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A B S T R A C T

When the width of a graphene nanoribbon (GNR) is only a few nanometers, it possesses

semiconducting properties that enable various high-end electronic applications. In this

study, we report that the dense and stable dispersion of a natural graphite formed using

flavin mononucleotide (FMN) as a surfactant produces GNRs as small as 10 nm in width.

High-resolution transmission electron microscopy reveals GNRs with various widths, along

with a graphene flake containing straight-edged GNRs and cuts, depending on substrate

treatments. Such nanoribbon formation originates from sonochemical graphene unzipping

with a one-dimensional FMN supramolecular ribbon as a template. Raman spectroscopy

demonstrates the universal intensity ratio of D over D 0 bands near 4, supporting formation

of continuous edge defect. Thermal annealing enhances the optical contrast and van der

Waals interactions of the graphene film, resulting in increased conductivity compared to

the as-prepared graphene film, which is also better than that of reduced graphene oxide.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene nanoribbon (GNR), a narrow strip of graphene,

has attracted attention because of its novel optical [1],

electrical [2], and spin properties [3]. GNRs with a bandgap

greater than 0.3 eV can be utilized as transistors with a

high current on/off ratio up to 107 [4]. The edge configura-

tions of GNR (i.e., zigzag and armchair) [3] also determine

its electronic properties, where the armchair configuration

of graphene edges displays a bandgap inversely
proportional to GNR width, and a zigzag arrangement acts

as a spin valve under a magnetic field [5,6].

GNR has been prepared using various methods including

metal-assisted chemical unzipping of graphene [7–9], unzip-

ping of graphite [4] and carbon nanotubes [10–12], e-beam

lithography [13], and bottom-up synthesis from precursor

[14]. Dai and coworkers [4] produced GNRs of various widths

by sonicating expandable graphite in the presence of a

rigid-rod conductive polymer as a surfactant. Although the

transistor employing GNRs below 10 nm in width displays
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excellent current on/off ratio [4], the random coil structures of

the polymer on graphene seem to produce GNRs with various

widths. GNR with atomically-precise width was attained by

metal surface-assisted polymerization of aromatic precursors

[14]. This method demonstrated GNRs with monodisperse

width, while their length (<100 nm) was shorter than that

required for electronic applications. The reliable large-scale

production of GNRs smaller than 10 nm in width remains a

significant challenge.

Among various preparation methods, dispersion method-

ology can obtain GNRs in large quantities. In order to prepare

GNRs with a surfactant, dispersion methodology needs (i) to

overcome strong van der Waals (vdW) interactions between

graphene sheets (i.e., 31 meV/atom) [15], and (ii) directional

unzipping of graphene. In addition, compared to acid-assisted

unzipping, the noncovalent method using surfactant is

expected to preserve GNR electrical properties. One-dimen-

sional assembly of surfactant on graphene would be the ideal

platform to attain such graphene unzipping.

Here, we demonstrate that flavin mononucleotide (FMN)

and its analogue disperse natural graphite into graphene

nanoribbons as small as 10-nm wide. FMN serves as both a

surfactant and one dimensional template to induce graphene

unzipping. High-resolution transmission electron microscopy

(HRTEM) demonstrated that the dense dispersion contains

GNRs with various widths, unlike graphene flakes irregularly

cracked by sodium dodecyl sulfate (SDS). Raman study sup-

ported that edge of GNR acts like defects, and showed large

and uniform intensity of D over D 0 bands, revealing that the

lined defect density is one per few nanometer, supporting

HRTEM result. The resulting graphene film exhibited good

electrical properties in film. These results provide a valuable

tool for shaping GNR using self-assembled surfactant, and

route to a solution-processed graphene for flexible electronics

and membrane applications.

2. Experimental

2.1. Materials and instrumentations

FMN (73–79%, Cat#: 77623-50G-F) was purchased from Sigma

Aldrich. SDS (95%, Cat#: I0352) was obtained from TCI. Spec-

troscopic-grade deionized water was obtained from Alfa

Aesar. 3-Aminopropyl dimethyl ethoxy silane (APDMES,

97%, Lot#: 1216392) was obtained from abcr GmbH

(Germany). FC12 was synthesized according to previous liter-

ature [16]. Natural graphite flakes were kindly donated by

Asbury Graphite (+50 mesh, 3061 grade, USA). All other sol-

vents were spectroscopic grade. UV–vis absorption spectra

were measured with a Cary 5000 spectrometer using a cuv-

ette with a path length of 10 mm. Transmittance of graphene

film on a glass substrate was obtained by using 550 nm

bandpass filter. Optical images were obtained using an

upright microscope (BX51, Olympus) equipped with a CMOS

camera (1280 · 1024 pixels, 3.6 · 3.6 lm2/pixel, DCC1645C,

Thorlabs). Four-point probe measurements were conducted

with a FPP-40K (Bega Technologies Co., Korea). Error bars

were obtained by averaging sheet resistance values from five

different locations.
2.2. Dispersion of graphene flakes using surfactants

2.2.1. FMN-based dispersion
Two grams of natural graphite flakes and 0.40 g of FMN were

added to 20 mL of H2O. The resulting mixture was cup-horn

sonicated for 2 h at 450 W. The resulting dark dispersion

was ultra-centrifuged in SW41Ti rotor (Beckman coulter) with

an average 80,000g centrifugal force at 22 �C for 1 h, and then

the supernatant (upper 80%) was carefully collected for

measurement.

