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Liquid-phase photo-induced covalent modification
(PICM) of single-layer graphene by short-chain
fatty acids+t
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We report an efficient photo-induced covalent modification (PICM) of graphene by short-chain fatty acids
(SCFAs) with an alkyl chain at the liquid—solid interface for spatially resolved chemical functionalization of
graphene. Light irradiation on monolayer graphene under an aqueous solution of the SCFAs with an alkyl
chain efficiently introduces sp>-hybridized defects, where the reaction rates of PICM are significantly
higher than those in pure water. Raman and IR spectroscopy revealed that a high density of methyl,
methoxy, and acetate groups is covalently attached to the graphene surface while it was partially oxidized
by other oxygen-containing functional groups, such as OH and COOH. A greater downshift of the
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G-band in Raman spectra was observed upon the PICM with longer alkyl chains, suggesting that the
charge doping effect can be controlled by the alkyl chain length of the SCFAs. The systematic research
and exploration of covalent modification in SCFAs provide new insight and a potentially facile method for

rsc.li/nanoscale bandgap engineering of graphene.
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Introduction

Graphene, a two-dimensional material consisting of a single
atomic layer of sp® hybridized carbon, has attracted great
attention as a next-generation material for opto-electronic
devices, energy storage, catalysis, (bio-)chemical sensors, and
so on since its isolation in 2004."”” This is mainly due to its
ultra-thin/light body along with its excellent mechanical
strength/flexibility, high carrier mobility, unique optical pro-
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perties, and high thermal conductivity.®° the

absence of a bandgap in graphene limits the advanced appli-
cations, especially in switching devices such as field-effect
transistors.'®*! To overcome this obstacle, several effective
techniques to modify its electronic properties have been
reported (known as bandgap engineering in graphene), for
instance, by introducing sp-type defects in graphene. Unlike
physical defects like vacancy, boundary, and edge defects, the
sp>-type defects can be reversibly introduced by electro-
chemical reactions, radical species, and electron or light
irradiation.”>

For practical applications, spatially resolved chemical modi-
fication remains challenging, although it is expected to be
useful for site-specific control of wettability, catalytic or optical
activity, molecular affinity, and electron conductivity."”™*®
Several methods for spatially resolved chemical modifications
have been proposed, including masking, stamping, and light-
induced ones."'®?° Among these, photo-induced chemical
modification (PICM) is a promising method. Liu et al. reported
the photochemical reactivity of graphene in a toluene solution
of benzoyl peroxide. They found that a Raman peak related to
graphene defects (D-band) appeared only at the laser focus,
where they suggested that photo-induced phenyl radicals
attacked the basal plane of graphene forming covalent
bonds.>" Mitoma et al. found that excitation of graphene by
visible light in the presence of water could result in graphene
oxidation, which modifies the electronic transport properties,

However,

This journal is © The Royal Society of Chemistry 2023
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suggesting local bandgap engineering.>> We have extended this
approach to deposit metal electrodes on the graphene upon
visible laser light focusing on the interface between an aqueous
solution of metal ions and the graphene surface.>® We reported
that multiple metal elements could be deposited on graphene
in a site-specific manner just by changing the ion solution and
revealed the excellent electric contact between the deposited
metal and graphene. Besides the spatially resolved nature,
PICM offers reversible graphene chemical patterning. Hirsch’s
group presented a strategy to functionalize graphene covered
with dibenzoyl peroxide (DBPO) solid film by laser-direct
writing with 532 nm and reading with 633 nm, followed by de-
functionalization (erasing chemical patterns) by simple thermal
annealing.>* We recently reported an all-optical method for
spatially resolved and reversible PICM of graphene in pure
water using a one-color laser."* These reversible PICM offers a
facile and flexible tool for site-specific control and tunability
over the physicochemical properties of graphene.

