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Abstract

Tailoring the electronic structure (bandgap engineering) of graphene is crucial for multi-
purpose applications, especially in semiconductor devices. To this end, various efforts have
been made to contribute to this modulation. Among them, chemical modification of graphene
is a potential method, which can introduce sp® defects to graphene, accompanied by forming
the covalent bond. By using chemical modification, the electronic nature, chemical and optical
property of graphene can be well tailored. Recent years, the electrochemical and photo-induced
chemical modification (PICM) at solid-phase has been most studied because of designable,
high efficiency and reversible. Nonetheless, to spatially tailor the surface property of graphene,
mask is required to prevent the reaction of graphene at the undesired area for the
electrochemical method. In the case of solid-phase PICM, the reaction molecule is pre-
deposited on graphene surface (forming solid film) followed by laser-irradiation generating the
covalent grafting. However, the modified graphene is difficult for further application because
of hard to keep clean and slightly low efficiency. In addition, both these two methods are
involving complex organic molecules, which is difficult to understand and investigate the

reaction mechanism of this covalent modification.

To response, liquid-phase PICM is attracted to develop mask-free, clean, and simplified
chemical modification of graphene. Our research group previously investigated the PICM of
graphene in pure water, demonstrating the liquid-phase PICM is available and reliable. Without
any chemicals, the specifical pattern can be achieved by irradiating tightly focused laser at the
liquid phase. Furthermore, the sp® hybridized carbon of graphene can be restored by high
density of laser power or direct heating at high temperature, indicating the liquid-phase PICM
induced defects is reversible. However, although the successful modification of graphene is

obtained, low efficiency and low degree of functionalization extremely limits the further



investigation and applications. Thus, this thesis aims to develop high efficiency, a facile
preparation process and controllable design of liquid-phase PICM of graphene. Also, by using
this liquid-phase PICM, the reaction mechanism is deeply explored. After that, we aim to

extend the application of PICM modified graphene investigating the electronic property.

In the first section (chapter 2), a high-efficiency liquid-phase PICM of graphene is established.
In this study, we proposed a simple method to induce highly efficient modification of graphene
in short-chain fatty acids (SCFAs) aqueous solutions. In-situ Raman is employed to monitor
the efficiency of the liquid-phase PICM. By carefully analyzing, we found that SCFAs with
alkyl chain present much higher PICM efficiency than those in pure water and formic acid,
indicating the high-efficiency liquid-phase PICM reaction depends on alkyl chains.
Furthermore, solid evidences (infrared and theoretical calculation) were conducted to analyze
the attached groups on graphene. These results suggest radicals from the aqueous solution, such
as alkyl, ester, and ether, can be stabilized to the graphene surface under laser irradiation and
form the sp® hybridized bond. A greater downshift of the G-band in Raman spectra is observed
upon the PICM with longer alkyl chains, suggesting alkyl chain is covalently attached and the
charge doping effect can be controlled by the alkyl chain length of the SCFAs. Finally, we
proposed a two stage radicals’ reaction mechanism contributes to the high-efficiency liquid-

phase PICM in the presence of SCFAs with alkyl chain.

In the second section (chapter 3), we further investigate the electronic property of photo-
induced covalently modified graphene (PICM-G) by graphene-enhanced Raman scattering
(GERS), thanks to that the liquid-phase PICM modified graphene is easily to be washed and
spatially controllable. The PICM-G is fabricated following our study in chapter 2. The covalent
patterning area can be easily obtained by this liquid-phase PICM method. We found that the
GERS effect from the covalently patterned graphene substrate yields a significantly higher
Raman enhancement of the absorbed fluorescent molecules compared to the pristine graphene.

2



The signal enhancement from the PICM region can be attributed to the modulation of electronic
structure of graphene. Furthermore, the Langmuir-Blodgett (LB) technique is employed to
deposit the mono and multilayer film of the probed 3,3’-Dioctadecyloxacarbocyanine
Perchlorate (DiO) dye molecule on the PICM-G substrate. The Raman signal enhancement
with respect to the layer thickness of probed molecule, excitation wavelength at the PICM
region is discussed. To further estimate the GERS effect of the PICM graphene substrate, a
most commonly used molecule (Rh6G) is employed. The GERS effect is estimated by
calculating the ratio of peak intensity of from PCIM area to that of PG area, which shows
highest than any reports (~25), indicating the Fermi level of PICM graphene with acetic is more
appropriate than pristine graphene for GERS. Finally, we investigate the role of covalent
grafting types on GERS enhancement factor (EF) by comparing the graphene substrates
prepared in pure water and acetic acid solution. Our findings provide evidence that the
functional groups within the chemically patterned region plays a critical role in determining

the EF of GERS.
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Chapter 1

General Introduction



1.1 Introduction to graphene

1.1.1 History of graphene and graphene’s properties

Graphene is a one-atom-thick planar sheet of sp>-bonded carbon atoms arranged in a hexagonal
honeycomb lattice, which was firstly extracted from graphite by Novoselov and Geim in 2004.-
3 This approach can produce high-quality monolayer graphene by repeatedly peeling highly
oriented pyrolytic graphite (HOPG), leading to enormous scientific activities.*’” The basic
structure of graphene is shown in Figure 1.1.% Carbon atoms are connected by molecular bonds,
and the distance between two carbon atoms is ~0.142 nm. The thickness of monolayer graphene
1s ~0.34 nm. Generally, except for a particular definition, graphene means monolayer graphene.
Due to carbon atoms in graphene being sp?>-bonded and the special structure, it makes graphene

have unique properties.”!

Carbon atoms Molecular bonds

~ 0.142 nm
1

Figure 1.1 Schematic structure of graphene [adapted from®]

(1) Electronic property

The hybridized plane of sp? carbon of graphene forms a delocalized © band. The = electrons
can freely move in the whole plane; thus, graphene has a good conductivity.'> '* At room
temperature, its carrier mobility can reach 15,000 cm?/V-s."'7 As shown in Figure 1.2, the
conduction band and valence band of graphene are crossed at the K point.'> Each unit lattice of

graphene has two carbon atoms causing the two tapered intersections (K, K’) points in each
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Brillouin zone. The bandgap of graphene is zero due to its effective mass of electrons and holes
being zero.'® ' The unique carrier of graphene makes it be a potential material in electrical

fields. 22!

ENERGY (V)
@
-

Conduction ban

Valence band

Energy Energy

y fonducuon band
K

Figure 1.2 Band structure of graphene[adapted from'?]

ky

(2) Optical property

In addition to excellent carrier mobility, the single-layer graphene possesses ultra-high
transparency.?? As presented in Figure 1.3a, suspended graphene partially covered on an
aperture. Thus, the opacities of different areas in one aperture can be fairly compared.?® As a
result, the light transmittance of single-layer graphene can be up to 97.7% comparing with the
air (light transmittance in air is deemed as 100%). And the reflectance of light on graphene is
less than 1%, which is negligible. A linear decrease of the light transmittance is observed with
the increase of graphene layer numbers from 1-5 (5 layers, around 88%). And the opacity is
independent with wavelength (Figure 1.3b). The light transmittance is almost same when the
wavelength of light sources varying from 500 to 700 nm. In this report, the measured values of
light transmittances align with theoretical calculation results estimated by a non-interacting
massless Dirac fermions model. In this model, the high-frequency (dynamic) conductivity G
for Dirac fermions depends on a universal constant, i.e., G=me’/2h. Where e is the electron

charge and 4 is Planck’s constant. The transparency of graphene is only related to a fine-

9



structure constant a= 27e’/2hc (c is the speed of light). Thus, the absorption of n-layer
graphene can be predicted as nma. Although single-layer graphene has ultra-high transparency,
it can be directly observed by optical microscopy when graphene supported on substrates
(silicon, glass etc.). In addition, the transparency of graphene varied when its electronic
structure of graphene is modified.?* 2> Robinson et al. reported fluorinated graphene films on
SiO, substrate.?® The optical property of graphene changes after fluorination, which is

attributed to the change of electronic property.

g PS . 100
- S ® ‘ ; white light  ideal 2
o2 < [ ] — Dirac fermions —_—=
= & Y &2 e
— N
3 5 - |/
% 8 26 7/ o 0000606=00:12002_000
£ § [ oo 0°c0%® L.
E O5pF SV i : E 20 number of layers
P bilayer = 100
@ & theory: i 2 3 4 5
= © graphene "
= : 96 — g 961 -
S 9% E = il
= 92r
1 ]
B .
94 L | |
0 25 50 400 500 600 700

distance (um) wavelength 1 (nm)

Figure 1.3 Optical absorbance of different layers’ graphene suspended on porous membrane.