2.2.2. FC12-based dispersion
Similarly, an organic dispersion of natural graphite was

obtained using FC12 as a surfactant. Briefly, 2.5 mg of natural

graphite was mixed with 10 mg of FC12 in 10 mL of xylene.

After probe sonication of the mixture for 4 h at 300 W, the

sample was centrifuged for 3 h at 20,000g, and 80% of the

supernatant was collected for TEM measurement.

2.2.3. SDS-based dispersion
Similar to the FMN dispersion protocol, 2.00 g of natural

graphite flakes and 0.40 g of SDS were added to 20 mL of

H2O. The sonication and centrifugation steps were the same

as the FMN-based dispersion.

2.3. Preparation of amine-terminated substrate on
prepatterned SiO2/Si substrates for AFM/optical/Raman
measurements

Si wafers covered with a 285-nm-thick thermal oxide layer

were patterned by photolithography using a contact mask

aligner. Prepatterned markers were obtained by etching a

SiO2 using a reactive ion etcher (RIE). Cleaning of the patterned

substrates were performed (i) by immersing them in acetone

to remove a photoresist, and (ii) by sonicating using a bath-

sonicator (Branson 1510, max. power: 80 W) for 10 min. Any

organic residues of the patterned substrate pieces were

further removed by immersing them in piranha solution

(H2SO4:H2O2 = 7:3) for 20 min, and subsequent washing by flow

of Milli-Q quality water for 5 min. The substrates were dried

with a N2 stream, and were further dried in a vacuum oven

at 110 �C for 1 h. In order to promote adhesion of hydrophobic

graphene flakes, the dried substrates were functionalized with

an amine group by placing concentrated APDMES liquid in

between the substrates for 10 min. APDMES promotes the

adhesion of graphene on the substrate by substantial amine

interactions with the graphene surface [17], and the dimethyl

group of APDMES prevents crosslinking and provides a clean,

flat surface, as compared to amino propyl triethoxy silane

(see Fig. S1A and B of Supporting Information (SI)).

2.4. Atomic force microscopy (AFM) measurement

The sample was prepared by depositing 150 lL FMN-assisted

graphene dispersion on the amine-terminated Si substrate

and incubating for 10 h, according to previous literature

[21,18]. The remaining solution was removed by wicking with

Kimwipes. Several repetitions of water incubation (15 min

each) and consecutive wicking steps were performed to
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remove extra FMN. In order to remove any remaining water,

careful overnight drying of the sample was conducted prior

to AFM. AFM measurements were conducted primarily using

a commercial AFM (Veeco Nanoscope IIIa equipped with Bru-

ker multimode head), and AFM equipped with an inverted

microscope (XE-bio, Park systems). Al-coated silicon AFM

probes (HQ:NSC15-AL BS, tip curvature = 8 nm, force con-

stant = 40 N/m, lmasch) were utilized throughout this study.

All topography images were obtained in a tapping mode,

and 512 · 512-pixel images were acquired over an 80-lm2

area. Flattening of the acquired surface morphology was con-

ducted using third-order polynomial regression with speckle

removal. Height distribution was obtained by analyzing a

total of 50 graphene flakes.
2.5. Contrast measurement

Contrast of graphene flakes was measured using an upright

microscope (BX51, Olympus) with a LED light source

(MCWHL2-C1, Thorlabs). A bandpass filter for green light

(FWHM = 10 nm, FB550-10, Thorlabs) was employed to the

excitation to obtain the quantitative contrast measurement

[19,20]. Contrast images were recorded using a charge-

coupled device (CCD) (6.45 lm2/pixel, 1392 · 1040, CoolSNAP

HQ2, Photometrics) for 0.03 s of acquisition with 0.08 mW

500 nm excitation light. The 106 graphene flakes were ana-

lyzed to obtain lateral length by Image J, discarding values

smaller than 8 lm.

2.6. HRTEM measurements

TEM specimens were prepared as described previously [21].

Copper TEM grids covered with an ultra-thin carbon support

film on a lacey carbon support (LC200-Cu (Lot#: 110727), 200

mesh, Ted Pella) were used. To facilitate sample deposition,

grids were exposed to a high intensity UV light for 3 min

[22]. Oxygen plasma treatment for 5 s was applied to obtain

a preferential deposition of GNRs. The FMN-graphene sample

was diluted (100·) and a 5 lL portion was dropcast on the TEM

grid. After 3 min of incubation, excess sample was carefully

wicked off the grid using a filter paper, and the sample was

dried overnight. Transmission electron microscopy (TEM)

measurements were conducted using either a JEOL 2100-F

with a 200-kV acceleration voltage or FEI Tecnai F20.
2.7. Raman/widefield Raman measurements

The Raman setup was built according to previous literature

[23] with exception of an BX51 upright microscope (Olympus)

as a platform. A high power, diode-pumped solid state (DPSS)

laser (532 nm) was used as an excitation source [21]. The

beam was passed through a laser bandpass filter and linearly

polarized through a polarizing cube, and the beam size was

adjusted with a beam expander. A large collimated illumina-

tion beam (50–100 lm in diameter) was obtained by focusing

the laser at the back focal plane of the objective lens (50·,

MPlan (N.A. = 0.75) or 20·, UPLanFL (N.A. = 0.50), Olympus)

using a convex lens (achromat, f = 200 mm, Thorlabs). The

power delivered to the sample was orders of magnitude
greater than that used by the micro Raman technique (up to

tens of mW for widefield Raman imaging on graphene vs.