Herein, we report that short-chain fatty acids (SCFAs) with
an alkyl chain can offer an extraordinarily efficient PICM on
graphene at the liquid phase. The PICM was performed in a
site-specific manner by tightly focusing visible laser light
(488 nm) on a graphene surface covered by an aqueous solu-
tion of the SCFAs. To investigate the alkyl chain length depen-
dence on the PICM, HCOOH (Formic acid) and
CH;(CH,),COOH (n = 0: acetic acid, n = 1: propionic acid, n =
2: butyric acid) were systematically investigated by means of
Raman/IR spectroscopy. In situ Raman spectroscopy was
carried out to record the change in the D-band intensity as a
function of the irradiation time and the intensity ratio of the
D- and G-bands (Ip/Ig) to evaluate defect formation in gra-
phene. SCFAs with an alkyl chain (n = 0, 1, and 2) showed a
higher reaction yield and rate than without alkyl chain
(HCOOH), demonstrating that the alkyl chains ((-CH,),,CHj)
play a vital role in dense functionalization. The difference in
the reaction rates and the shift of G-band peak position (G7)
between the SCFAs further confirms the roles of alkyl chains
in introducing a high degree of charge doping effect on gra-
phene. Raman and IR spectroscopy detected methyl, methoxy,
and acetate groups at the modified area on graphene. This
study proposes a plausible reaction mechanism for the liquid-
phase PICM of graphene and paves a way to tune the charge
doping effect for graphene bandgap engineering.

Experimental section
Sample preparation

The monolayer graphene on a polymer film was purchased
from Graphenea. Graphene monolayers were deposited onto a
clean coverslip. In short, monolayer graphene sandwiched
between a polymer layer and a sacrificial layer was dipped into
deionized water, where the polymer layer was detached and
the graphene covered with the sacrificial layer floated on the
water surface. A clean coverslip was dipped into the water at a
leaned angle to fish out the monolayer graphene/sacrificial
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layer. The sample was dried in air for 30 min at room tempera-
ture and moved to the oven (Standard Electric Furnace, FO201,
Yamato) to keep at 150 °C for 1 h and was stored under a
vacuum environment for at least 24 h to firmly attach the gra-
phene to the substrate. The sacrificial layer on graphene was
removed by hot acetone (50 °C, 1 h) two times and isopropanol
(1 h). Then the transferred sample was stored in a vacuum
environment for at least 24 h prior to the experiment.

Chemicals

Milli Q water is obtained from a Milli-Q-plus system with a res-
istivity greater than 18 MQ cm™". Formic acid, acetic acid, pro-
pionic acid, and butyric acid were purchased from Tokyo
Chemical Industry Co., Ltd (TCI) and used without further
purification.

Raman spectroscopy

Raman spectroscopy was carried out using an inverted optical
microscope (Ti-U, Nikon) equipped with a piezoelectric sample
stage. A continuous-wave 488 nm laser (Sapphire SF 488-100
CW CDRH) was used for the PICM of graphene. The laser was
reflected and guided into an objective (PlanFluor, x60, N.A.
0.95, Nikon) using a long-pass dichroic mirror (zt488rdcxt,
Chroma®) for a 488 nm laser line. The laser power at the
sample was ~6 MW cm™? for photo-covalent functionalization,
which was adjusted by attenuators with different optical den-
sities. Raman scattering light from the sample was collected
by the same objective and guided to the spectrograph (iHR320,
Horiba, cooled to —75 °C) equipped with a 600 lines per mm
grating. A long-pass filter (ET500LP for 488 nm line) and a
pinhole (diameter 100 pm) are placed before the spectrograph
entrance to reject Rayleigh scattering and out-of-focus contri-
bution, respectively. All photo-covalent modification and
Raman mapping were conducted by OMEGA software
(CombiScope, AIST-NT/Horiba). OMEGA software (AIST-NT/
HORIBA), Igor Pro, Origin Lab 9.1, and MATLAB (MathWorks)
were used for Raman data analysis. Transmission/wide-field
luminescence/wide-field Raman imaging was performed using
a charge-coupled device (CCD) camera (ImagEM, Hamamatsu
Photonics) operated at —65 °C, where a long-pass filter
(ET500LP, Chroma) was inserted in front of the camera.