[adapted from**]

(3) Thermal and mechanical property

The thermal conductivity of freely suspended graphene at room temperature can reach 3000-
5000 W m™! K*!, which is dependent with the size of the graphene sheet (Figure 1.4a).2’?° The
supported substrates have significant influence on the thermal conductivity of graphene. For
example, the measured thermal conductivity of SiO,-supported graphene is ~600 W m™! K! at
room temperature.’® And that of SiO,-encased graphene shows only ~160 W m™' K'.3! The
effect of the SiO; substrate on thermal conductivity is explained by the loss of phonons across
the graphene-silicon and the effect of scattering of graphene-substrate interfacial phonons.3? 33

Although the thermal conductivity of graphene decreases a lot for supported graphene, the

10



value is still much higher than most conductive substrates (for example, copper, silicon).
Graphene also possesses excellent mechanical performance, which is evidenced by atomic
force microscopy (AFM) for free-standing graphene membranes (inset of Figure 1.4b).3%3° The
breaking strength of graphene can reach around 40 N m™!, which is quite strong for ultrathin
materials. With the increasing of graphene layers, the deformation force rises. The linear
relationship between the applied force and deformation can be obtained when graphene layers
reach 12 (Figure 1.4b), demonstrating the strong mechanical property of graphene. In addition,
the mechanical loads of graphene affect the electronic structure.’® The effect of strained

graphene on electronic properties was studied by the field emission performance. The moderate

tensile strain on graphene will open the bandgap of the graphene.?’°
(a) (b)
104} JRIIN Graphene | 60 AFM
& > 7 s y
Ooo .~ o *’ ’;Cf/ 40t |80, i 7 76 layers
103} & NS i
ol TR JE S/
X o > ' 4 ~ piezo
5 . o Graphene Z 5 t
€ a (supported) =
= 1024 s o :"3 10 > layer
% ’ P GNR & oz - e
P 10 "//
10k © nhit 4 E = o7
-". . Sl fa, 20 : /
“a, -30 : L
1 . -20 -10 0 10 20
10 100 1000 Deformation (nm)
T (K)

Figure 1.4 (a) the estimated thermal conductivity of graphene; [adapted from?’] (b)
mechanical test: different layers of suspended graphene on mica and bending test. [adapted

from*4]
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1.1.2 Synthesis of graphene

As mentioned before, graphene was firstly obtained using mechanical exfoliation of graphite
by a tape.** This method can give high-quality graphene, but it is not suitable for mass
production and synthesizing the desired scale of graphene. In the past decade, various strategies
have been established for the synthesis of graphene.*'** As presented in Figure 1.5, graphene
synthesis can be categorized into two methods: top-down and bottom-up respectively.***’ In
the top-down method, although mechanical exfoliation achieves few-layer graphene and is the
cheapest method, the thickness of graphene varies to ~10 nm, which is relatively thicker than
single-layer graphene (~0.345 nm).” Chemical exfoliation is an appropriate method for
synthesizing graphene, which utilizes the colloidal suspension to reduce the interlayer van der
Walls forces and increase the interlayer spacing. Then the graphene intercalated compounds
(GICs) were exploited to single/few layers by rapid heating or sonication.*® Chemical synthesis
is mainly involving the chemical reduction of graphite oxide (GO). GO is usually synthesized
through the oxidation of graphite using the Brodie method, Staudenmaier method, and
Hummer’s method.*>! H, or other reducing agents (phenyl hydrazine, ascorbic acid etc.) were
used to remove the oxygen from GO.7?"° Also, an electrochemical reduction can prepare the
graphene from the GO.%*>7 GO was suspended in water by sonication and deposited on surfaces
by spin coating, forming single or double-layer graphene oxide. Then graphene film was
prepared by thermally or chemically reducing the GO.*® In the bottom-up method, pyrolysis is
a chemical synthesis using the thermal process. For example, sodium and ethanol were put in
a closed vessel with a molar ratio of ~1:1 to form graphene precursor at 220 °C. Graphene can
be achieved by pyritization of the graphene precursor after sonication and washing with
water.>? Pyrolysis of biomass sources can also achieve the graphene materials.®® Feedstocks,
such as cookies, chocolate, and grass, were thermal treated on the Cu foil to obtain biomass-
derived high-quality graphene.®' Although high-purity of graphene can be made by the

pyrolysis, many defects are comprised. This method is not suitable for the safety and scale-up
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production of defect-free graphene.

Graphene
synthesis
techniques

Top B I
1 1
| |
Mechanical Chemical Chemical Epitaxial
exfoliation exfollatlon synthesis Pyrolysis Growth cvp Other
Adhesive Reduced
AFM tips Sonication ||| graphene ‘| Thermal Plasma
tape oxide

Figure 1.5 Strategies for graphene synthesis. [adapted from*’]

Chemical vapor deposition (CVD) is a method that produces graphene by chemical reduction
reaction.®” % Molecules heated to a gaseous state or gaseous molecules at room temperature
are used. And a substrate is pre-placed at high temperature to collect the gaseous precursors.
The deposition of graphene is usually done on transition-metal substrates like Ni®, Ru® and
Cu®® at high temperatures. The process of thermal CVD is shown in Figure 1.6a for the case of
CH4 and Ho». Figure 1.6b shows the growth kinetics. The metal performs two roles of substrate
and catalyst.%” % As the catalyst, the metal (Ni, Cu) can catalyze the reduction of CHs to C. The
reduced C was subsequently deposited on the metal surface.

(a) (b)

TUBULAR FURNACE-CROSS SECTION

OO0 000

\\ GAS STREAM
—_  —— 9 —
H, —l a He
CuHy
H; 6 . CeHy

CH H
( \: SUBSTRATE

00000 00|

Figure 1.6 (a) schematic diagram of thermal CVD, (b) growth kinetics in CVD-produced

graphene from CHs4 on Ni and Cu catalysts. [adapted from®]
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With the development of the synthesis of graphene, the CVD method has been widely used
and has become commercial owing to its high purity, low cost, and stability.®>> ° CVD-
produced graphene is often deposited on a transition metal substrate (Ni, Cu). However, to
apply in various applications, graphene has to be transferred on a desired substrate (silicon,
glass, etc.). As depicted in Figure 1.7, the polymer, PMMA, was applied to coat the surface of
copper-supported graphene (copper/graphene/polymer), then the copper was etched by
ammonium persulphate.’! The achieved graphene/polymer is washed with deionized water and
transferred to the desired substrate. In the final step, the polymer was removed by polymer
annealing or solvent etch. In this thesis, single-layer graphene is synthesized using the CVD

method and transferred to the targeted substrate.

@ Graphene growth @ Polymer coating @ Copper etch

PMMA

S 2 e

i
>
(4
4

Ammonium Persulphate

@ Rinse © Sample transfer @ Polymer annealing

/solvent etch

" Jdadl 4

Water
Figure 1.7 Transfer CVD-produced graphene to silicon substrate. [adapted from’!]
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1.1.3 Applications of graphene in electronic devices

As the latest member of carbon-based nano materials, graphene has become the subject of
tremendous research and encourages lots of applications.”>** When it comes to electronical
devices, graphene is a potential material due to the following advantages: (1) high mechanical
strength; (2) fast carrier mobility; (3) high transparent; (4) ultrathin body; (5) special energy
band structure; (6) flexibility; (7) thermal stability.3>3% As a result, graphene has been utilized

),8- 90 photodetectors,”’ graphene-based transparent

to graphene field-effect transistors (FETs
electrodes,’” and biosensors.’® In this thesis, we study on the chemical modification (bandgap
engineering) of graphene and investigate the electronic property of chemically modified
graphene. Thus, we focus on introduction of application of graphene in FETs.

Ambipolar behaviors of graphene: graphene is considered as semiconductor with zero-bandgap
energy structure. Dirac fermions can be continuously tuned between holes and electrons under
electrostatic effect of gate voltage. The Fermi level lies at the intersection of a cone-like energy
band structure, namely Dirac point, which has the same carrier density of both holes and
electrons for pristine graphene without any voltage.”® The carrier density presents as a function
of voltage: ne, nr=aV,. Wherein, ne, nj, are electrons density and holes density, respectively; a is
charge injection rate; V,is gate voltage. Thus, a linear relation between carrier density and gate
voltage can be interred.”* The resistivity can be understood as 1/p=enu and the Holzer
coefficient is understood as Ry=1/en. The carrier density can be modulated between electrons
and holes by the applied voltages.”> For example, the holes and electrons can be induced in
graphene under negative voltage and positive voltage, respectively (Figure 1.8a). Besides,
around the Dirac point, the Holzer coefficient is being changed because the charge carrier is

transmitted from electrons to holes or from holes to electrons. When the concentration of charge

carrier reaches the minimum value, indicating minimum conductivity (Figure 1.8b).
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(a) (b)
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Figure 1.8 The field effect of graphene (a) correlation between resistivity and voltage;

[adapted from®*] (b) correlation between conductivity and voltage. [adapted from®]

The unique energy structure makes graphene have good opportunity in bottom-gated, top-gated,
double-gated, and suspended FETs.”*”® Figure 1.9 shows a single-layer graphene-based
transistor by AO3 bottom-gating.” A typical “V-shape” can be observed in both Al,05/Si and
Si0/Si substrate. In this study, authors demonstrated Al>O3/Si substrate show enhanced

performance and graphene has a great potential for field-effect transistors study.

b®° G
— ALOyS | 20— Ahosls[\
——Si0pfSi | & [— si0,/si
6ol 2 = 10f 2
) SR

Normalized g
N
(=]

)
(=)

20 1 L 1 'l 1 . 1 . " 1 -
60 40 20 0 20 40 60 -40 20 0 20 40
VgM VQM

Figure 1.9 One typical application of graphene in field-effect transistor. [adapted from®’]

Various FETs using graphene as the channel materials have been developed to realize the
further miniaturization of integrated circuits. However, the zero-bandgap structure of graphene
make it be difficult to achieve the channel cut off. Therefore, in order to improve the switch

ratio of the device, a certain width of energy gap is required. Graphene nanoribbon (GNR)
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possessing a wide bandgap has been reported to fabricate the device, which can achieve a high
Ion/Lj ratio at room temperature.'® As shown in Figure 1.10, GNR fabricated FETs exhibits
high I,./Is ratio of 10° demonstrating that the GNR have substantial bandgap, which could

afford the graphene transistors with orders of magnitude on/off switching at room temperature.