0.1 mW for micro Raman on graphene), but the power per unit

remained low (0.1 mW/lm2 for both techniques).

The collimated light illuminated the sample and the scat-

tered light was collected via the same objective lens, passing

through a dichroic beam splitter and long bandpass filter to

eliminate the elastically-scattered light. The selection of spe-

cific Raman bands was performed by single bandpass

(FWHM = 10 nm, Thorlabs) before the light entered the image

spectrometer (Triax320, Horiba). The imaging spectrometer

contained a turret with an interchangeable 1800 g/mm, 500-

nm blaze grating (spectral mode). Images were recorded using

a CCD camera (Symphony, 26 lm/pixel, 1024 · 256, Horiba

Jobin–Yvon).

2.8. Graphene film preparation and thermal annealing for
XPS/optical/electrical measurements

Samples were obtained from filtrations of the dispersed sam-

ples using a solvent-dissolvable filter [24]; the dispersed sam-

ple was first filtered with a mixed cellulose ester membrane

(diameter: 2.5 cm, pore size: 0.1 lm, Lot#: 00728200, Advan-

tec), and the filtrate was washed with copious amounts of

water. While the membrane was still wet, the graphene-

containing membrane was firmly pressed between piranha-

cleaned soda-lime slide glass (Cat#: 1000412, Marienfeld,

Germany). After fixing the graphene side to the slide glass,

the membrane was gently dissolved with acetone for 2 days.

Thermal annealing for contrast, AFM, and electrical measure-

ment was performed by placing the sample in a clean chem-

ical vapor deposition chamber at 300 �C for 2 h under either

an Ar (for electrical measurement) or air (for XPS, transmit-

tance) atmosphere.
2.9. X-ray photoelectron spectrometer (XPS) measurement

XPS data was acquired by K-alpha (Thermo Scientific, U.K.). A

monochromatic X-ray source (Al Ka line: 1486.6 eV), whose

beam size is �400 lm was used with power of 12 kV and

3 mA, and a base pressure of 1.9 · 10�9 mbar. Survey scans

were acquired with a 100 eV pass energy at resolution of

1 eV, with respect to the C1s peak at 284.8 eV. Detailed scans

were obtained at a 20 eV pass energy with a resolution of

0.05 eV. The acquired spectra were baseline-subtracted using

the Shirley baseline, and the C1s spectra was deconvoluted

with Voigt shapes (Gaussian:Lorentzian = 7:3) [25,26].
2.10. Device fabrication and electrical measurement

Graphene film with the desired transmittance was

transferred to a 285-nm thick SiO2/Si substrate (Lot#:

7400383–603-Z, degenerately p-doped, resistivity = 1–10 X-

cm, Shinetsu, Japan). A field effect transistor (FET) device

was fabricated by evaporating 100-nm-thick Au electrode via

thermal evaporation method. Using a backgate geometry,

current–voltage (I–V) characteristics were measured using a

semiconductor parameter analyzer (HP 4155C, Agilent

Technologies) under ambient conditions.



Fig. 2 – Height and size distributions of graphene flakes on a

Si substrate after 300 �C thermal annealing in Ar. (A)

Histogram of the height distribution of the graphene flakes.

The inset illustrates an AFM image having few-layered

graphene flakes. (B) Histogram of the graphene lateral

length obtained by taking the square root of the measured

size. Inset: OM image for size distribution measurement. (A

colour version of this figure can be viewed online.)
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3. Results and discussion

3.1. Dispersion and characterization of FMN-dispersed
few-layered graphene

FMN (dotted box of Fig. 1A) is a phosphate analogue of vita-

min B2 (riboflavin) and consists of three aromatic rings (i.e.,

isoalloxazine) along with an anionic phosphate tail group.

The aromatic isoalloxazine moiety has a profound binding

affinity (�2 eV) to graphene sidewalls as calculated by the

density functional theory [27]. Such a strong binding affinity

enables the dispersion of single-walled carbon nanotubes

(SWNTs) [22,28], and boron nitride nanotubes [28] in aqueous

[22,28], and organic solvents [16]. For this, the supramolecular

assembly of FMN plays an important role for dispersing and

sorting SWNT chiralities [21,22]. Hydrophilic ribityl phosphate

tail groups provide ionic repulsion between the dispersed

graphene layers. A pictorial illustration of such graphene

dispersion is shown in Fig. 1A.

A dispersion of graphene was obtained using a sonochem-

ical method using FMN. Briefly, a mixture of two grams natu-

ral graphite and 0.4 g FMN was cup-horn sonicated in 20 mL

of water at 300 W for 2 h. The subsequent dispersion was cen-

trifuged at 80,000g for 1 h. The inset of Fig. 1B shows a photo-

graph of the graphene dispersion, showing a dense black

color without any flocculation of graphene for at least one

year. Fig. 1B displays the subsequent UV–vis absorption spec-

trum. While the FMN absorption tail ends at 550 nm, the

absorbance from 600 to 800 nm slightly decreases due to the

linear relationship between the excitation energy and the

density of state of graphene near the Dirac cone, along with

minor contribution from scattering background, whose inten-

sity is proportional to wavelength k�4 [29]. The measured

absorption at 600 nm was �0.78. Since graphene exhibits

97.7% transmittance (T) per layer over the visible range due

to the fine structure constant a of one-atom thick graphene

[30], a is utilized to calculate the graphene dispersibility.