Density functional theory (DFT) calculations

Density functional theory (DFT) calculations were carried out
to estimate the Raman peaks related to SCFA. Each structure
was fully optimized by the DFT calculations using the B3LYP
functional with the 6-31G(d) basis set in Gaussian 16 software
(Gaussian, Inc., Pittsburgh, PA). The theoretical Raman spec-
trum was calculated for each energy-minimized structures at
B3LYP/6-31G(d) level of theory by freezing the coordinate of
the graphene moiety.”®

IR spectroscopy

Graphene was transferred on a ZnSe, plate prior to the PICM
for IR measurement. Monolayer graphene/ZnSe, was functio-
nalized in aqueous solution of acetic acid (1 M) by irradiating
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with visible light from a Xenon lamp. IR spectroscopy was con-
ducted with Nicolet continupm microscope (Thermo Fisher,
Inc.) under transmission mode. The spectral range was set to
4000-650 cm™" with 8 cm™" resolution (Accumulation: 4096
times). The detection area was set to 100 X 100 pm?. Spectrum
processing was carried out with OMNIC and IGOR pro
software.

Results and discussion

Fig. 1a illustrates a typical PICM configuration at a liquid-
solid interface on graphene monolayers supported by a dielec-
tric substrate. A laser line at 488 nm (laser power: 0.1-10 MW
cm™?) was tightly focused with an objective lens (NA ~0.95) on
a graphene surface in the presence of water or an aqueous
solution of the SCFAs. Raman spectra were simultaneously
recorded using the same objective lens and a spectrograph
equipped with a CCD, allowing in situ Raman monitoring
during the PICM processes. To confirm the spatial distribution
of the PICM, Raman mapping around the modified area is
taken under weak laser power (0.1 MW cm™>) to ensure that
the Raman excitation light would not induce further PICM.
Fig. 1b presents typical Raman spectra of a graphene mono-
layer before and after PICM under an aqueous solution of
acetic acid at a laser power of 6 MW cm™>. Before the PICM (0
s), only the G-band at 1595 cm™" and 2D-band at 2697 cm™*
were observed, indicating pristine graphene, where the G-band
is assigned to the graphitic E,; mode from sp>-hybridized
carbon atoms and 2D-band to the double resonance scattering
process between nonequivalent K points in the Brillouin zone
of glraphene.25 In contrast, after the PICM, an additional peak
around 1350 cm™' appears, which can be assigned to the
D-band (defect mode®”). Since the D-band disappears after
thermal treatment of the graphene at 350 °C in the air, as
shown in Fig. S1,t it is mainly due to a chemical defect instead
of a physical one in accordance with literature.”” The same
decrease of Ip/I; in acetic and propionic acid solution suggests
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similar defects are introduced on graphene. The small differ-
ence in Ip/I; ratio after heating (0.21 for acetic acid and 0.26
for propionic acid) could be attributed to the functional
groups on graphene surface. Fig. 1c shows D-band intensity
maps before and after PICM at a fixed point. Before high-
power laser irradiation, the Raman intensity map does not
show any features (Fig. 1c top left). After high-power laser
irradiation, however, the Raman map shows a point with high
D-band intensity (Fig. 1c top right). Since the laser focus was
fixed precisely at this point during the PICM process, the map
indicates that the PICM was induced only around the laser
focal point. The full-width half-maxima (FWHM) of this point
was estimated to be ca. 1.2 um (Fig. 1c bottom), which is
larger than the diffraction limit (~260 nm). This suggests that
radicals or hot electrons generated upon light irradiation
diffuse over the diffraction limit and react with the nearby gra-
phene surface or surrounding molecules.'***

In this study, we compare the PICM processes of graphene
monolayers in pure water, formic acid (HCOOH), acetic acid,
propionic acid, and butyric acid; CH;3(CH,),COOH (n = 0, 1,
and 2, respectively). Fig. 2 displays Raman spectra of graphene
after the PICM for 120 s in an aqueous solution of each mole-
cule. In all cases, D-band was confirmed after PICM. However,
the intensity of the D-band in the case of the SCFAs with an
alkyl chain is significantly higher than those of pure water and
formic acid. The D to G ratio (Ip/Ig) reaches about 1 for the
SCFAs with alkyl chain, while it remains below 0.5 for water
and formic acid under the employed illumination condition.
Another striking difference between them is the graphene
Raman intensity after the PICM. The Raman peak intensities
after PICM with the SCFAs with alkyl chain were significantly
enhanced (typically reaches 10 000 counts per s) compared to
those before the PICM (typically 2000 counts per s), while it
remains the same in the case of water and formic acid. It is
likely that graphene electronic structures are modified by the
PICM with SCFAs with an alkyl chain.