0
Vo¥)

Figure 1.10 Graphene nanoribbon was applied in FETs and the switching ratio test. [adapted

from'®]

Besides, chemical approach is applied to tune the energy structure of graphene for switchable
device. As shown in Figure 1.11, hydrogenated monolayer graphene prepared by hydrogen
plasma was used in FETs, showing a current of over 10 on/off ratio on the sweep of a back-
gate voltage at room temperature.'” This study demonstrates the potential application of
functionalized graphene in switchable FETs. By far, various studies have been reported to
modify graphene and then applied in FETs or further application. A new field of graphene, how
to open the graphene bandgap or how to tailor the electronic structure of graphene, has been

attracted scientists’ interests.

17



(@ (..

10
; Pristine V=01V
107+
10764 H-Gr (7=12%)
( b) = 10"‘; H-Gr (1=25%)
50 = ]
40 ] H-Gr (1=25%) 5 107°5
30 4 ]
2> 2014 I
£ 104 ey 1073
= - ]
< 0+ = ]
E10+— :
B_20 Veg 10710
i —-40V — -0V E
_ig i —-30V —o0V ]
— 20V — 20V
—50 T T T T T 10_11 T T T
-15-1.0-05 00 05 1.0 15 40 20 0 20 40
Vea (V) Vg (V)

Figure 1.11 Hydrogenated monolayer graphene (H-Gr) for high on/off ratio graphene FETs.
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1.1.4 Bandgap engineering of graphene

To date, various techniques and methods have been proposed to open the bandgap of graphene
and develop the application of graphene in FETs and semicoductors.!®1941%5 Ag shown in
Figure 1.12a, the bandgap of graphene can be induced by supported substrate.!*® Epitaxial
graphene on SiC is electron doped and Fermi level lies above the gap. Also, n or p-type doping
can be achieved by substitution doping with nitrogen, boron, or both to modulate the band
structure of graphene.'””'% Figure 1.12b shows the doping sites and band structure of
graphene.'!” The nitrogen-doped graphene is synthesized during the CVD method producing
the graphene with the addition of nitrogen gas. After substitution, the nitrogen-doped graphene
exhibits an n-type behavior. Similarly, p-type doping of graphene can be obtained by
substitution of boron atoms further affecting the electron density distribution of graphene.'!! It
has been reported large area of graphene h-BN hybrids has been successfully synthesized on
the coper substrate (Figure 1.12¢).!% The small bandgap opening was observed. Theoretical
computations suggesting bandgap opening in hybrid films with boron nitride (BN) is affected
by hexagonal BN (h-BN) domain size. Figure 1.12d shows the bandgap opening through
quantum confinement of electrons in graphene forming the graphene nanoribbon. Since no
impurities are being introduced to graphene lattice, the carrier mobility will not be affected.
Thus, the graphene nanoribbon with width <10 nm possesses a bandgap and have an enough

carrier mobility facilitating high switching ratios.
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Figure 1.12 Various methods for bandgap opening of graphene. (a) substrate induced
bandgap opening in graphene; (b) Substitutional doping of nitrogen in graphene lattice for
bandgap opening; (c) Band gap opening in graphene h-BN hybrids; (d) Bandgap opening due

to quantum confinement in graphene nanoribbons. [adapted from'%*]

In addition to the above methods, other several strategies have been developed to modulate the
charge distribution of graphene. For intense, Cao et al. reported that bandgap of graphene can
be opened by forming heterojunctions with 2D carbonitrides nitrogenated holey graphene,
which has a large bandgap (186.6 meV)."'2 Nourbakhsh et al. studied that single-layer graphene
was exposed to oxygen plasma resulting in semi metallic to semiconducting behavior.''?
Covalent chemical modification also offers an effective pathway to tune the band structure of
graphene.!'* For instance, Li et al. reported that graphene exposed to Cl» gas under UV light
could introduce the Cl radicals to graphene surface (Figure 1.13).!" The photochlorination

reaction could form ~8 atom % CI coverage and appear a bandgap. The research on bandgap

engineering of graphene has been developed as a crucial and independent part of graphene’
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science. It encourages and extends graphene in multi-purpose applications, such as FETs,

sensors and photocatalysis.
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Figure 1.13 The photochemical chlorination of graphene for bandgap opening. [adapted

from!!*]
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1.2 Introduction to microscopic Raman spectroscopy and

characterization on graphene

1.2.1 Raman spectroscopy

Raman spectroscopy is a technique where scattered light is used to measure the vibrational
energy mode of a sample. It can extract information from a sample through the detection of
Raman scattering. Raman scattering was theoretically predicted by Adolf Smekal in 1923 and
first discovered by C. V. Raman together with his research patterner K. S. Krishnan in 1928.!1%
17 When a light (electromagnetic energy) interacts with a material, the light can either be
reflected, absorbed, or scattered. In this scattering, the predominated mode is elastic, called
Rayleigh scattering: the scattered light has the same energy (frequency and wavelength) as the
incident light. If scattered light's energy (frequency and wavelength) changes, it is inelastic
scattering (Raman scattering). Based on the energy difference between scattered light and
incident light, the Raman scattering can be categorized into two types: Stokes Raman scattering

and Anti-stokes Raman scattering (Figure 1.14).''8
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Figure. 1.14 Basic principle of Raman spectroscopy. [adapted from'!®]

(1) Stokes Raman scattering
When the wavelength (frequency) of scattered light is smaller than the incident light, the
scattered light is called stokes Raman scattering. In the Stokes-Raman scattering, the photons

emit less energy than incident light, and molecules get some energy. Therefore, these molecules
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end up at higher vibrational states.

(2) Anti-stokes Raman scattering

When the wavelength (frequency) of scattered light is higher than the incident light, the
scattered light is called anti-stokes Raman scattering. In the anti-stokes Raman scattering, the
molecule's energy transfers to photons and ends at low vibrational states (ground state). Since
most molecules are in the ground state at room temperature, there is a much lower possibility
that a photon will be anti-stokes Raman scattering. As a result, most Raman measurements only
consider the Stokes Raman scattering. The Jablonski diagram of stokes/anti-stokes Raman

scattering is shown in Figure 1.10."% 119
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Figure 1.15 Jablonski Diagram showing the origin of Rayleigh, Stokes, and Anti-Stokes

Raman Scatter. [adapted from''®]

Raman shift
The Raman scattered light will depend on the wavelength of the excitation laser. It makes
Raman scattered wavelength meaningless to compare spectra measured by different lasers.

Therefore, the Raman scattered position is converted to Raman shift away from the excitation
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laser. The Raman shift can be defined as an equation:''®

1 1
(7&0 (nm) T (nm))

Av (cm) =

Wherein, the Av is the wavenumber of Raman shift; Ao is the wavelength of excitation laser
(nm); A is the wavelength of Raman scattered light (nm). In Raman scattering, the molecular
electronic ground states decide scattered light. Each molecule has a unique Raman spectrum.
Namely, the Raman spectrum can be the fingerprint of the detected molecules. Therefore,
Raman spectroscopy can be applied to detect and analyze the molecular structure. For instance,
the Raman spectrum of the C-C stretching peak is around 919.7 cm’!, and the C-H stretching
peak is around 2900 cm™.'?° Taking advantage of the unique Raman spectrum, it is possible to
distinguish complicated structures and even explore newly synthesized molecules. In addition,
the Raman spectrum is a non-invasive measurement, easy for sample preparation, and can

measure biological samples or fragile materials.'?!
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1.2.2 Characterization on graphene by Raman spectroscopy

The use of Raman spectroscopy plays a critical role in the graphene field.'??'?* Figure 1.11
presents a typical Raman spectrum of graphene with defects.!?® Two characteristic peaks are
intrinsic vibrations of graphene, namely, the G band (~1580 cm™') and 2D band (~2700 cm™)
using laser excitation at 2.41eV. If the Raman spectrum is achieved from disordered graphene,
several new peaks can be detected at ~1350 cm™ (D band) and ~1625 cm™ (D’ band), indicating
the defects of graphene.'?”3° The G band originates from a first-order Raman scattering
process, corresponding to the double degenerate (iTO and iLO) phonons mode at the Brillouin
center (E2, symmetry)."3! Thus, the G band is only associated with graphene itself, which will
not be affected by excitation energy. The D and G’ (also named 2D) bands originate from the
second-order process.!3> >3 Two iTO phonons near the K point for the 2D band, one iTO
phonon and one defect for the D band. The frequency of the 2D band is approximately twice
the D band, but the two phonons are not correction with any disorder or defects of graphene.'**
135 Thus, we can generally observe G and 2D bands from pristine graphene (without defects).
The D and 2D bands show the dispersive behavior because the frequency in Raman spectra
changes as a function of the excitation energy. The D band frequency (wp) and 2D band (@2p)
upshifts linearly with increasing laser energy (Elaser). As concluded in the literature, the slope
between @p and Elaser (Qup/ @Elaser) is about 50 cm™/eV and twice of that for the slope between
@2p and Elsser (Qo20/@eiaser).*% 137 The D band is a significant sign to judge the successful
modification of graphene, which has been widely used in graphene functionalization.!3814° As
presented Figure 1.16b, Raman spectroscopy was used to characterize the functionalization on
exfoliated graphene.'*! After successfully introduce the nitrophenyl to graphene surface, strong
D-band appeared in Raman spectra. It demonstrates that Raman scattering is sensitive to detect
the defects on graphene, which is often employed for identifying the pristine graphene and

functionalized graphene.'#>1%4
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Figure 1.16 (a) Raman measurement on defect-contained graphene [adapted from!?®]; (b)
Raman characterization on nitrophenyl (NP) functionalized exfoliated graphene. [adapted

from'#!]