Assuming there is no scattering contribution of the graphene

flake, since the absorption (A) can be expressed as A = �log10

T, �78 layers of single-layered graphene lie in a 1 cm beam

path. The modification of the centrifugation condition

(10,000g for 1 h) resulted in enhanced graphene dispersibility

up to 0.24 mg/mL after removing the surfactant by annealing
Fig. 1 – Schematic illustration of graphene dispersion with FMN

illustration of FMN-assisted dispersion of graphene, where lum

FMN for visual clarity. The dotted box illustrates the chemical s

sodium dodecyl sulfate (SDS)-dispersed graphene in water, and

xylene. Inset: photograph of the aqueous dispersion of FMN-gra
at 300 �C. This value is approximately 20 times greater than

that of N-methyl pyrrolidone (NMP)-dispersed graphene [31].

With similar protocol (see Section 2), FC12 (10-dodecyl isoal-

loxazine, dotted box of Fig. 1A) was able to disperse graphene

in xylene in a lesser extent, as shown in Fig. 1B.

The height and size distributions of the resulting graphene

flake by FMN after 300 �C annealing were further examined by

atomic force microscopy (AFM) and optical microscopy (OM),

respectively. Samples were prepared by dropping the disper-

sion on an amine-terminated, 285-nm-thick SiO2/Si substrate

(see Section 2). 300 �C annealing is necessary both to remove

extra surfactants, and to enhance the interaction between

graphene layers, by observing reduced graphene thickness

and increased contrast value (see SI for the detailed explana-

tion and Fig. S2). The inset of Fig. 2A displays an AFM image of

the graphene flakes, where displays uniform height over var-

ious graphene flakes. As shown in Fig. 2A, the most probable

height is 2.1 nm, showing a Gaussian distribution height pro-

file with its full width at half maximum (FWHM) of 1 nm.

Graphene flakes with a height greater than 8 nm were

observed with a frequency less than 6%. This suggested that

most graphene flakes consisted of graphene with less than

six layers. Fig. 2B displays the lateral length distribution of

the graphene obtained from 106 flakes, by taking the square
and FC12 using a sonochemical method. (A) Pictorial

iflavin (10-methyl isoalloxazine, circled) was used instead of

tructure of FMN, and (B) UV–vis absorption spectra of FMN-,

10-dodecyl isoalloxazine (FC12)-dispersed graphene in

phene. (A colour version of this figure can be viewed online.)
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root of the measured size. The lateral length showed its max-

imum at 21 lm, with a 76-lm FWHM of the Gaussian profile.

This value was 10 times less than that (i.e., average flake size:

300 lm) of the as-supplied natural graphite, suggesting that

the chemical exfoliation is effective.

3.2. Graphene flakes and graphene nanoribbons observed
by HRTEM

Fig. 3A through E exhibits several HRTEM images of large

graphene flakes with lateral lengths ranging 100 nm to

micrometer dispersed by FMN. The graphene flake deposited

on a UV-treated holey lacey carbon grid exhibited irregular
Fig. 3 – HRTEM images of graphene flake and nanoribbons, disp

graphene flakes, deposited on a UV-treated holey lacey carbon

Linear cuts (red arrows) are visible. (B) Image of various nanorib

(green arrow) on a flake. (C-E) HRTEM images of GNRs deposited

individual GNRs with various width, torn from graphene flake. I

of various GNRs prepared by FC12-dispersed graphene. (A colou
outer shapes stacked on top of each other. Surprisingly, upon

closer inspection (Fig. 3A), the graphene flakes revealed many

randomly-oriented, straight cuts extending up to a few hun-

dreds of nanometers (indicated by red arrows). More clear

image can be observed in a few-layered graphene region

(Fig. 3B), while illustrates that the stacked graphenes possess

randomly-oriented line cuts having approximate 1-nm width.

Some cuts (indicated by the yellow double arrows) of the

graphene are parallel, forming clearly visible graphene nano-

ribbons of 15.1- and 31.6-nm widths with lengths greater than

250 nm. Certain GNRs have widths as small as 5.3 nm. Graph-

ene cuts, indicated by the green arrow, were spread and rolled

in the middle part of the cut. In order to obtain the density of
ersed by flavin derivatives. (A and B) HRTEM images of

grid. (A) High magnification image of flake shown in inset.

bons (yellow arrows) with different widths and nanocut

on a O2 plasma-treated holey lacey carbon grid. (C) Images of

mages of (D) folded, and (E) twisted GNRs. (F) HRTEM images

r version of this figure can be viewed online.)



