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We report covalently patterned graphene with acetic acid as a new
potential candidate for graphene-enhanced Raman scattering (GERS).
Rhodamine 6G molecules in direct contact with the covalently
modified region show an enormous enhancement (~ 25 times) com-
pared to the pristine region at 532 nm excitation. The GERS enhance-
ment with respect to the layer thickness of the probed molecule,
excitation wavelength, and covalently attached groups is discussed.

Graphene-enhanced Raman scattering (GERS) is a promising
variant of surface-enhanced Raman scattering (SERS), employ-
ing two-dimensional graphene as an active substrate to enhance
Raman signals from a low quantity of molecular species.'”
Unlike the conventional SERS, observed at metal-molecule con-
tact interfaces, GERS demonstrates a clean and robust signal
response, characterized by reduced background interference,
enhanced reproducibility, and recyclability.* In the GERS sys-
tem, graphene plays a dual role by effectively quenching auto-
fluorescence and providing a uniform surface for enhanced
Raman signals. This unique combination allows for easy analy-
sis of Raman signals from adsorbed molecules exhibiting high
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photoluminescence (PL). It is postulated that electron transfer
and energy transfer between the graphene and the adsorbed
molecules are responsible for PL quenching in GERS.* The
magnitude of the Raman enhancement in GERS likely depends
on the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of adsorbed molecules
with respect to the Fermi level of graphene. Moreover, in-depth
investigations have revealed that the enhancement factor (Eg) in
GERS is also influenced by additional factors including the
molecular structure, phonon energy associated with the specific
vibrational mode, and laser energy employed.®” The enhancement
effect exhibits substantial improvement when the HOMO and
LUMO energy levels of the probed molecule fall within the close
energy vicinity of graphene’s Fermi level (Eg) for a given laser
excitation energy.®® Consequently, there has been a recent surge
in research focus on modifying the Fermi energy of the graphene
substrate as a means to modulate the EF in GERS. To date, the
modulation of graphene’s Er in the context of GERS has primarily
been achieved through element doping using chemical vapor
deposition'® and electronic interaction via solution-based molecu-
lar deposition.”" Another approach involves charge doping into
graphene utilizing an electrical field device.” Nonetheless, these
traditional modification routes lack the ability to precisely control
the Fermi level of graphene at specific locations or necessitate
complex fabrication procedures.

Recently, photo-induced covalent modification (PICM) has
been demonstrated as a facile method to tailor the surface
properties of graphene in a desired manner."”* PICM enables
controlled site-specific chemisorption via photochemical acti-
vation with sub-pm precision. The spatially confined light
irradiation permits the covalent 2D patterning at user-defined
regions on the graphene substrates. Additionally, the grafting
density of covalently anchored molecules onto the graphene
surface can be controlled by the laser irradiation time, resulting
in flexible modulation of the Ef.

Herein, we report that a photo-induced covalently modified
graphene (PICM-G) substrate exhibits a remarkably high GERS
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Fig.1 GERS of DiO molecules adsorbed on the PICM-G substrate. (a)
Raman maps of Ip/lg excited at 632.8 nm (left top) and /1p94 excited at
488 nm (right-top), respectively. The bottom plot represents the line
profile along the white dashed line. (b) Raman spectra of the DIO molecule
at the pristine graphene (PG, black) and covalently patterned (blue) region
excited with a 488 nm laser. The peaks marked with *" and ‘e’ correspond
to the D and G bands of graphene, respectively. The red highlight
represents the peak of DiO at 1094 cm™* used for mapping.

effect on fluorescent organic molecules. PICM in acetic acid
aqueous solution presents the highest GERS effect, which could
be attributed to the shift of the Er of graphene due to the
covalent functionalization. For the further investigation of the
GERS effect, the Langmuir-Blodgett (LB) technique was
employed here to homogenously distribute the dye molecules
on the graphene layer.®'® 3,3'-Dioctadecyloxacarbocyanine per-
chlorate (DiO) and rhodamine 6G (Rh6G) were selected as
probe dye molecules for investigating the GERS effect.

In accordance with our previous work,"* a 488 nm contin-
uous wave laser was used to covalently pattern the graphene
surface with chemical moieties such as -CHz;, -OCHj3, and
—-COOCH; (for experimental details see ESIT). A line patterned
functionalization as shown in Fig. 1a was achieved by scanning
the tightly focused laser (488 nm) at the interface between
graphene and an aqueous solution of acetic acid (0.1 M). The
photogenerated radicals are only formed in those areas where
the laser is exposed to the aqueous solution resulting in a
spatially controlled grafting of functional groups with the
formation of sp® carbon defects. The Raman spectra of the
PICM region with respect to the pristine graphene (PG) region
are presented in Fig. Sla (ESIt). Here, a high mean intensity
ratio of Ip/lg (>1.2) along with the presence of the D’ peak
(1619 cm™") at the shoulder of the G peak demonstrates the
successful covalent modification with a high grafting density at
the PICM region."® Consistently, the estimated full-width half-
maxima (FWHM) of the PICM region (840 nm) was found to be
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larger than the diffraction limit (300 nm in this study) pre-
sumably due to the diffusion of photogenerated radicals over
the diffraction spot.