Graphene layer numbers Besides detecting the disorder or defects of graphene, the Raman
spectrum can also analyze the layer numbers of graphene.!431*8 Two pieces of information on
the Raman spectrum can be discussed, as shown in Figure 1.17.'*° The position of the 2D band
change a lot as the graphene layers increase from 1 to 7. Secondly, the G band's intensity
increases or the 2D vs. G band's intensity ratio decreases when the graphene layers up to 7.
Furthermore, the 2D band becomes broader with the increasing layer numbers. Single-layer
graphene shows a sharper 2D shape and lower peak position than multi-layer graphene. Thus,

it is helpful to determine the number of graphene layers by the shape and position of the 2D
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band. Which is the mainly used method to estimate single-layer graphene.
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Figure 1.17 Raman spectra of graphene with different layers (a) spectra evolution, (b)
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intensities of G band and intensity ratio of 2D vs. G bands. [adapted from

Correlation between position of G, 2D and electronic property The position of G and 2D (pos
(G), pos (2D)) can also reflect the degree of charge doping of graphene.!>? 13 As presented in
Figure 1.18a, the electron or hole doping was manipulated by top-gated graphene transistor
followed monitoring by Raman spectroscopy.'>* With the increasing of electron or hole
concentrations, pos (G) shows the tendency of upshift.'* In contrast, electron doping makes
upshift of pos (2D) while downshift for hole doping. Lee et al. estimated the relation between
charge doping and pos (G), pos (2D) since the positions are affected by degree of charge
doping.'*> As shown in Figure 1.18b, the charge doping is separated from strain and estimated
by the correlation between pos (G) and pos (2D). Thus, we can judge the charge doping degree

of graphene by the pos (G) and pos (2D), which has been employed in functionalized

graphene.

156, 157
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Figure 1.18 (a) The effect of electron or hole doping on position of G and 2D [adapted
from'>*]; (b) estimating the charge doping from the correlation between position of G and 2D.
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1.2.3 Graphene enhanced Raman scattering (GERS)

Combination with graphene and Raman microscopy can detect a low quantity of organic
molecules. Graphene as substrate absorbs the fluorescent dye molecules and enhances its
Raman signal, called graphene-enhanced Raman Scattering (GERS).!’%16! The strong
luminescence from dye molecules makes it be challenging to obtain the Raman signal due to
much larger cross-sections of fluorescence signals than Raman signals.!®?"1%% Interestingly, in
the GERS system, graphene can effectively quench the photo-generated luminescence of dye
and eliminate the most fluorescence background, thanks to its large conductive surface area
and superior molecule adsorption ability.'®% 1% Unlike conventional surface-enhanced Raman
scattering (SERS), GERS demonstrates a clean and robust Raman signal response. ¢! Currently,
two types of graphene have been studied in the GERS application: pristine graphene and
doped/functionalized graphene, respectively.

(1) Pristine graphene for GERS

As shown in Figure 1.19, pristine graphene as a substrate absorbs the Rh6G dye molecules.'¢’
When applying the incident laser on the Rh6G adsorbed graphene, the Raman peaks of the
Rh6G can be observed, but no peak can be detected in the solution (Figure 1.13b). Since
graphene’s unique properties: smooth surface, high optical transmission in the visible range
(97.7% for single layer graphene), and surface plasmon in the terahertz range, the mechanism
of GERS is not due to electromagnetic mechanism.!*® ' The Raman enhancement
phenomenon in graphene can be attributed to charge transfer between graphene and detected

molecules, which is the chemical mechanism.'”% 7!
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Figure 1.19 graphene enhanced Raman scattering (GERS) on pristine graphene. [adapted

from'%]

A deep investigation into the mechanism of GERS has been studied involving several
parameters. For instance, molecular structure and energy level affecting the GERS effect
(molecular selectivity) has been reported.'>® They found that GERS enhancement requires
strong graphene-molecule coupling and thus induces effective charge transfer between the
molecules and graphene. In addition, Ling et al. researched the “first layer effect” on GERS.!”°
The distance between graphene and probed molecules strongly affects the GERS effect. Less
distance shows higher Raman intensity on molecules, demonstrating that the GERS belongs to
a chemical enhanced mechanism.

(2) Doped/functionalized graphene for GERS

Although the mechanism of GERS has been investigated in pristine graphene, the enhancement
factor (EF) of GERS is only ~10'-10? which is much lower than surface-enhanced Raman
scattering (SERS). To achieve high GERS EF and give a clear understanding on GERS
mechanism, modifying on graphene has been researched. For example, the charge-doped

graphene modulated by the field effect transistor presents stronger Raman scattering intensities
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of the probed molecule than pristine graphene. Here, the enhanced Raman signal at the charge
modified graphene is attributed to the adjusted Fermi level of graphene can be appropriate to
the highest occupied molecular orbital (HOMU) or lowest unoccupied molecular orbital
(LUMO) of the molecule.'” Furthermore, Feng et al. reported that the nitrogen-doped
graphene was synthesized for investigating the GERS effect, which demonstrates quite better
GERS EF than pristine one (Figure 1.20b).!” In this study, DFT calculations explain the
enhanced performance is due to the shifted Fermi level getting close to the LUMO of the probed
molecule, promoting the charge transfer between graphene and dyes. Moreover, 4-nitrophenyl
covalently grafted graphene is prepared for GERS study, which presents twice enhancement
than pristine graphene.!™ These modified graphene confirm that the GERS effect is strongly

dependent with Fermi level of graphene and vibrational energy of the probed molecules.
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Figure 1.20 (a) Charge-doped graphene modulated by the field effect transistor for GERS
and modulated Fermi level [adapted from!”?]; (b) Nitrogen-doped graphene for Raman
enhancement on Rhodamine (RhB) and effect of concentration. Nitrogen-doped graphene

(NG, red color); pristine graphene (PG, black color). [adapted from'”*]
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1.3 Introduction to covalent chemical modification of graphene

Covalent chemical modification can introduce defects to graphene by forming the covalent
bond. By this method, the charge distribution of graphene is modulated. Among the covalent
modification methods, diazonium induced covalent modification is most studied because of
high efficiency and controllable. Recent years, photo-induced chemical modification has been
attracted the scientists’ interest due to its designable, easy handling, and site-specifical control,
which is beneficial for nano-modification of graphene.

1.3.1 Diazonium induced covalent modification of graphene

Diazonium compounds can contribute to covalent chemical modification of graphene.
Generated radicals from the diazonium compound are efficiently stabilized on the surface of
graphene.'”> 17 Rodriguez Gonzdlez et al. studied the covalent modification of graphite using
several aryldiazonium salts.!”” X-ray photoelectron spectroscopy, Raman, and scanning tunnel
microscope results demonstrated the successful modification was introduced to graphene.
Radicals’ reaction was concluded for the diazonium modification. Moreover, electrochemical
method was used in the covalent functionalization of graphene combining with diazonium
compounds (Figure 1.21).!7® Large-scale and highly efficient functionalization on graphene
was achieved. The efficient functionalization is attributed to N-type graphene promoting the
electron transfer from graphene to diazonium cations, resulting in reactive aryl radicals and

reacting with the graphene surface.
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1.3.2 Photo-induced covalent modification (PICM) of graphene

Photo-induced covalent modification (PICM) of graphene is a potential strategy to covalently
modify graphene, which is easy handling and can site-specifically control the modification.
The first report on the PICM of graphene can trace back to 2009. Liu ef al. found that a Raman
peak related to graphene defects (D-band) appeared only at the laser focused point in presence
of benzoyl peroxide (Figure 1.16).!7° The electrical property of graphene was estimated by
graphene FETs device, showing the reaction area of graphene increases the hole-doping level.
This founding provides a novel way to site-specifically modify graphene, thus tailoring its
chemical and electronic properties. Recent years, 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 by simple
thermal annealing.'®® The sp® carbon defects can be locally introduced into graphene since this

reaction is initiated by focused laser-irradiation.

A2.0-+
w)
~1.5- g
> =1
< =3
21.0 3
® >
c w
2 5
= <
0.5 5
c
0.0 L -
T SRR
1400 1600 12}100 0 2 46
Raman Shift (cm™) Micron

Figure 1.22 Photo-induced chemical reaction on single graphene absorbing with benzoyl

peroxide [adapted from'"]

Furthermore, our group reported the photo-oxidation of graphene in pure water, which can
introduce the chemical defects in graphene at the liquid-phase (Figure 1.17).'%! Applying this
PICM method can stabilize the oxygen species on the graphene surface. In addition, we

demonstrated that the stabilized defects can be removed by the same laser with high density of
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power or direct heating at high temperature. The reversible process of graphene indicates that

such PICM method induced chemical defects, which can reversibly tailor the electronical

property of graphene.
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Figure 1.23 Photo-induced oxidation of pristine graphene [adapted from!®!]
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1.4 Problem statement and research objectives

1.4.1 Problem statement

Although great efforts have been made to contribute to bandgap engineering of graphene,
methods for precise patterning of nanostructures to achieve desirable electronic characteristics
or reversible modulation of electronic property are still challenging. To response, covalent
modification of graphene has been employed to overcome these issues. However, the current
method has a relatively complex prepared process, is hard to control, low reaction efficiency
or needs complicated organic molecules. In this context, photo-induced covalent modification
(PICM) of graphene is an attractive method, which can easily introduce sp*-hybridized carbon
without any mask and modulate the charge distribution of graphene at a desired position.
Currently, the PICM of graphene has been studied by using complex organic molecules at the
solid-phase. The complex organic molecule, for example, 1-fluoro-3,3-dimethylbenziodoxole,
is required for the PICM reaction. Although the high PICM efficiency can be found, the
reaction mechanism is still mysterious because complex molecules’ structures are used and
graphene itself is not easy to be characterized after the modification. Moreover, the covalently
modified graphene is hard to keep clean since the functionalization was generated at the solid
phase. Thus, it is not convenient to use the modified graphene as a material in multi-purpose
applications (FETs, sensors, catalysis etc.). Therefore, development towards the liquid-phase
PICM method and investigations on reaction mechanisms is highly demanded. Furthermore,
the studies on electronic property of chemically modified graphene are limited because of hard
to prepare such materials. Thus, inspection of the electronic structure of liquid-phase PICM

graphene is valuable to extend the further applications.
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1.4.2 Research objectives

This thesis contains two objectives: (1) development of a facile and efficient liquid-phase
PICM of graphene and reveal of reaction mechanism; (2) application of liquid-phase PICM
functionalized graphene and investigation on the electronic property.