Fig. 4 – Flavin assembly-assisted sonochemical unzipping of graphene into graphene nanoribbon. (A) Self-assembled 1D

flavin nanoribbons on graphene, showing strong H-bonding compared to weak vdW interaction between dimethyl tail

groups. Unzipping is propagated along the weak interaction line, as shown by straight arrows. (B) Pictorial illustration of

graphene unzipping into graphene nanoribbons upon sonication. (A colour version of this figure can be viewed online.)
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the cutting in a given area, the cutting lines of Fig. 3B were

visualized in Fig. S3 of the SI. The total length of cuts was

approximately 1942 nm. Divided by the total area (i.e., 61459

nm2), the value was 0.032 lines/nm, indicating that a line

cut occurs every 31 nm. Since every cut serves as two edges,

the defect density becomes one every 16 nm. Notice that

plane of graphene nanoribbons preferentially adheres to

underlying graphene, showing strong vdW interaction. These

observations suggest that graphene flake serves as a precur-

sor to produce GNRs with various width.

Isolated graphene nanoribbons (Fig. 3C through E) were

preferentially observed by hydrophilic grid, obtained by 5-s

oxygen plasma treatment. As shown in Fig. 3C, isolated GNRs

originate from nanometer-sized graphene flakes with large

aspect ratio. Graphene flakes with many unfinished cuts are

readily visible, and GNRs are hanging to such graphene flake.

Edge shape of the flake is anisotropic (yellow circles in

Fig. 3C): while transverse edges are irregular, longitudinal

edges are relatively smooth. Unlike graphene nanoribbons

on a flake in Fig. 3A and B, frequent folding (Fig. 3D) and twist-

ing was observed for graphene nanoribbons on a O2-treated

grid. As indicated by yellow arrows in Fig. 3E, average width

and length of GNRs were 8.9 and 250 nm, respectively, and

GNRs has highly twisted configuration. It is known that since

edges of GNR are highly stressed due to the terminal groups

such as hydrogen and other functional moieties, and are dif-

ferent from the bulk value of graphene, twisting of GNR is

spontaneous and energetically favorable [32,33]. Control

experiment exposing similar O2 treatment on a bare grid does

not produces any of such features (Fig. S4 of the SI).

Unzipping graphene into graphene nanoribbon (Fig. 3F) in

organic solvent was also obtained by using FC12 [16]. The

graphene nanoribbons were clearly isolated, with widths of

approximately 6.7, 7.4, and 13.3 nm, and lengths that persist

over a few hundreds of nanometers. Overall, the cuts and

their edges were quite sharp and smooth. In order to verify

whether the sharp cuts and edges originate from other sur-

factants, natural graphite was dispersed with flexible sodium

dodecyl sulfate (SDS), forming micellar structure on graphene

(see Method for its dispersion process. Absorption spectrum

was shown in Fig. 1B). Similar to the process of FMN-deco-

rated graphene dispersion, HRTEM images were taken
(Fig. S5 of the SI). Only multiple irregular cracks in the graph-

ene flake were observed. Similarly, sodium cholate is known

to produce irregular graphene flake [24]. This result suggests

that the rigid isoalloxazine moiety is the primary reason for

such sonication-assisted sharp unzipping of graphene flakes.

The template effect of one-dimensional organization of

the flavin moiety seems to be origin of such GNR formation.

Fig. 4 illustrates the schematics of hydrogen-bonding-assisted

graphene organization on graphene. Zhang et al. [34] reported

that the flavin adenine dinucleotide, an analogue of FMN, is

self-assembled into one-dimensional nanoribbon onto a

highly ordered pyrolytic graphite (HOPG), as illustrated in

Fig. 4A. This FMN ribbon has two interfacing parts: a quadru-

ple hydrogen-bonded (indicated by ribbon) uracil part of the

adjacent isoalloxazine and a vdW part (indicated by orange

arrows) between dimethyl groups of isoalloxazine. As a result,

strong hydrogen bonding having energy of a few kcal/mol for-

tifies the adsorbed FMN ribbon on graphene, while dimethyl

groups of FMN loosely interacts with the adjacent FMN ribbon

[35] via vdW interaction. This hydrogen-bonded, one-dimen-

sional structure makes this FMN ribbon robust against exter-

nal stimuli. Since one FMN ribbon with a width of 2.2 nm

(Fig. 4A) serves as a template on the graphene surface, its son-

ication-assisted unzipping can modulate width of the pro-

duced graphene nanoribbon by multiple unit widths of one

FMN ribbon. This might explain the multiple widths of the

observed graphene nanoribbons. Additionally, the random

orientation of the microscopic straight cuts on graphene

was ascribed to polycrystalline grain domain assembled by

organic molecules on the HOPG surface [36]. These crystallin-

ities may affect the unzipping direction of the template

graphene nanoribbon. More evidence for this graphene nano-

structure was obtained from Raman spectroscopy.

3.3. Raman characteristics of dispersed graphene

The dispersion was further characterized by Raman spectros-

copy, a powerful tool that can be used to provide defect infor-

mation for graphene. For this, widefield Raman (WFR)

spectroscopy [23] with a single bandpass filter (see Methods

for the detailed WFR spectroscopies) was utilized. G and 2D

band images (Fig. 5A and B) near 1580 and 2680 cm�1,



Fig. 5 – Raman images from (A) G and (B) 2D bands. (C) Line Raman spectra from the dashed yellow line of (A). Note that 2D

band intensity was multiplied by 3 times. (D) Raman spectra obtained from the color-coded arrows in (A and C). The

measured data and summed curve were offset by 45 vertical counts for clarity. The bracket notes FWHM of the Raman bands

obtained from deconvolution with Lorentzian line shapes. The excitation wavelength is 532 nm. (A colour version of this

figure can be viewed online.)
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respectively, clearly illustrate that the G band intensity is

much greater than that of the 2D band. As shown in Fig. 5C,

the line Raman spectra obtained along the dashed yellow line

in Fig. 5A displayed sharp Raman features of graphene (i.e., D,

G, D 0, and 2D bands). Those were observed within the graph-

ene flake (i.e., between red dotted lines), along even outside

the flake, although their inside intensities are approximately

three times higher than that of outside region. The existence

of Raman signals outside the flake is reminiscent of the small

unzipped graphene flakes with few hundreds nanometer in

length.

