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Abstract: Graphene oxide quantum dots (GOQDs) are nanometer-sized graphene oxide fragments that

exhibit unique properties, making them interesting candidates for a range of new applications. Carbon black,

one of the commercially available carbon precursors, is produced by the thermal decomposition or incomplete

combustion of organic compounds. It is commonly used as a supporting material for catalysts because of its

excellent electrical conductivity, high surface area, and stability. In this paper, we report the transformation

of carbon black into GOQDs in 10 min using a one-step facile approach. This transformation was achieved

by pulsed laser ablation (PLA) in ethanol using the earth-abundant and low-cost carbon black as precursor.

Only ethanol and carbon black were used for the transformation. The carbon clusters ablated from the carbon

black were completely transformed into GOQDs with a homogeneous size distribution and heights in the

range of 0.3-1.7 nm. This confirmed that the transformed GOQDs consisted of only single- or few-layered

graphene quantum dots. The UV-vis spectra showed absorption bands at 215, 260, and 320 nm, which were

attributed to the π→π* transition of the C=C of the sp2 C bond in the sp3 C matrix. A distinct blue emission

peak at 450 nm was evident at an excitation wavelength of 360 nm. The broader PL emission spectra are due

to the oxygen-related functional groups emitting PL between 300 and 440 nm.
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1. INTRODUCTION

Quantum dots are nanoparticles with sizes smaller than the

exciton Bohr radius of their bulk counterparts [1-3]. The three-

dimensional confinement of excitons results in interesting quan-

tum confinement effects [4-6]. Graphene oxide quantum dots

(GOQDs), in particular, are of great interest because of their

unique optical, electronic, thermal and mechanical properties,

and are considered promising materials for use in nanoelec-

tronics [7-9]. Unlike many semiconducting materials, GOQDs

are single-atom-thick nanomaterials with an infinite exciton

Bohr radius [10]. Their charge carriers have desirable intrin-

sic mobility, with zero effective mass, and can drift over

micrometers without scattering at room temperature. The

charge carriers can also support current densities that are six

orders of magnitude higher than those of copper [12]. 

To utilize their properties in applications, it is necessary to

have an efficient and reliable way of preparing the GOQDs.

Various GOQD preparation methods and techniques, including

organic synthesis, hydrothermal cutting, electrothermal processing,

electron-beam lithography, and the transformation of C60 mol-

ecules have been attempted [13-17]. However, these might

not be practical under critical synthesis conditions. Some are

time-consuming because they involve multiple synthesis

steps. Moreover, wet-chemical cutting is usually performed

under strong acidic or basic conditions, which requires

expensive neutralization for an extended period. Therefore, a

simple, fast, and facile preparation method is needed. 

Pulsed laser ablation (PLA) in liquid is a unique technique

that can be used to prepare nanomaterials in a short period of

time [18, 19]. PLA can create highly non-equilibrium high

temperature and pressure conditions in a liquid medium, in

which irregular reactions and ablated species growth can occur

[20, 21]. Carbon black is a commercial carbon precursor pro-
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duced by the thermal decomposition or incomplete combustion

of organic compounds. It has a well-defined morphology and a

minimum content of tars or other unnecessary materials. Car-

bon black is typically used as a supporting material for cat-

alysts because of its excellent electrical conductivity, high

surface area, and stability [22]. Carbon black is comprised of

sub-nanometer-sized crystalline carbon domains with defects

that are linked by aliphatic amorphous carbon [23]. These

carbon black sub-nanoscale crystalline domains are small and

difficult to control in electrical and optical applications [24]. 

In this paper, we report a fast, simple, facile and cost-effec-

tive method to transform carbon black, which is an inex-

pensive carbon source, into GOQDs. This single-step process

does not need complex vacuum apparatus or additional chem-

icals. The resulting prepared GOQDs were approximately

10 nm in size, and most of them were monolayered. They also

exhibited blue luminescence, which is highly desirable for

practical applications. 

2. EXPERIMENTAL PROCEDURE

Vulcan CX-72 carbon black (Cabot Corporation) was used

as the carbon source to prepare the GOQDs. Fig. 1 shows a

schematic diagram of the experimental setup. A solution pre-

pared with 1.0 g of carbon black in 500 mL of ethanol (>

99%, Sigma Aldrich) was ultrasonicated for 1 h to homoge-

neously disperse the carbon black. PLA was then performed

on the resultant suspension for 10 min at room temperature in

air using an Nd:YAG laser system. The laser wavelength,

power density, energy, repetition rate, pulse, and maximum

output were 355 nm, 3.0 W/cm2, 100 mJ/pulse, 10 Hz,

10 nm, and 2.0 J, respectively, and it was focused on a spot

on the liquid surface (diameter of 10 mm2). 

High-resolution transmission electron microscopy (HR-

TEM) images were obtained using a JEM-2100F transmission

electron microscope equipped with a field emission gun (USA

200 kV). X-ray photoelectron spectroscopy (XPS) profiles were

recorded using a VG ESCALAB 220i system (Thermo Sci-

entific, USA). The XPS survey and high-resolution scans were

carried out at pass energies of 100 and 20 eV, respectively. The

X-ray beam size was approximately 100 μm. The GOQD sam-

ples for the XPS and atomic force microscopy (AFM) mea-

surements were prepared on a silicon substrate by a spin-

coating at a rotation speed of 3000 rpm. The silicon substrate

was dried at room temperature for 2 h before measurement. The

photoluminescence (PL) spectra were obtained at room tem-

perature using a PL spectrophotometer (Horiba, with a 150 W

xenon arc lamp) in the wavelength range of 300 nm to 800 nm.

