERS
effect of the formed silver nanoparticles. However, compared to monolayer graphene, where
the antaratopic reaction scenario is possible, the multi-layer graphene shows an obvious 2D-
band. This Raman characteristic indicates that the Ip/Ig ratios of the multi-layer graphene
samples are located in the low-functionalization-regime of the Cangado curve.S! This low

degree of functionalization of multi-layer graphene is due to a solely supratopic addition mode.
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Figure S6. (A) Raman spectra of (I) pristine multi-layer graphene and (II) after laser-induced
functionalization with silver acetate. (B) Raman spectra of (I) pristine multi-layer graphene and (II) after
laser-induced functionalization with silver benzoate. (C) Raman spectra of (I) pristine multi-layer graphene
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and (II) after laser-induced functionalization with silver heptafluorobutyrate.

86. Temperature-dependent defunctionalization of G4, G, and G¢.

The thermal-induced bond cleavage of Ga, Gg, and G¢c was investigated by performing
temperature-dependent Raman  spectroscopy. The temperature-dependent Raman
measurements (intensity of 8 mW and a spot size of ~ 1 um) were performed in a Linkam stage
THMS 600, equipped with a liquid nitrogen pump MS94 for temperature stabilization under a
constant flow of nitrogen. The measurements were carried out with a heating rate of 10 K/min.
In the range of 50-250 °C, the Raman data were recorded every 50 °C. In the following
temperature regions (250-300 °C for G,, 250-300 °C for Gg, 250-300 °C for G¢), where the
defunctionalization of Gg and G¢ occurred, we recorded the Raman data every 25 °C. Previous
investigations have pointed out that along with the increase of the sp3-defects density, the G-
band gradually widens, while the Ip/Ig ratio first increases and then decreases.S!!: S12
Consequently, the Ip/Ig ratio combined with the G band width can provide direct information
on the degree of functionalization of the covalently functionalized graphene. For sample Gp
and Gg, with increasing the temperature, the Ip/Ig ratio initially increases and then decreases
together with a gradual narrowing of the G-band, corroborating the assumption of a thermal-
induced defunctioanlization reaction (Figure S7B and 7C). In contrast, for G4, a different
thermal behavior was observed. Here, the Ip/lg ratio together with G-band width kept almost
constant as the temperature rises (up to 300 °C), indicating that no thermal induced
defunctionalization reaction occurred (Figure S7A). Further increasing the temperature to 325
°C leads to the complete loss of all Raman features due to a complete degradation of the

graphene framework (Figure 4B).
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Figure S7. Correlation between the Ip/Ig ratio and the G-band width of the Raman spectra in

the temperature-dependent Raman studies.
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Figure S8. Raman Ip/Ig mapping image of Gg after 300 °C (A) and 375 °C (B) annealing and
G after 350 °C (C) and 425 °C (D) annealing, Aexc = 532 nm.

S7. Removal of the silver nanoparticles

Silver nanoparticles are also generated in the course of the laser-writing process. These
nanoparticles are patterned exactly in the same regions where the generated alkyl/aryl radicals
are bound to graphene (Figure S9A, 9D, and 9G). The formation of silver was corroborated by
SEM-EDS characterization, showing a pattern-dependent distribution of elemental silver
(Figure 3C). Additionally, we also employed AFM to provide a deeper insight into these Ag
nanoparticles. AFM measurements clearly show a pattern-related distribution of Ag
nanoparticles (Figure S10A, 10C, and 10E). These formed silver nanoparticles can be easily
removed by a two-step treatment. In the first step, the samples Gu, Gg, and G¢ were directly
immersed into diluted nitric acid (0.3 mol/L) for 10 min. Upon this treatment, most of the silver
nanoparticles were dissolved and removed (Figure S9B, 9E, and 9H). It is worth mentioning,
that concentrated nitric acid should be avoided as this leads to a significant defunctionalization
reaction and even degradation of the graphene structure. Afterwards, a subsequent sequential
ultrasonic-treatment (ultrasonic power 30 W) of the samples immersed into diluted nitric acid
(0.3 mol/L) (1 min) and isopropanol (1 min) leads to a complete removal of the Ag nanoparticles
(Figure S9C, 9F, and 91). This is also confirmed by the respective AFM measurements, where
the respective letter pattern of “Z”, “M”, and “P” have completely vanished (Figure S10B, 10D,
and 10F).
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Figure S9. Optical images of covalently patterned graphene before washing - G, (A), G (D), and G¢ (G);
after washing with diluted nitric acid - G4 (B), Gg (E), and G¢ (H); ultrasonic treatment with diluted nitric
acid/isopropanol for 1 min - G, (C), Gg (F), and G¢ (I). Scale bar: 6 um.
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Figure S10. AMF images of the pristine graphene (G) and samples before washing - G4 (A), Gg (C), and G¢
(E) - and after washing/ultrasonic treatment - G, (B), Gg (D), and G¢ (F).
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