(1) Development of a facile and efficient liquid-phase PICM of graphene and reveal of
reaction mechanism

Although PICM of graphene has been realized under the designed conditions, the efficiency of
reaction and mechanism of PICM remain challenges for further study and application. Our
group reported that the PICM in pure water is a promising strategy to induce sp>-type defects
on graphene at the liquid-phase. However, the PICM efficiency is not satisfied. It often takes
several minutes to reach high-degree modification, which is hard to generate a scale-up
chemical modification of graphene. In addition to this, the reaction mechanism is an opening
question. In response, we aimed to develop a facile and efficient PICM of graphene at the
liquid-phase. The systematic research on short-chain fatty acids uncovers the reaction
mechanism.

(2) Application of liquid-phase PICM functionalized graphene and investigation on the
electronic property

After establishing the efficient PICM method and understanding the reaction mechanism, we
aim to extend application of the photo-induced covalently modified graphene (PICM-G) and
investigate the electronic property. To realize it, the PICM-G was selected as a substrate to
detect a low quantity of fluorescent molecules, thanks to that graphene as substrate can quench
the photoluminescence and obtain the Raman signal of dyes, namely the graphene-enhanced
Raman scattering (GERS). As mentioned in the chapter 1.2.3, the GERS mechanism has been
demonstrated as charge transfer, which is strongly associated with the Fermi level of graphene,
as well as the energy level of the probed molecule. In this study, we compared the pristine

graphene (PG) and photo-induced covalently modified graphene (PICM-G) as substrates
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regarding the GERS intensity of dye molecules. The distinct GERS effect at PG and PICM-G
region

The different GERS effects could reflect the modulated electronic structure of PICM
functionalized graphene. Finally, we concluded the relation between charge doping degree and

GERS intensity.
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Chapter 2

Liquid-Phase Photo-induced Covalent
Modification (PICM) of Single-Layer Graphene
by Short-Chain Fatty Acids

The results reported in this chapter are based on the following publication:

Feng, G.; Inose, T.; Suzuki, N.; Wen, H.; Taemaitree, F.; Wolf, M.; Toyouchi, S.; Fujita, Y.; Hirai, K.; Uji-i, H.,
Liquid-phase photo-induced covalent modification (PICM) of single-layer graphene by short-chain fatty acids.
Nanoscale, 2023, 15, 4932-4939.
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2.1 Abstract

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 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 bandgap engineering of graphene.

2.2 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.'7 This
is mainly due to its ultra-thin/light body along with its excellent mechanical strength/flexibility,
high carrier mobility, unique optical properties, and high thermal conductivity.® ® However, the
absence of a bandgap in graphene limits the advanced applications, 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
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reversibly introduced by electrochemical reactions, radical species, and electron or light

irradiation. >4

For practical applications, spatially resolved chemical modification 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."'>2* Among these, photo-induced chemical modification (PICM) is a promising
method. Liu ef 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, 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.
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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 solution of the SCFAs. To investigate the alkyl chain length dependence
on the PICM, HCOOH (Formic acid) and CH3(CH2),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 (/p//c) to evaluate
defect formation in graphene. SCFAs with an alkyl chain (n =0, 1, 2) showed a higher reaction
yield and rate than without alkyl chain (HCOOH), demonstrating that the alkyl chains (—
CH»).CH3) play a vital role in dense functionalization. The difference in the reaction rates and
the shift of G-band peak position (G”) between the SCFAs further confirm the roles of alkyl
chains in introducing a high degree of charge doping effect on graphene. 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.

2.3 Results and discussion

Figure 2.1a illustrates a typical PICM configuration at a liquid-solid interface on graphene
monolayers supported by a dielectric 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 charge-coupled
device (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
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PICM. Figure 2.1b presents typical Raman spectra of a graphene monolayer 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 E2; mode from sp?-hybridized carbon
atoms and 2D-band to the double resonance scattering process between nonequivalent K points
in the Brillouin zone of graphene.? 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 Figure 2A1,
it is mainly due to a chemical defect instead of a physical one in accordance with literature?’.
The same decrease of Ip/lg in acetic and propionic acid solution suggests similar defects are
introduced on graphene. The small difference in Ip//c ratio after heating (0.21 for acetic acid
and 0.26 for propionic acid) could be attributed to the functional groups on graphene surface.
Figure 2.1c 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 (Figure 2.1c top
left). After high-power laser irradiation, however, the Raman map shows a point with high D-
band intensity (Figure 2.1c 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
(Figure 2.1c 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 graphene surface or surrounding molecules.'* >
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Figure 2.1 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
(black) 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).

In this study, we compare the PICM processes of graphene monolayers in pure water, formic
acid (HCOOH), acetic acid, propionic acid, and butyric acid; CH3(CH2),COOH (n = 0, 1, 2,
respectively). Figure 2.2 displays Raman spectra of graphene after the PICM for 120 s in an
aqueous solution of each molecule. 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 (/p/lg) 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 / s) compared to those

before the PICM (typically 2,000 counts / s), while it remains the same in the case of water and
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formic acid. It is likely that graphene electronic structures are modified by the PICM with

SCFAs with an alkyl chain.
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Figure 2.2 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.

To investigate the PICM dynamics, in-situ Raman monitoring was conducted during the

PICM process in water and an aqueous solution of acetic acid (0.1 M). Figure 2.3a and 2.3b,

respectively, present waterfall plots of the Raman scattering as a function 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 Figure 2A2). The corresponding /p/[g ratios as a function of time
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for the solutions are summarized in Figure 2.3c¢. In/(Ip+/g) ratios are also estimated and show
almost the same trend as /Ip/I (Figure 2A3), indicating a slight change of /i at the initial state
is negligible for kinetics analysis. Hereafter, the reaction is analysed based on the Ip//g. First,
water and the formic acid solution show a similar trend, i.e., In/Ig 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 intensity of both G- and D-bands suddenly increase
by a factor of 5 ~ 6 (Figure 2.3b and Figure 2A2). The maximum /p//g 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 that the
PICM mechanism for SCFAs with an alkyl chain differs from that for water and formic acid
solution. In addition, we observed /p 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.?
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Figure 2.3 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 (/p/lg) 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.

Since the /p//G ratio is related to the reactions of graphene and follows an exponential fashion
at the abrupt increase in the initial part of the time course, the initial reaction rate constant can
be estimated from the rise in In/lg plot with the following equation,?
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I,/ (t) < 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 summarized in Table 2.1, 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 Figure
2A4. 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.

Table 2.1 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 1.53 x 107
formic acid 1.32 x 107
acetic acid (n = 0) 2.98 x 107!
propionic acid (n = 1) 9.42 x 107
butyric acid (n = 2) 2.92 x 102

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 spectroscopic
analyses, a wide area of monolayer graphene was periodically modified by laser light in 1 M
acetic acid aqueous solution, as shown in Figure 2.4a, on which the modified area
(corresponding to the luminescent area in Figure 2.4a) showed Ip/I values over 1.0 (Figure
2AS5). 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
(Figure 2.4a). Additionally, weak/no luminescent spot corresponds probably to the spots of
multiple-layered graphene (details see Figure 2A5). A luminescence spectrum at the modified

region is shown in Figure 2.4b (excitation: 349 nm). The modified graphene in acetic acid
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solution emits luminescence around 620 nm (Figure 2.4b), which is likely due to fragmentation
of m-conjugation in graphene by the PICM. The functional groups-induced localized states in
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 Figure 2A6.
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Figure 2.4 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.

An IR spectrum was taken on the modified area to investigate chemical functionalization on
the graphene surface (Figure 2.5). Note that graphene’s broad IR absorption across the

measured frequency range was analytically removed by a 3™ order polynomial fitting to the
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raw spectrum. From Figure 2.5, 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=0 stretching
from ester groups at 1741 cm’!, C=C stretching at 1637 cm™!, C-H bending at 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 2.2). 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 methoxy groups exist on the surfaces. Also, from the
fingerprint region, C=0 and C—O stretching were identified with similar intensities, suggesting
the presence of ester and/or carboxylic groups, while the amount of the carboxylic is
presumably 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.
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Figure 2.5 IR spectrum of a graphene monolayer after the PICM in acetic acid aqueous solution.
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Table 2.2 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=0 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

From Raman spectroscopy, alteration to the graphene electronic structure via PICM is
discussed in terms of G-band shape. As presented in Figure 2.6a, besides the appearance of D-
band, we observed a new peak at lower than 1590 cm™ (denoted as G°). We found that the
newly appeared G~ band downshifts with higher PICM degree (Figure 2.6a). Since the
wavenumber of Raman signal of the G-bands is independent of the laser wavelength (Table
2A1), 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 point (k = 0). It is known that molecular
adsorption could induce phonon symmetry 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 (Figure 2.2). 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
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chains (Figure 2.6b). 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, (CH)*) in Raman spectra of highly modified
graphene with SCFAs with alkyl chain (see Raman spectra in Figure 2A7 and DFT calculation

in Figure 2A8 and Table 2A2).
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Figure 2.6 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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Given these results, the possible reaction mechanism is illustrated in Scheme 2.1. 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 surfaces. 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 molecules 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 reaction. 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 introduced on the graphene surface. When the SCFAs with an alkyl
chain meet the active site, carboxyl radicals (CH3(CH2),COO-), as well as alkyl radicals

3335 are generated

(CH3(CH2)xn) that are automatically generated via decarboxylation reaction,
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 radicals’ 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 propionic and butyric acids can generate
ethyl and propyl radicals which are categorized into secondary carbon radicals. Generally, the

reaction rate of molecules with smaller molecular weights is faster than those with larger

molecular weights.
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Scheme 2.1 Possible mechanism of the PICM on graphene in an aqueous solution of SCFAs

with an alkyl chain.