The Raman spectra obtained at several points (the color

arrows in Fig. 5A and C) are displayed in Fig. 5D. The top

(green), and middle and bottom (blue and red) spectra were

obtained from outside and inside the graphene flake. The

green Raman trace displays a significant D band, with the G,

D 0, and 2D bands presented in order of decreasing intensity.

The position of the D band (xD) is situated at 1345 cm�1,

and the intensity ratio of D over G bands (ID/IG) is 2.6, suggest-

ing a high level of defects [37]. In addition, the overlapped G

and D 0 bands, which were resolved by deconvoluting with

Lorentzian line shapes as a published literature [38]. The posi-

tion (xG) and FWHM (CG) of the G band are 1589 and 38 cm�1,

while those of the D 0 band are 1621 and 18 cm�1, respectively.

The intensity of the 2D band is significantly less than that of

the G band, displaying x2D and C2D with 2683 and 41 cm�1,
respectively. The origin of upfield-shifted G band as compared

to that of mechanically exfoliated monolayer graphene

(1580 cm�1) [39] originates from disorder-induced heterogene-

ity [40]. The intensity ratio of D over D 0 (ID/ID 0), D over G (ID/IG),

and 2D over G bands (I2D/IG) from each spot are also listed in

Fig. 5D. With this information, the defect density, and nature

of defects can be estimated [41]. The ID/IG ratio can be utilized

to express the defect density (LD, in nm�1
, average distance

between two defects) [41] by using following equation (the

modified Tuinstra-Koenig relation),

ID=IG ¼ CA � pðr2
A � r2

SÞ=L
2
D

where CA is the wavelength-dependent parameter, and rA and

rS are radius of the area surrounding point defect, and of

structurally disordered area, respectively [41]. Considering

the excitation-dependent parameter, CA = 5.4 ± 1.6 eV�4 at

the excitation laser (532 nm), and previously determined rA

and rS values (i.e., 3.1 and 1 nm) [41], the estimated average

distance (LD) between defects was approximately 7.4 nm,

which is nearly two times smaller than that determined by

HRTEM study (i.e., 16 nm). This discrepancy may originate

from the absence of D band from zigzag-edged nanoribbons

[42]. Raman results support the observed lined unzipping of

graphene in HRTEM study.

The nature of these defects can be further obtained by

investigating the intensity ratio of D over the D 0 band



Fig. 6 – Sheet resistances of the graphene films with various

transmittances (i.e., 12%, 31%, 65%, and 75%), measured by a

four-probe current–voltage measurement. Lines are drawn

for a visual guide. The inset displays the prepared graphene

films on slide glass. (A colour version of this figure can be

viewed online.)
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(ID/ID0). Casiraghi et al. [38] reported that defects can be classi-

fied into three natures: sp3, vacancy (or hole), and boundary

(edge) defects according to the ID/ID 0 value. While the sp3-type

defect had an ID/ID 0 of 13, those of the vacancy and boundary

defects were 7 and 3.5, respectively. The measured ID/ID0 ratio

near 4.0 in the sample indicates the boundary defects. The

geometric consideration of graphene with edge defect indi-

cated that only torn graphene with a width of a few nanome-

ters can match this value.

Inside and outside regions of the graphene flake display

almost similar Raman vibrational positions varying within

2 cm�1. This indicates that sonication-assisted dispersion

provides quite uniform properties throughout graphene

flakes. The ID/ID 0 ratio varies from 4.0 to 4.7, from outside to

inside the graphene flake, suggesting that large graphene

flakes have slightly larger vacancy defects. It is noteworthy

that cracked part of the graphene flake (circle in Fig. 5B)

exhibits intermediate value (i.e., 4.1), supporting that graph-

ene edges with lower the ID/ID 0 ratios. Similar ID/ID0 ratios

(i.e., 4.2–4.5, inside and outside graphene flakes) were

observed from graphene flakes obtained from a separate

batch, as shown in Fig. S6 of the SI.

In order to analyze chemical functionalities of graphene

films, X-ray photoelectron spectroscopy (XPS) was conducted

(see Figs. S7 & S8 of the SI and Methods for detailed explana-

tion). The sp2 carbon explained nearly 82% of the atomic con-

tent, while other bonds, such as sp3 carbon, CAO of epoxide,

and carboxylic acid were present at 12.6%, 3.7%, and 2.0%,

respectively. This suggests that carboxylic acids are preferen-

tially decorated on the edge of graphene and GNR, while basal

plane of graphene is also decorated with epoxide moiety. This

graphene displayed much greater sp2 content than those of

the reduced graphene oxide (RGO) [43], suggesting that the

edge of the graphene is possibly terminated by the oxygen-

ated species.