In our initial GERS measurements, DiO molecules (Fig. S1b,
ESIt) were deposited on the PICM-G by simply immersing it in
the DiO solution (1.5 mg L") and subsequently rinsed with water
to remove excess dye molecules. Raman spectra of the adsorbed
dye molecules are observed from both PG and PICM-G regions,
thanks to the GERS effect (Fig. 1b). However, a significantly
highest signal enhancement has been clearly detected from the
PICM-G region than from the PG region (Fig. 1a, right) of
1094 em ™" (I1404), Which corresponds to one of the Raman peaks
of DiO (Raman spectra of pure DiO see Fig. S2, ESIT). The FWHM
of the I p9, map was estimated to be approximately 1360 nm,
which is 1.6 times larger than that of the I,/Ig map (Fig. 1a).

The disparity between the FWHM of the I/l ratio and that
of I ;004 could arise from the heterogeneous density of the
adsorbed dye molecule and/or the GERS enhancement. To
investigate the GERS effect with respect to the homogeneous
distribution and number of layers of the dye molecule, the LB
technique was employed. For a good signal-to-noise ratio, three
layers of stearic acid labeled with DiO dyes with a molar ratio of
[SA]/[DiO] > 10 were used. The details are in Fig. S3-S7 (ESIT).

Fig. 2a and b display the Raman spectra of a triple LB film of
DiO molecules under two different excitation wavelengths of
633 nm and 488 nm, respectively. Interestingly, no distinct
Raman signature of the DiO molecule was observed when
excited with 633 nm. Instead, both the PG and PICM regions
exhibit Raman characteristics associated with graphene. In con-
trast, when excited at 488 nm, the spectra exhibit a moderate
Raman signal of DiO from the PG region, while enhanced signals
are observed from the PICM region. The observed difference in
the GERS effect with respect to the excitation wavelength can be
attributed to the fact that 488 nm is on-resonant to DiO whereas
633 nm is off-resonance (see Fig. S8, ESIT). Note that clear Raman
peaks of DiO can be identified only in the presence of graphene
(Fig. S9, ESIT). This indicates that the Raman enhancement is
attributed to not only the resonance Raman but also to the GERS
effect. The FWHM of the bright line at the 7,49, map is estimated
to be 870 nm, only 1.24 times wider than that of I/I; (Fig. 2c and
d), which is much narrower than the case of Fig. 1. This
observation suggests that the density of the adsorbed dye mole-
cule is relatively homogeneous between the PG and the PICM
areas in the LB film compared to the simple deposition of the
dye molecules by dipping graphene in the dye solution. Most
importantly, the maximum of the Ip/I; ratio map is located at the
maximum of I49, map. Fig. 2e shows a correlation between Ip/Ig
and I094, where a higher Ip/I; ratio results in a higher I;yq4. This
suggests that the GERS EF strongly depends on the degree of
PICM on graphene.

In order to estimate the GERS effect and versatility of the
newly introduced PICM graphene substrate for GERS measure-
ment, we employed the most commonly used rhodamine 6G
(Rh6G) as a probe molecule (adsorbed by immersion) and the
results were compared with previously reported works. Fig. 3a
depicts the Raman spectra of Rh6G on the PG and the PICM

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Raman maps of LB films labelled with DiO on PICM-G. Raman
spectra at the area of PG (black) and PICM-G (blue) excited at 633 nm (a)
and 488 nm (b), respectively. The red highlight represents the peak of DiIO
at 1094 cm~* used for mapping. (c) Ip/lg ratio map excited at 633 nm
(power: 3.08 MW cm™2). (d) /1094 Map on the same area as (c) excited at
488 nm (power: 0.78 MW cm™2). The bottom plot represents the line
profile along the white dashed line. (e) Correlation plot between Ip/Ig and
l1094. The red highlight on the Raman maps in (c) and (d) represents the
regions of PICM and PG, respectively.
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Fig. 3 (a) GERS of Rh6G on PG and PICM-G excited at 488 nm. The green
highlight represents the peak of Rh6G at 610 cm™* used for mapping. (b)
GERS mapping of Rh6G (lg10, peak intensity at 610 cm™Y) from the PG and
PICM domain under 532 nm laser excitation (0.98 MW cm™2). The red
crosses on the Raman maps represent the PICM and PG regions,
respectively.