To investigate the PICM dynamics, in situ Raman monitor-
ing was conducted during the PICM process in water and an
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Fig. 1 Principle of PICM on graphene at the liquid solid interface. (a) A schematic illustration of in situ Raman spectroscopy during PICM. A 488 nm
laser was used for both PCIM and Raman spectroscopy. (b) Typical Raman spectra of a graphene monolayer before (gray) and after (red) PICM for 0
and 120 s, respectively, at an interface between graphene and an aqueous solution of acetic acid. (c) Typical maps of the Raman intensity at
1350 cm™ before and after PICM at a laser focal point (above) and a line profile along (open circle) the white dashed line in the map after irradiation

with a Gaussian fitting (solid red line) (FWHM ~1.2 pm).
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Fig. 2 Raman spectra of graphene after 120 s PICM in H,O, formic
acid, acetic acid (n = 0), propionic acid (n = 1), and butyric acid (n = 2),
respectively, from the top to the bottom panels.

aqueous solution of acetic acid (0.1 M). Fig. 3a and b, respect-
ively, present waterfall plots of the Raman scattering as a func-
tion of time during the PICM process in water and 0.1 M acetic
acid aqueous solution (the plots in propionic and butyric acid
are presented in Fig. S21). The corresponding Ip/I; ratios as a
function of time for the solutions are summarized in Fig. 3c.
Ip/(Ip + Ig) ratios are also estimated and show almost the same
trend as Ip/Ig (Fig. S31), indicating a slight change of I; at the
initial state is negligible for kinetics analysis. Hereafter, the
reaction is analysed based on the Ip/Ig. First, water and the
formic acid solution show a similar trend, ie., Ip/l values
gradually increase as a function of time. In contrast, the SCFAs
with alkyl chain reveal completely different behaviour; at the
first stage (0-10 s in the case of acetic acid), G- and D-bands
show a similar trend as water and formic acid, while the inten-
sity of both G- and D-bands suddenly increase by a factor of
5-6 (Fig. 3b and Fig. S2t). The maximum I/I; values reach a
plateau at ~1 within 20 s for acetic acid and at 0.8 within 40 s
for propionic and butyric acid, while it takes a few minutes in
the case of water and formic acid solution. These results imply

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Time-course of Raman spectroscopy during the PICM. Waterfall
plot of Raman spectra of graphene modified in H,O (a) and acetic acid
(b), respectively. (c) The intensity ratio between D and G bands (Ip/Ig) as
a function of time for the PICM in H,O (black), formic acid (orange),
acetic acid (n = 0) (red), propionic acid (n = 1) (blue), and butyric acid (n
= 2) (green), respectively.

that the PICM mechanism for SCFAs with an alkyl chain
differs from that for water and formic acid solution. In
addition, we observed I, decreases after a period of PICM time
and this suggests the more functional groups on graphene
make larger changes of electronic structures of graphene,
resulting in maximum of D peak intensity during PICM
process at the certain excitation energy due to resonant Raman
scattering.”®

Since the Ip/I; ratio is related to the reactions of graphene
and follows an exponential fashion at the abrupt increase in

Nanoscale, 2023, 15, 4932-4939 | 4935
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the initial part of the time course, the initial reaction rate con-
stant can be estimated from the rise in Ip/I; plot with the fol-
lowing equation,**

Ip/Ig (¢) o< exp(kt) — 1 (1)

where the time constant k is defined as the rate of loss of sp”
carbon atoms of graphene during PICM process. As summar-
ized in Table 1, k values for SCFAs with an alkyl chain are 100
times higher than those of water and formic acid. The fitting
details were presented in Fig. S4.7 A successive decrease was
found in the reaction rate with increasing alkyl chain length,
suggesting the length of the alkyl chain affects the generated
radical’s activity.