2.4 Conclusion

We have introduced high 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, compared to the PICM in water, SCFAs with an alkyl chain drastically
enhance the PICM efficiency, most likely due to radical reactions. It takes only several seconds
to reach Ip/lg =1. IR and Raman spectroscopy reveal high-density modification 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 surfaces, opening a venue for micro-scale graphene device

applications.

2.5 Experimental method

Sample preparation.
The monolayer graphene on polymer film was purchased from Graphenea. Graphene

monolayers were deposited onto a clean coverslip. In short, monolayer graphene sandwiched
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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 layer. The sample was dried in air for 30 min at room
temperature 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 graphene 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 resistivity greater than 18
MQ-cm™'. Formic acid, acetic acid, propionic 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
densities. 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/mm
grating. A long-pass filter (ETSOOLP for 488 nm line) and a pinhole (diameter 100 pm) are
placed before the spectrograph entrance to reject Rayleigh scattering and out-of-focus
contribution, respectively. All photo-covalent modification and Raman mapping were

conducted by OMEGA software (Combiscope, AIST-NT/ Horiba). Omega software (AIST-
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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 spectrum 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 functionalized in aqueous solution of acetic acid (1 M) by
irradiating with visible light from a Xenon lamp. IR spectroscopy was conducted 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.
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2.6 Appendix
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Figure 2A1 Raman spectrum of modified graphene with acetic acid before (top) and after

(bottom) heating the graphene at 350 °C in air for 10 min.
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Figure 2A2. A typical in-situ Raman spectroscopy during the PICMs of graphene monolayers

in aqueous solution (0.1 M) of propionic acid (a) and butyric acid (b), respectively.
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Modification at wide area

PICM at a wide area was conducted using graphene monolayers supported on SiO/Si
substrate in 1 M of acetic acid aqueous solution with ~ 6 MW/cm? by repeating
photolithographic mode at 20x20 um as shown in Fig. S4. In detail, 20x20 points of

1um square area of graphene were modified by automatic movements of the sample
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stage. Each point of graphene was irradiated with 488 nm laser for 10 s for obtaining
over 1 of Ip/lg value as shown in the Ip/lc map in Figure 2A5a. Some darker spots in
the optical image are visible, which probably correspond to multilayer graphene as
reported by the company (marked with yellow circles in Figure 2A5b). Raman
information (l2o/1c=0.6) confirms the black spots are multilayer of graphene. As
shown in Figure below, the D/G ratio at the darker spot (spot 2) is slightly lower than
that at the bright spot (spot 1), indicating that the PICM efficiently at the multilayer is
lower resulting in low covalent modifications. This is one of reason of the weaker
luminescence in the missing point. In addition to this, luminescence is expected to be
significantly quenched on the multi-layers part of the graphene.

(a)

Optical image Ip/l map Optical image Raman/luminescence

(b) Black spots
Optical image Raman/luminescence before irradiation
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Figure 2A5 Optical and Raman maps of a graphene monolayers modified in an aqueous

solution of acetic acid.
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Figure 2A6 Luminescence analysis on the PICM graphene in acetic acid aqueous solution. (a)
Averaged luminescence spectra at the modified area (red) and unmodified (pristine) area (blue)
of the graphene monolayers. (b) Peak fitting analysis on a luminescence spectrum. The ‘peak
1’ centered at ~ 435 nm is originated from substrate, while the ‘peak 2’ at 620 nm is assigned
to the luminescence from the functioned graphene. (c) Luminescence intensity map at the

‘peak 1’ (left) and at the ‘peak 2’ (right).
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Table 2A1 Summary of wavelength dependence at functioned area of graphene

Wavelength  Energy

(nm) eV) D ¢ G
4388 2.54 1353.9 1564.9 1596.1
532 2.33 1343.9 1566.1 1594.9
633 1.95 1326.5 1566.8 1593.4
(a) Butyric acid
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Figure 2A7 (a) Signature of C-H stretching after PICM of graphene in butyric acid; gray line
is Raman spectra from the butyric acid solution (highest peak: 2943 cm™); (b) Photo-pattern

two lines in butyric acid; and (c) Corresponded Raman spectra on selected points.

DFT calculations

DFT calculations on alkyl groups covalently attached on graphene were conducted. We
assumed that -CHs, -OCH3s, -CHCOOH and -CH.COOCH; were covalently attached on

graphene along with hydroxy group (-OH) or hydrogen atom (-H), respectively. For this
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simulation, the graphene part was frozen and the vibrational modes of -H/-CH3, -H/-OCH3, -
H/-CH2COOH, -H/-CH,COOCHj3;, -OH/-CH3, -OH/-OCH3, -OH/-CH2COOH and -OH/-
CH>,COOCH;3 were calculated (Figure S6a). The symmetrical CH stretching can be found at
around 2950 cm™! (Figure S6b and Table S2). All the vibrational modes are displayed in Figure
S6. This simulation further supports the assignment of the observed Raman peak at 2943 cm™!

to the alkyl groups from the SCFA.
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Figure 2A8 DFT calculation in the case of PICM in acetic aqueous solution. (a) Top and side
views for the covalent connection of the models; White, gray, and red atoms indicate hydrogen,
carbon, and oxygen, respectively. (b) Raman spectra for the eight cases each model
(wavenumber scale factor is 0.96).

Table 2A2 Raman peaks related to carboxylic acid estimated with DFT calculation

Possibilities Peak position (cm-1) Assignment
2823 CH stretching
Graphene / -H /-CH4 2924 CH; symmetrical stretching
2992 /3023 CH,; asymmetrical stretching
3124 CHj; symmetrical stretching
Graphene / -H /-OCH, 3156 CH stretching
3219/3023 CH, asymmetrical stretching
2830 CH stretching
2948 CH, symmetrical stretching
Graphene /-H /-CH,COOH
3007 CH, asymmetrical stretching
3535 OH stretching
2830 CH stretching
Graphene /-H /-CH,COOCH, 2946 / 2952 CH,/ CH; symmetrical stretching
3004 / 3025/ 3054 CH, / CH; asymmetrical stretching
2968 CH; symmetrical stretching
Graphene /-OH/-CH, 3046 / 3052 CH,; asymmetrical stretching
3587 OH stretching
3122 CH; symmetrical stretching
Graphene /-OH /-OCHj, 3215/ 3218 CH; asymmetrical stretching
3587 OH stretching
2986 CH, symmetrical stretching
Graphene /-OH /-CH,COOH 3055 CH, asymmetrical stretching
3536 / 3559 OH stretching
2951 /3002 CH;/ CH, symmetrical stretching
Graphene /-OH /-CH,COOCH3 3023/3051 /3060 CH,;/ CH, asymmetrical stretching
3588 OH stretching
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Chapter 3

A Light-mediated Covalently Patterned Graphene
Substrate for Graphene-Enhanced Raman
Scattering (GERS)

The results reported in this chapter are based on the following publication:

Feng, G.; Suzuki, N.; Zhang Q.; Li, J.; Inose, T.; Taemaitree, F.; Shameem, K. M. M.; Toyouchi, S.; Fujita, Y.;
Hirai, K.; Uji-i, H., A Light-mediated Covalently Patterned Graphene Substrate for Graphene-Enhanced Raman
Scattering (GERS). Chem. Commun., 2023, DOI: 10.1039/D3CC03304J.
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3.1 Abstract

We report covalently patterned graphene with acetic acid as a new potential candidate for
graphene-enhanced Raman scattering (GERS). Rhodamine 6G molecule in direct contact with
the covalently modified region shows an enormous enhancement (~25 times) compared to its
pristine region at 532 nm excitation. The GERS enhancement with respect to the layer thickness

of probed molecule, excitation wavelength, and the covalently attached groups is discussed.

3.2 Introduction

Graphene-enhanced Raman scattering (GERS) is a promising variant of surface-enhanced
Raman scattering (SERS), employing 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 contact interfaces, GERS demonstrates a clean and robust
signal response, characterized by reduced background interferences, enhanced reproducibility,
and recyclability.* In the GERS system, graphene plays a dual role by effectively quenching
autofluorescence and providing a uniform surface for enhanced Raman signals. This unique
combination allows for easy analysis of Raman signals from adsorbed molecules exhibiting
high 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 (EF) 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 (EF) for a given laser excitation energy.® Consequently,
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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 EF in
the context of GERS has primarily been achieved through element doping using chemical vapor

% and electronic interaction via solution-based molecular deposition!!. Another

deposition'
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 activation with sub-um 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 photo-induced covalently modified graphene (PICM-G) substrate
exhibits a remarkably high GERS 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 GERS
effect, Langmuir-Blodgett (LB) technique was employed here to homogenously distribute the
dye molecules on the graphene layer.®!* 3,3’-Dioctadecyloxacarbocyanine Perchlorate (DiO)

and Rhodamine 6G (Rh6G) were selected as probe dye molecules for investigating the GERS

effect.
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3.3 Results and discussion
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Figure 3.1 GERS of DiO molecules adsorbed on the PICM-G substrate. (a) Raman maps of
I/l excited at 632.8 nm (left top) and /1004 excited at 488 nm (right-top), respectively. The
bottom plot represents line profile along the white dashed line for each map. The red crosses
on the Raman maps represent the regions of PICM and PG, respectively. (b) Raman spectra of
DiO molecule at the pristine graphene (PG, black) and covalently patterned (blue) region
excited with 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.