3.4. Electrical properties of graphene films

In order to examine the electrical properties of these graph-

ene dispersions, their sheet resistances of the graphene films

(see Methods) were measured according to transmittance, T.

Annealing the sample at 300 �C under air for 2 h prior to mea-

surement greatly improves the electrical performance, simi-

lar to the enhanced contrast and reduced height of the

aforementioned annealing graphene sample. As a control

sample, thick graphene films were prepared with transmit-

tance values of 0.03%. Thermal annealing led to an order-of-

magnitude decrease in sheet resistance (i.e., from 1800 to

130 X/sq), indicating that thermal annealing is pivotal to the

removal of organic surfactant and improvement of vdW con-

tact between graphene flakes, corroborating the results of the

optical experiments. Fig. 6 displays the sheet resistances

obtained from graphene films with various transmittances

(i.e., 12%, 31%, 65%, and 75%, whose transmittance curves

are shown in Fig. S9 of the SI), along with photographs of

the corresponding transparent sheets on slide glass. By

increasing the transmittance from 12% to 75%, the sheet

resistance increased from 0.88 to 28 kX/sq, respectively. If

the logarithmic scaling of the transmittance to the film

thickness is considered, the contact resistance between the
graphene flake played a role in the overall sheet resistance

of the produced graphene film. Although this value is an order

of magnitude greater than that of single-layered CVD graph-

ene (i.e., 125 X/sq from 97.4% T) [44], this value is better than

that of RGO (i.e., 200 kX/sq from 75% T) [43] and is comparable

to that from sodium cholate-exfoliated graphene (i.e., 20 kX/

sq from 75% T) [24]. This demonstrates the excellent electrical

characteristics of the dispersed graphene with solution

processability.

In order to confirm whether these graphene films have

field-effect transistor (FET) characteristics, transistors with a

bottom gate were fabricated using a metal mask on top of

the graphene. Fig. S10A and its inset of the SI display OM

images of the fabricated device, whose channel length is

approximately 50 lm, on top of transferred graphene film

with 94% T, which corresponds to bilayer graphene. With this

graphene film, FET performance varies according to devices

presumably due to unevenly distributed graphene film. The

current–voltage (I–V) plot (Fig. S10B) displays that blue and

red plot displays a slight sigmoidal curves in the meanwhile

purple and red plots exhibits nearly straight line, suggesting

that thin graphene film slightly deviate its metallic behavior.

The low gate response of ID according to sweeping VG

(Fig. S10C of the SI) might originate from either the continu-

ous graphene flake along two electrodes or a small portion

of graphene nanoribbons because metallic constituent gov-

erns device performance. Sorting GNR from the bulk graph-

ene samples using density gradient ultracentrifugation [24]

would be helpful to elucidate its structure–property relation-

ship, which will be future topic.

4. Conclusion

Readily-available FMN and its analogue were able to produce

graphene nanoribbons dispersion. HRTEM revealed that

graphene dispersion contains straight-edged graphene nano-

ribbons smaller than a few tens of nanometers in width and

few hundreds nanometer in length. GNR formation was
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ascribed to the template effect of one-dimensional organiza-

tion of FMN on a graphene surface, providing self-assembled

unzipping template upon sonication. Raman study revealed

that graphene flakes containing GNR and cut displayed large

D and D 0 peaks, supporting the observed edge defect. Bulk

graphene film displayed low resistance as well. This study

provided a facile method for producing large quantities of

graphene nanoribbons with sub-10-nm width in solution for

future applications in high-performance transistors, spin-

tronics, and membrane materials.
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1. Contact angle measurement 

Contact angle measurement of the amine-modified substrate was conducted using a custom-made setup 

with a blunt-tip HPLC syringe (25 µL, Hamilton). A 5 µL aliquot was dropped on the substrates and the 

drop shape was recorded using the CMOS CCD camera. This process was repeated five times to obtain 

an average contact angle. The contact angle with the substrate was further analyzed using an ImageJ 

program with a Low-Bond Axisymmetric Drop Shape Analysis (LBADSA) plug-in. 

 

 

Figure S1. AFM images of (A) APTES- and (B) APDMES-functionalized, 285-nm thick SiO2/Si 

substrates. (C) Contact angle measurement of the APDMES-functionalized substrate, whose 

average contact angle was 63.2° ± 7.0. 
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2. Annealing effect on deposited graphene 

OM images (Figure S2A) and the resulting optical contrast along the graphene flake (red trace in Figure 

S1A) were measured by a monochromatic CCD detector (see the Methods for the detailed measurement) 

with 550 nm bandpass filter to the excitation side. The size of this graphene flake was ∼60 µm in the 

lateral length. The subsequent contrast was calculated using following equation (the contrast equation), 

C = (R−Ro)/Ro    (S1) 

where C is the contrast and R and Ro are reflectances obtained from the graphene/substrate and substrate 

only, respectively.[S1] The resulting contrast value was 0.13 along the yellow dashed line in Figure S2A, 

which is greater than that of the single-layered graphene (i.e., 0.9).[S1] In order to verify the effect of 

probable intercalated surfactants between graphene layers, the corresponding optical and AFM images 

were re-acquired from the same sample after annealing at 300 °C for 2 hrs, as shown in Figure S2C and 

D. First, the contrast values increased to 0.14 upon annealing, as shown in Figure S2C, suggesting that 

annealing eliminates interstitial FMNs and enhances vdW interactions between the graphene layers. The 

contrast image after annealing (Figure S2C) displays a relaxed contrast and many graphene crumbs less 

than 1 µm in length. The graphene crumbs were highly visible after thermal annealing, adding proof that 

thermal annealing effectively enhances vdW interaction between graphene flakes. 