In order to identify the chemical reactions of the PICM on
graphene, detailed analyses with luminescence, IR, and
Raman spectroscopy have been conducted. For the spectro-
scopic analyses, a wide area of monolayer graphene was
periodically modified by laser light in 1 M acetic acid aqueous
solution, as shown in Fig. 4a, on which the modified area
(corresponding to the luminescent area in Fig. 4a) showed I,/
I values over 1.0 (Fig. S5t). The heterogenous luminescent
intensities could be attributed to the spatial heterogeneity of
the PICM efficiency caused by the tiny deviation in the laser
focus during stage movements (Fig. 4a). Additionally, weak/no
luminescent spot corresponds probably to the spots of mul-
tiple-layered graphene (details see Fig. S5t). A luminescence
spectrum at the modified region is shown in Fig. 4b (exci-
tation: 349 nm). The modified graphene in acetic acid solution
emits luminescence around 620 nm (Fig. 4b), which is likely
due to fragmentation of mn-conjugation in graphene by the
PICM. The functional groups-induced localized states in n-n*
gap of sp® sites in graphene may cause a broad emission
band.?® In addition, functionalized groups, such as C-O, C=0
and COOH, could have contribution to the fluorescence.*® A
detailed analysis of the luminescence property is shown in
Fig. S6.1

An IR spectrum was taken on the modified area to investi-
gate chemical functionalization on the graphene surface
(Fig. 5). Note that graphene’s broad IR absorption across the
measured frequency range was analytically removed by a 3™
order polynomial fitting to the raw spectrum. From Fig. 5, a
number of IR peaks were detected. Those can be assigned to
O-H stretching at 3650 cm™" (broad), C-H stretching at 2918
and 2851 cm™!, C=O stretching from ester groups at
1741 em™', C=C stretching at 1637 cm ', C-H bending at

Table 1 The reaction rate in H,O, and aqueous solution (0.1 M) of
formic acid, acetic acid, propionic acid, and butyric acid, respectively

Reagents k (min™")

Water 1.53x107°
Formic acid 1.32x 1073
Acetic acid (n = 0) 2.98 x 107"
Propionic acid (n = 1) 9.42 x 1072
Butyric acid (n = 2) 2.92 x 1072
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Fig. 4 Luminescence microscopy/spectroscopy after the patterned
PICM of a graphene monolayer in acetic acid aqueous solution. (a)
Raman/luminescence wide-field image of the modified graphene upon
excitation at 488 nm. (b) A luminescence spectrum at the modified area
upon excitation at 349 nm.
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Fig. 5 IR spectrum of a graphene monolayer after the PICM in acetic

acid aqueous solution.

1465 cm™", C-O stretching at 1274 and 1200 cm ™, and C-O-C
stretching from ester groups at 1155, 1050 and 995 cm™" (as
listed in Table 2). Intense C-H stretching absorption suggests
the presence of methyl functional groups on the graphene
surface. Also, strong absorption from ether groups (C-O-C
stretching) was measured, and, in correspondence with the
strong C-H absorption, it is likely that a certain amount of

This journal is © The Royal Society of Chemistry 2023
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Table 2 Assignment of IR peaks and expected origins

Wavenumber (cm™") Assignment Origin

3650 (broad) O-H stretching Hydroxy

2918, 2851 C-H stretching Methyl, methoxy, acetate
1741 C=0O0 stretching (ester) Acetate

1637 C=C stretching Graphene

1465 C-H bending Methyl, methoxy, acetate
1274, 1200 C-O stretching Methoxy, acetate

1155, 1050, 995 C-O-C stretching

(ether)

Methoxy

methoxy groups exist on the surfaces. Also, from the finger-
print region, C=0 and C-O stretching were identified with
similar intensities, suggesting the presence of ester and/or car-
boxylic groups, while the amount of the carboxylic is presum-
ably limited given the weak O-H stretching. Thus, along with
the strong C-H absorption, a certain number of acetate group
is likely formed on the graphene surface.

From Raman spectroscopy, alteration to the graphene elec-
tronic structure via PICM is discussed in terms of G-band
shape. As presented in Fig. 6a, besides the appearance of