In accordance with our previous work,'* a 488 nm continuous wave laser was used to
covalently pattern the graphene surface with chemical moieties such as -CHs, -OCH3, -
COOCH; (for experimental details see supplementary information). A line patterned
functionalization as shown in Figure 3.1a was achieved by scanning the tightly focused laser
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(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 Figure 3Ala. Here, a high mean intensity ratio
of In/Is (>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 larger than the diffraction limit (300 nm in this study) presumably due to

the diffusion of photogenerated radicals over the diffraction spot.

In our initial GERS measurements, DiO molecules (Figure 3A1b) 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 (Figure 3.1b).
However, a significantly highest signal enhancement has been clearly detected from the PICM-
G region than from the PG region (Figure 3.1a right) of 1094 cm™ (/1094), which corresponds
to one of the Raman peaks of DiO (Raman spectra of pure DiO see Figure 3A2). The FWHM
of the /1094 map was estimated to be approximately 1360 nm, which is 1.6 times larger than that

of the Ip/Ig map (Figure 3.1a).

The disparity between the FWHM of the Ip//G ratio and that of /1004 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 Figure 3A3-3A7.
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Figure 3.2 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 DiO at 1094 cm™ used for mapping. (c) In//G ratio map excited
at 633 nm (power: 3.08 MW/cm?). (d) /1004 map on the same area as (c) excited at 488 nm
(power: 0.78 MW/cm?). The bottom plot represents the line profile along the white dashed line.
(e) Correlation plot between Ip/Ig and I109s. The red highlight on the Raman maps in (c-d)

represent the regions of PICM and PG, respectively.

Figure 3.2a and 3.2b 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
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contrast, 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 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 Figure 3A8). Note
that clear Raman peaks of DiO can be identified only in the presence of graphene (Fig. S9).
This indicates that the Raman enhancement is attributed to not only the resonance Raman but
also to GERS effect. The FWHM of the bright line at the /1094 map is estimated to be 870 nm,
only 1.24 times wider than that of /p/lg (Figure 3.2c-d), which is much narrower than the case
of Figure 3.1. This observation suggests that the density of adsorbed dye molecule 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 /p/Ig ratio map is located at the maximum of /1094 map. Figure 3.2e shows a
correlation between In/lg and li094, where a higher Ip/lg ratio results in a higher lio94. This

suggests that the GERS EF strongly depends on the degree of PICM on graphene.
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Figure 3.3 (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 (Is10,
peak intensity at 610 cm™!) from the PG and PICM domain under 532 nm laser excitation (0.98
MW/cm?). The red crosses on the Raman maps represent the PICM and PG regions,

respectively. (¢) Peak intensity ratio between the Ipicm-6//pG across the spectral region.
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In order to estimate the GERS effect and versatility of the newly introduced PICM graphene
substrate for GERS measurement, 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. Figure 3.3a depicts the Raman spectra of Rh6G on the PG and the
PICM area under 532 nm laser excitation. Note that the fluorescence background was
subtracted from the spectra (see the details in Figure 3A10). The observed Raman bands at 610,
773, 1182, 1312, 1505, and 1647 cm™ are in good agreement with the earlier reports.!” However,
consistent with D10 molecules, the Raman signals are markedly enhanced in the PICM region
compared to the PG region. Furthermore, Raman mapping (Figure 3.3b) and the peak ratio
(Iricm-6/Ipc) analysis (Figure 3.3c) provide additional evidence of signal enhancement in the
PICM region. To investigate the enhancement mechanism, we summarized the /li647/1G as
function of excitation energy, where the highest was found around 2.3 eV, indicating resonance
Raman scattering effect. Considering no detectable Raman peaks of Rh6G in the absence of
graphene (Figure 3A13), GERS effect on Rh6G plays an important role. Note that
electromagnetic enhancement is less likely, since surface plasmon lies in the terahertz range
rather than in visible to NIR frequency.® We further analyzed the Raman shift of both G and
2D peaks at PICM region estimating the shift tendency of graphene’s Er after the covalent
modification (Table S1).'%* A downshift of pos (G) indicates electron doping effect, which
could be attributed to electron-donating property of methyl, methoxy, functionalized on
graphene. As a result, the modified graphene’s Er might shift and comes close to LUMO level
of Rh6G (-3.4 eV), promoting the charge transfer between modified graphene and dye
molecules. This could lead the Raman enhancement, as suggested in the previous reports.'% !!

It has been previously demonstrated that the type of the molecule and its interaction with the
graphene substrate significantly 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 generation
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method. As we reported previously,'® the PICM under the 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 formation of graphene oxide. The
Raman spectra of Rh6G show a very distinct enhancement value from these chemical groups
as shown in Figure 3A13. The graphene oxide displayed a small enhancement of Rh6G,
whereas a significant enhancement was observed from the acetic acid functionalized area.
These findings provide evidence that the functional groups within the PICM region play a

critical role in determining the EF of GERS.

Table 3.1 Comparison of I/l on different types of graphene substrates

Preparation Laser line /
Medification type dye Peak/ cm’! I/, Reference
method nm
oxide thermal reaction = Rh6G 532 1647 ~1 ref. 20
oxide PICM in water ~ Rh6G 532 1647 ~1 This work
hydrogenated  thermal reaction = Rh6G 532 1647 ~1 ref. 21
covalent with 4- diazonium
Rh6G 532 1647 ~2 ref. 11
nitrophenyl chemistry
N-doped atom substitute RhB 532 1647 ~9 ref. 10
covalent with
PICM Rh6G 532 1647 ~25 This work

Acetic acid

In Table 3.1, we provided 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 (In/ly). Among the previously reported works, N-doped graphene
exhibits the highest signal enhancement (/w/, ~9) for the Rh6G molecule, while a moderate
enhancement was observed from the functionalized graphene substrate with a 4-nitrophenyl
group (Im/I, ~2). On the other hand, graphene oxide and hydrogenated graphene did not exhibit
a significant enhancement at their defect sites. Remarkably, our PICM-G substrate under the
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acetic acid exhibited an enormous signal enhancement of Iw/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.

3.4 Conclusion

In summary, we have systematically investigated the GERS effect on organic dye molecules
from pristine and PICM graphene 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.
The modulation of the electronic structure of graphene can be attributed to the signal
enhancement from the PICM region. Likely, the upshift of the EF of graphene can be attributed
to the signal enhancement from the PICM region. Our results also demonstrate that the GERS
intensity 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 understand 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.

3.5 Experimental method

Sample preparation
The monolayer graphene protected by poly (methyl methacrylate) (PMMA) was purchased
from Graphenea and subsequently transferred onto a coverslip. The protective PMMA layer

was removed by acetone and 2-propanol. The quality of the single-layer graphene was

102



monitored after transferring by estimating the /2p//g ratio from the Raman spectra (Figure 3A1).
Before transferring graphene, the coverslip was ultrasonically washed with acetone, NaOH
solution (1 M), and Milli-Q water, respectively. The light-triggered covalent pattering on the
graphene layer was selectively achieved by the nanolithography technique. The PCIM was
carried out in pure water and acetic acid solution separately in order to attach different
functional groups on the graphene surface. A diamond cutter was employed to mark the

functionalized region for differentiating the patterned and pristine region.

Chemicals

Milli-Q water obtained from a Milli-Q-plus system with a resistivity greater than 18 MQecm™
!, Acetic acid and stearic acid were purchased from Tokyo Chemical Industry Co., Ltd. (TCI).
Rhodamine 6G (Rh6G) was purchased from FUJIFILM Wako Pure Chemical Corporation
(Japan). DiO dye was purchased from Sigma-Aldrich. All the reagents were used without any
further purification.
Langmuir-Blodgett (LB) method

Langmuir-Blodgett (LB) method was carried out to make a homogenous monolayer or
multilayer of DiO dye molecules on the graphene substrate. Surface tension was recorded to
check the state of the stearic acid and dye molecules on the interface between air and liquid.
To systematically investigate the GERS on the modified graphene, we form a combination of
stearic acid and DiO dye layers on the graphene surface. DiO dye molecules were dissolved in
0.1 mg/mL (3.51 x 10™* M) stearic acid (chloroform as solvent). The molar ratio between stearic
acid and dye was kept ~10:1. Then, a 100 pl mixture of stearic acid and dye molecules was
distributed on the water surface with a micro-syringe. Standing for 30 min to let the dye
molecules homogeneously distributed. The target surface tension is set up at 30 mN/mm. The
PICM-G was followed to pick up the dye molecules. Since SA layers were carefully picked up

at the solid phase, we expect that rearrangement of LB film after deposition was minimized
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and thus the dye molecules could be homogeneously distributed both on the PG and the PICM-
G region.
Raman spectroscopy