area under 532 nm laser excitation. Note that the fluorescence
background was subtracted from the spectra (Fig. S10, ESIT).
The observed Raman bands at 610, 773, 1182, 1312, 1505, and
1647 cm™ ' are in good agreement with the earlier reports.”’
However, consistent with DiO molecules, the Raman signals are
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markedly enhanced in the PICM region compared to the PG
region. Furthermore, Raman mapping (Fig. 3b) and the peak
ratio (Ierem-c/Ipg) analysis (Fig. S11, ESIt) provide additional
evidence of signal enhancement in the PICM region. To investi-
gate the enhancement mechanism, we summarized the I;¢4,/Ig as
a function of excitation energy, where the highest enhancement
was found around 2.3 eV (Fig. S12, ESIt), indicating resonance
Raman scattering effect. Considering no detectable Raman peaks
of Rh6G in the absence of graphene (Fig. S13, ESIt), the GERS
effect on Rh6G plays an important role. Note that electromag-
netic enhancement is less likely, since the surface plasmon lies in
the terahertz range rather than in the visible to NIR frequency.®
We further analyzed the Raman shift of both G and 2D peaks at
the PICM region estimating the shift tendency of graphene’s Ex
after the covalent modification (Table S1, ESIT)."®'® A downshift
of pos (G) indicates the electron doping effect, which could be
attributed to the electron-donating properties of methyl and
methoxy functionalized on graphene. As a result, the modified
graphene’s Er might shift and come close to the LUMO level of
Rh6G (—3.4 eV), promoting the charge transfer between the
modified graphene and dye molecules. This could lead to the
Raman enhancement, as suggested in the previous reports.'®'"

It has been previously demonstrated that the type of mole-
cule and its interaction with the graphene substrate signifi-
cantly influences the GERS effect.” To understand the role of
the different functional groups on the PICM region in GERS,
different chemical groups were covalently anchored to the
graphene layer with the aid of a light-triggered radical genera-
tion method. As we reported previously,'* the PICM under an
aqueous solution of acetic acid presumably introduces alkyl,
ether, and ester groups on the graphene surface, while water
introduces hydroxyls and oxygen species, resulting in the for-
mation of graphene oxide. The Raman spectra of Rh6G show a
very distinct enhancement value from these chemical groups as
shown in Fig. S14 (ESIt). The graphene oxide displayed a small
enhancement of Rh6G, whereas a significant enhancement was
observed from the acetic acid functionalized area. These find-
ings provide evidence that the functional groups within the
PICM region play a critical role in determining the EF of GERS.

In Table 1, we provide a comparative summary of the GERS
effect for our sample in relation to previous studies. The GERS
effect was estimated by calculating the ratio of the peak intensity
of the aromatic benzene ring of Rh6G at 1647 cm ™" (0.205 eV)
from the PICM-G area to that of the PG region (I,,/I;). Among the
previously reported works, N-doped graphene exhibits the high-
est signal enhancement (I,,/I, ~9) for the Rh6G molecule, while
a moderate enhancement was observed from the functionalized
graphene substrate with a 4-nitrophenyl group (I,,/I, ~2). On the
other hand, graphene oxide and hydrogenated graphene did not
exhibit a significant enhancement at their defect sites. Remark-
ably, our PICM-G substrate under acetic acid exhibited an
enormous signal enhancement of I,,/I, ~25, which is an order
of magnitude higher compared to other reported graphene
derivatives. Our findings indicate that PICM graphene has the
potential to serve as a promising candidate for future GERS
substrates.
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Table 1 //I, on different types of graphene substrates

Modification type Preparation method Dye Laser line (nm) Peak (cm ™) In/I, Ref.
Oxide Thermal reaction Rh6G 532 1647 ~1 20

Oxide PICM in water Rh6G 532 1647 ~1 This work
Hydrogenated Thermal reaction Rh6G 532 1647 ~1 21
Covalent bond with 4-nitrophenyl Diazonium reaction Rh6G 532 1647 ~2 11
N-doped Atom substitute RhB 532 1647 ~9 10
Covalent bond with acetic acid PICM Rh6G 532 1647 ~25 This work

In summary, we have systematically investigated the GERS
effect on organic dye molecules from pristine and PICM gra-
phene substrates to address the signal enhancement effect. The
covalent patterning is selectively created using a laser writing
technique, resulting in a lateral heterojunction comprising both
covalent and noncovalent domains. In contrast to the pristine
region, the PICM region exhibits a significantly enhanced Raman
signal of the dye molecules. Likely, the upshift of the Er of
graphene can be attributed to the signal enhancement from the
PICM region. Our results also demonstrate that the GERS inten-
sity is strongly influenced by the density of the dye molecules and
the degree of covalent grafting. In addition, the resonance
excitation further enhances the Raman signal of the probed dye
molecule on the graphene surface. Finally, the chemical nature of
the addends at the PICM region has been investigated to under-
stand the GERS effect. The PICM-G prepared in water exhibits a
much lower enhancement than the PICM-G prepared in acetic
acid solution, suggesting a strong effect of functional groups for
the GERS effect. The results suggest that the PICM-graphene with
acetic acid is a promising GERS substrate for (bio-)chemical
sensing.
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