a)
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Fig. 6 G-band splitting and downshifting upon the PICM. (a) Raman
spectra from 10 to 15 s during PICM on graphene in an aqueous solution
of acetic acid (n = 0). The G-band splits into two peaks and one of them
downshifts as a function of time. (b) Position of G-peak in an aqueous
solution of acetic acid (n = 0) (red), propionic acid (n = 1) (green), and
butyric acid (n = 2) (purple) as a function of time, respectively.
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D-band, we observed a new peak at lower than 1590 cm™
(denoted as G7). We found that the newly appeared G-band
downshifts with higher PICM degree (Fig. 6a). Since the wave-
number of Raman signal of the G-bands is independent of the
laser wavelength (Table S1t), they are likely originated from a
first order Raman process. Two peaks in the G-band indicate
that two phonon energies are allowed at the Q point (k = 0). It
is known that molecular adsorption could induce phonon sym-
metry breaking, leading to the degeneracy of the transverse
optical (TO) and longitudinal optical (LO) phonon modes.*' In
this study, G-band splitting was observed only in SCFAs with
an alkyl chain but neither in pure water nor in formic acid
aqueous solution (Fig. 2). The downshift of the G-band peak
position shows a significant dependence on alkyl chain
length, where a larger shift was found on longer alkyl chains
(Fig. 6b). The fact that longer alkyl chains have higher electron
donating nature further supports the above IR analysis, in
which we speculate that alkyl chains are covalently attached to
the graphene surface. Indeed, a small peak that could be
related to the alkyl group was found at ~2943 cm™' (C-H
stretching, 2(CH)??) in Raman spectra of highly modified gra-
phene with SCFAs with alkyl chain (see Raman spectra in
Fig. S7t and DFT calculation in Fig. S8 and Table S27).

Given these results, the possible reaction mechanism is
illustrated in Scheme 1. We consider the PICM reaction in the
presence of SCFAs with an alkyl chain proceeds in two reaction
stages considering the high oxidation efficiency and species of
functional groups on graphene. At the initial stage (stage 1),
water plays a critical role and oxidative components, such as
hydroxyl or carboxyl groups, are introduced on graphene sur-
faces. This oxidation is initiated by charge separation (i.e., the
generation of excitons/hot electrons in graphene) upon light
irradiation to graphene, reacting with surrounding water mole-
cules and radicals are stabilized by water solvation.'**> Once
the oxidative groups are introduced on graphene, these polar
sites start to ‘capture’ holes/electrons migrating on graphene
and work as an ‘active’ reaction site, starting the 2" stage reac-
tion. In stage 2, the presence of SCFAs with an alkyl chain
plays a key role. Due to the radical reaction, high density of
methyl, methoxy, and acetate groups seem to be finally intro-
duced on the graphene surface. When the SCFAs with an alkyl
chain meet the active site, carboxyl radicals (CH;(CH,),COO"),
as well as alkyl radicals (CH;(CH,),") that are automatically
generated via decarboxylation reaction,**™* are generated in
the solution. These radical species directly attack the pristine
graphene surface, functionalizing alkyl and ester groups on
the surfaces and/or they attack hydroxyl/carboxyl groups
forming ether/ester functionalization. These alkyl groups rad-
icals’ reaction is the limiting step in PICM. The two stages
properly explain the high PICM efficiency in SCFAs with an
alkyl chain. A decrease in reaction rate was indeed observed
when increasing the length of the alkyl chains. In stage 2,
acetic acid can generate methyl radicals, which are the most
reactive because of the primary carbon radical. While propio-
nic and butyric acids can generate ethyl and propyl radicals
which are categorized into secondary carbon radicals.
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Scheme 1 Possible mechanism of the PICM on graphene in an aqueous solution of SCFAs with an alkyl chain.

Generally, the reaction rate of molecules with smaller mole-
cular weights is faster than those with larger molecular
weights.

Conclusions

We have introduced dense functionalization on graphene by
SCFAs with an alkyl chain in an aqueous solution using a
simple liquid-phase PICM method. By this method, it is easy to
wash out the aqueous solution after reaction and can be used to
employ modified graphene as a material. We found that, com-
pared to the PICM in water, SCFAs with an alkyl chain drasti-
cally enhance the PICM efficiency, most likely due to radical
reactions. It takes only several seconds to reach Ip/Ig ~1.

IR and Raman spectroscopy reveal high-density modifi-
cation of graphene with methyl, methoxy, and acetate groups.
A greater downshift of the G-band in Raman spectra was
observed upon PICM with longer alkyl chains, suggesting that
the charge doping effect can be controlled by the alkyl chain
length of the SCFAs. These results suggest that, together with
laser-assisted radical reactions, sub-micrometre scaled, site-
elective bandgap engineering can be applied to graphene sur-
faces, opening a venue for micro-scale graphene device
applications.
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