Raman spectroscopic measurements were carried out using an inverted optical microscope
(Ti-U, Nikon) equipped with a piezoelectric sample stage. A continuous-wave 488 nm
(Sapphire SF 488-100 CW CDRH) laser was used for the photoinduced covalent
functionalization (PICM) on the graphene layer. The PICM was achieved with an input power
of ~6 MW/cm?, while the Raman measurements were carried out by reducing the power to
~0.78 MW/cm? with the same laser. Alongside two other lasers (532, and 633 nm) were also
employed for the Raman measurements. The input power density during the Raman
measurements was controlled by the combination of neutral density filters. The laser beam was
focused using a 60 X objective lens (Nikon), and the Raman scattering signals was collected
using the same objectives in a backscattering geometry. The collected Raman signals were
guided to a liquid nitrogen-cooled CCD spectrograph (iHR320, Horiba) having a grating of
600 grooves/mm. A corresponding long-pass filter (Chroma) was placed just before the
spectrograph for blocking the Rayleigh scattering during the Raman measurements. The PICM
and Raman mapping were conducted by OMEGA software (Combiscope, AIST-NT/ Horiba).
Origin Lab 9.1 and MATLAB (MathWorks) were used for the Raman data analysis.
Atomic force microscopy (AFM) measurement

AFM was carried out with an OmegaScope™ (AIST-NT, HORIBA) system in tapping mode
at ambient conditions. Al reflecting coating (160 AC-NA) AFM cantilever was used to obtain
images resolved by 512x512 or 1024x1024 pixels. Omega software (AIST-NT/HORIBA) and

Gwyddion software were utilized for AFM data analysis.
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3.6 Appendix
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Figure 3A1 (a) Raman spectra of graphene heterojunction consisting of pristine (black) and
chemically patterned region (blue), measured by 633 nm (to reduce the effect of laser on
patterned functionalization, low excitation energy (633nm) was used for Raman scattering).
The patterned region manifests a pronounced defect-induced D band at 1326 cm™ together with
the characteristic G band of graphene at 1594 cm™', while the areas with no laser exposure

resemble the pristine features, exhibiting an /Ip//g ratio of <0.2; (b) Chemical structure of DiO

molecule.

105



Intensity / a.u.

800 1200 1600 2000
Raman shift /cm™?

Figure 3A2. Raman spectra of pure DiO dye excited by 633 nm.

Langmuir-Blodget film for GERS measurements

As depicted in Figure 3A4, a mixture of stearic acid (SA) and DiO was distributed on the
water surface. SA, an amphoteric molecule, was used to trap and distribute the dye molecules.
After compressing the layer to the saturated pressure, the layers were picked up on a graphene
surface. Figure 3A5 shows the Raman spectra of one to three LB layers on the PICM-G. While
no obvious Raman signal of DiO was detected from a single LB layer, clear peaks of DiO have
been observed from double and triple layers of LB films. It is worth mentioning here that only
D and G bands of graphene were detected (see Figure 3A7) in the case of LB layers composed
of pure SA without any dyes. The lack of Raman signals from the first layer is presumably due
to the ultralow concentration of the adsorbed DiO molecule. To confirm our prediction, we
further prepared a single LB layer on the PICM-G region with a high concentration of DiO
([DiO] / [SA] > 0.1). In this case, Raman signals were observed from the single layer (Figure
3AR8), indicating that the GERS intensity is influenced by the density of dye molecules present
on surface. However, a high concentration of DiO in the LB layers causes spatial heterogeneity
of GERS intensity. This heterogeneity is most likely due to the rearrangement of LB layers

after the deposition according to our AFM study (Figure 3A6). Thus, in the following
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experiments, triple LB layers with the molar ratio of [SA] / [DiO] > 10 were used to obtain

homogeneously distributed DiO molecules on surface.
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Figure 3A3. Schematic drawing of LB of DiO dye molecules on the PICM-G substrate.
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Figure 3A4 Raman spectra of DiO molecule with different layer numbers of the LB
film on the PICM graphene substrate. Raman signals of DiO molecules are detected

over double LB layers. The peaks marked with ‘*’ and ‘e’ correspond to the D and G

bands of the graphene, respectively.
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Figure 3A5 AFM measurement on single LB layer at the molar ratio of [SA] / [Di1O] ~10: 1

(a) and ~10: 3 (b), respectively. The corresponding height profiles are presented at the bottom.
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Figure 3A6. Raman response of pure SA on the PICM region.

108



500+

[SA] / [DiO] ~10: 1

[SA] / [DiO] ~10: 3

=
T
~
> 04
=
‘S 8004
[
]
+—
=
0-
800 1200 1600

Raman shift / cm™

2000

Figure 3A7. Raman spectra of monolayer LB layer of DiO with low (black, [SA] / [dye]~10:

1) and high concentration (red, [SA] / [dye]~10: 3).
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Figure 3A8. UV-visible absorption of DiO dye.
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Fig. S9. Raman spectra of triple LB films of DiO on glass substrate and PICM-G substrate,

respectively. Measured by 488 nm.

The background correction of Raman spectra

Top panel in Figure 3A10 displays raw Raman spectra of Rhodamine 6G on the PG and the
PICM-G area, respectively. Although the fluorescence was suppressed by graphene, the
emission appears in the Raman spectra as a background. To identify Raman peaks better, the
fluorescence background was subtracted from the spectra by a simple polynomial fitting (the

bottom panel in Figure 3A10).
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Figure 3A10. GERS performance for Rh6G adsorbed on the PG and PICM-G region before

(black) and after subtraction (red), respectively.
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Figure 3A11. The enhancement factor (normalized by G band) as function of laser excitation

energy: 488 nm (2.54 e¢V), 532 nm (2.33 ¢V), 633 nm (1.96 eV).
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Figure 3A12. Raman spectra of Rh6G distributed on glass substrate, measured by 532 nm.
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Table 3A1. Average values of Pos(G), Pos(2D) and the corresponding shifts

Shift of pos (G) Shift of pos (2D)
Type of graphene  Pos (G) /em’! os (2D)
/em’! /em’!
Pristine 1588.0+2.3 2639.6+3.53
-3.8 0.3
PICM in
1584.2%+2.2 2639.9+3.18
acetic acid
* D band
=00% ® G band
*
L ]
S
© PICM in pure water
““- 0 -
Z 3,600 4 ' —
I ?
c
Q
4+ L ]
<
PICM in acetic acid
0 -
L) ] L4 L)
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Raman shift / cm™?

Figure 3A13. Comparison of GERS performance of R6G on graphene layers modified with

PICM in pure water (top) and acetic acid (bottom), respectively. (Excitation at 532 nm with

0.98 MW/cm?).
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Summary and perspective

In summary, firstly, we investigated the PICM of graphene in short-chain fatty acids (SCFAs)
at the liquid-phase. By using this method, chemically covalent graphene can be easily achieved
with high efficiency. The site-specific point in D band Raman mapping presents that
modification of graphene only happens at the laser focused area, demonstrating the reaction is
generated by the irradiated laser. The PICM efficiency estimated by the in-situ Raman by
monitoring the intensity of D band show that SCFAs with an alkyl chain (acetic acid, propionic
acid, and butyric acid) drastically enhance the PICM efficiency, compared to the PICM in water
and formic acid. It takes only several seconds to reach /p/Ig =1 in the case of acetic acid. These
results indicate that alkyl chains play a vital role in chemically covalent modification of
graphene. Furthermore, we found that the covalent area of graphene can emit the luminescence,
which could be attributed to the modulated electronic structure generating the semiconductor
property of graphene. IR and Raman spectroscopy reveal that functional groups on graphene
are most likely methyl, methoxy, and acetate groups for PICM in acetic acid solution. A greater
downshift of the G-band was observed in Raman spectra upon PICM with longer alkyl chains,
suggesting that the charge doping effect can be controlled by the alkyl chain length of the
SCFAs. In the end, two stages of radicals’ reaction were proposed considering the high
oxidation efficiency and species of functional groups on graphene. These results suggest that
sub-micrometre scaled and site-elective bandgap engineering can be applied to graphene

surfaces using laser-assisted radical reactions.

Secondly, applying the photo-induced covalent modification of graphene (PICM-G), the
graphene-enhanced Raman scattering (GERS) is studied for detecting a low quantity of
molecular species, further investigating the electronic property of the chemically modified

graphene. As a result, we found that the GERS effect at the covalent area is higher than the
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pristine area, which could be attributed to the upshifted Fermi level of graphene after covalent
modification. By the help of Langmuir-Blodgett (LB) method, the dye molecules on PICM-G
can be homogeneously distributed and the heterogeneity between pristine and covalent region
is minimized. We found that the maximum of the /p//g at the PICM-G area is located at the
maximum of 1094 (the peak intensity at 1094 cm™ of DiO). The correlation between In/lg and
L1094 shows that a higher Ip/Igratio results in a higher /;994. These results suggest that the GERS
effect strongly depends on the degree of covalent modification. In addition, PICM-G substrate
presents the highest GERS effect on Rh6G compared to the previous works. The GERS effects
of PICM-G prepared in pure water was much weaker than PICM-G prepared in acetic acid
aqueous solution, suggesting the key role of functional groups on graphene in determining the
GERS enhancement. These findings seriously investigate the GERS effect of PICM-G and
indicate that the PICM graphene has the potential to serve as a promising candidate for future

GERS substrates.

Our results reported in this thesis provide a high-efficiency method to generate liquid-phase
PICM of graphene, which can tailor the chemical nature and electronic structure of graphene.
The reliable strategy using SCFAs with an alkyl chain for covalent modification of graphene
would boost the study of sub-micrometer scaled and site-controllable bandgap engineering of
graphene and related applications. The reconstruction of sp? hybridized carbon of PICM
graphene at high temperature (reversibly remove chemical defects of PICM graphene) would
boost the study on cross utilization of semiconducting and conducting property of graphene.
Furthermore, applying this liquid-phase PICM method would boost the study of GERS
substrate, such as improving the enhancement factor of GERS, investigating the chemical
mechanism. All in all, these findings would boost the study of graphene on nanodevice,

catalysis, biological detecting, and tracing, extending the potential applications of graphene.
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