The corresponding AFM topographies displayed several differences upon annealing (Figure S2B and D). 

The resulting overall height profiles after Ar annealing decreased from 3.4 to 1.9 nm. An approximate 

1.5-nm height difference seems to originate from the removal of trapped surfactants, along with better 

vdW interactions between graphene layers since high temperature annealing assists graphene in 

conforming to the underlying topography.[S2] This height value suggests that the number of graphene 

layers is less than 5. In addition, the root mean square (RMS) roughness of the graphene surface 

increased from 3.3 to 6.3 nm (see increased spike-like feature above the plane of height profile in Figure 
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S1D as compared to S1B). The RMS roughness (i.e., 2.0 nm) of the amine-terminated substrate suggests 

that the high-temperature-resistant graphene crumbs introduced protruding features. 

 

Figure S2. Annealing effect of a few-layered graphene deposited on a 285-nm SiO2/Si substrate. (A 

and B) (A) Optical contrast image, and (B) AFM height images of the corresponding 

graphene flake prior to Ar annealing at 300 °C. Red traces in (A) and (C) indicate the optical 

contrast value along the yellow dashed line. Yellow traces indicate the height profile along 

the red dashed line. (C) Optical contrast image, and (D) AFM height images obtained after 

annealing. 
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Figure S3. Calculation of defect densities on the graphene flake by HRTEM. Explicit illustration of 

cutting lines on graphene in Figure 3B. The total length of the lines and area were 1942 nm 

and 61459 nm2, respectively. 

 

 

Figure S4. Control experiment of bare grid treated 5 sec oxygen plasma. 

 

Figure S5. HRTEM images of sodium dodecyl sulfate (SDS)-assisted graphene dispersion. 
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Figure S6. Additional Raman spectra of graphene flakes from a different batch. (A) OM image of 

deposited graphene flakes. (B) Raman spectra and their band positions obtained from 

various positions of (A). (C) The corresponding ID/ID’, ID/IG, and I2D/IG ratios of Raman 

traces. 

 

3. XPS analysis 

X-ray photoelectron spectroscopy (XPS) was conducted to analyze the atomic content of graphene 

sheets. First, the substrates were subjected to a survey scan, as shown in Figure S7. Detailed scans of the 

C1s core from the FMN-derived graphene sample after annealing are shown in Figure S8. In order to 

pinpoint the bonding information, the spectra were further deconvoluted to six peaks: the related 

bonding nature (its center positions) of carbon sp2 (C=C, 284.5 eV), carbon sp3 (C−C, 285.1 eV), amine 

(C−N, 285.7 eV), epoxy/hydroxyl (C−O/C−OH, 286.2-286.8 eV), carbonyl (C=O, 287.1-287.3 eV), and 

carboxylates (O−C=O, 288.3-289.1 eV). Since nitrogen contribution can be obtained only from residual 

FMN, its contribution was subtracted (Table S1 lists their positions and relative areas). While graphene 
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dispersions displayed prominent C1s, the O1s peaks and the remaining peaks, such as N1s and Si2p, and 

Na1s, exhibited different concentrations. Since we utilized soda-lime slide glass and a SiO2/Si substrate 

for the measurement, the contributions of Na and Si were eliminated, which supports the qualitative 

information on atomic content. The atomic percentages of the elements are represented in Table S1. N1s 

and Si2p peaks originated from surfactants and substrates for XPS measurements;  ∼4% of the carbon 1s 

peak is due to carbons in FMN.  

 

 

Figure S7. XPS survey scans of the FMN-derived graphene samples. 

 

 

Figure S8. Carbon 1s core-level XPS from the FMN-removed graphene film. The Shirley background 

was subtracted for clarity. The original data was displayed in a circle while the summed 

graph of the deconvoluted peak is shown in the red curve. 
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Table S1. Bonding information of the FMN-dispersed graphene dispersion obtained from XPS 

Bonding 
species 

Binding 
energy 
(eV) 

Relative 
area (%) 

Subtraction of 
contribution from 

surfactant 

→ 

Bonding 
species 

Relative 
area (%) 

C-C (sp2) 284.5 68.2 C-C (sp2) 81.7 
C-C (sp3) 285.1 14.5 C-C (sp3) 12.6 
C-N 285.7 7.5 C-O 3.7 
C-O 286.2 3.6 C=O 0.0 
C-OH 286.8 2.4 carboxyl 2.0 
C=O 287.4 1.7   
Carboxyl 289.1 1.5   

 

 

Figure S9. Transmittance curves with varying graphene film thickness. 

 

 
Figure S10. Bottom-gated field effect transistor (FET) using annealed graphene film with 100-nm-

thick gold electrodes. (A) OM image of FET devices array. Inset displays individual 
device. Scale bar of inset: 300 µm. (B) Current-voltage (I-V) curves of graphene films of 
94% transmittances. Each color represents different devices. The channel length and 
width are approximately 50 and 750 µm, respectively. (C) Gate voltage characteristics 
using VSD= 1 V.  
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