A time-correlated single photon counting (TCSPC) spectrometer

(Horiba Jobin Yvon) was used to measure nanosecond lifetime.

The ultraviolet-visible (UV-vis) absorption spectra were

obtained using a Lambda 650 S UV-vis spectrophotometer

(PerkinElmer).

3. RESULTS AND DISCUSSION

Fig. 2(a) shows the transmission electron micrographs of

the carbon black particles transformed into GOQDs after

PLA in ethanol for 10 min. The distinct crystal structure of

the transformed GOQDs was observed using a high-reso-

lution transmission electron microscope (inset of Fig. 1(a)).

A 0.24 nm-long lattice fringe corresponding to the [1120]

plane was clearly observed in the HR-TEM image. The insets

on the right side of Fig. 1(a) show the edge structure of the

GOQDs, which appears to be parallel to the zigzag orien-

tation [25]. The formation of GOQDs with a typical edge

structure is strongly dependent on how the sp3 carbon bond-

Fig. 1. Schematic diagram of PLA of the carbon black in the ethanol.
The SEM image shows microstructure of the carbon black precursor. 
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ing structure is transformed into a sub-nanometer sp2 carbon

bonding structure [26, 27]. No crystalline features corre-

sponding to graphite, such as its [002] plane, were observed

in HR-TEM [28]. Approximately 100 nanoparticles were

used to determine the average crystal diameter. The size dis-

tribution of the transformed GOQD samples was fitted by a

Gaussian distribution curve with a 95% confidence interval

as shown in Fig. 1(b). An average diameter of 9.6 nm with a

standard deviation (SD) of 3.5 nm was obtained. In addition,

the height of the GOQD as determined by AFM was 0.3-

1.7 nm, which confirms that the transformed GOQDs con-

sisted of only single or few-layered graphene quantum dots,

as shown in Fig. 2(c) [29]. 

The possible mechanism for the transformation of carbon

black into GOQDs via PLA in ethanol may be similar to that

for coal [28, 30]. A Coulomb explosion occurs at the surface

of the carbon black particles during pulsed laser injections,

after which a high-temperature and high-pressure plasma

plume develops around the carbon black particles, due to

multi-photon absorption [31]. Subsequently, a cavitation bub-

ble is generated in the liquid as the plasma plume expands

and cools. Carbon ablated from the carbon black particles clus-

ters in the cavitation bubble and accumulates because of its high

surface energy. This results in the formation of graphene layers

as the temperature and internal pressure of the bubble decrease

to below those of the surrounding liquid [32]. In this way, car-

bon clusters can be generated in the cavitation bubbles by

pulsed laser irradiation on the carbon black particle surface.

These carbon clusters are unstable because of their high sur-

face energy and tend to aggregate [30]. Moreover, the carbon

and hydroxy molecules produce a two-dimensional (2D)

nanostructure because the hexagonal structure of carbon has a

lower formation energy [33]. 

The chemical composition and functional groups on the

transformed GOQD surface were determined from XPS mea-

surements. In Fig. 3(a), the XPS results show a dominant gra-

phitic C1s peak at 284.8 eV and an O1s peak at 532.2 eV.

The compositional ratio of C/O observed in the transformed

GOQDs was lower than that in carbon black, which is prob-

ably due to the bonding of the oxygen functional groups [34].

Fig. 3(b) shows the high-resolution C1s spectra of the trans-

formed GOQDs, which are deconvoluted into three bands

with binding energies of 284.4, 286.6 and 288.4 eV, asso-

Fig. 2. TEM and AFM images of the transformed GOQDs. (a)
TEM image of the GOQDs. Insets are the HR-TEM image (left)
and 2D FFT pattern (right). (b) Size distribution of the GOQDs and
HR-TEM image (inset). (c) AFM image and height profile of the
GOQDs. 
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ciated with the C=C, C−O, and C=O and COOH bonds,

respectively. Therefore, the transformed GOQDs contained

hydroxyl, carbonyl, and carboxylic functional groups. In

addition, more oxidation occurred in the GOQDs compared

to carbon black, as confirmed by the decrease in the mea-

sured sp2 and sp3 ratios [35]. A higher fraction of oxygen

functional groups facilitates the easy dispersion of the trans-

formed GOQDs in ethanol, which is an essential property for

practical applications, such as bioimaging. 

We also investigated the optical properties of the trans-

formed GOQDs by UV-Vis absorption and PL spectroscopies.

The UV-Vis spectra showed characteristic absorption bands

at 215, 260, and 320 nm as shown in Fig. 4(a). The absorp-

tion bands at 215 and 260 nm were due to the π→π* tran-

sition of the C=C of the sp2 C bond in the sp3 C matrix.

Meanwhile, the shoulder peak around 320 nm is due to the n

→π* transition of the C=O [3,36]. The GOQDs transformed

from carbon black are characterized by intense UV-Vis spec-

tra at the π→π* transition (215 and 260 nm). This indicates

a high density of zig-zag sites, which formed after laser irra-

diation. Qu and coworkers reported that in their oxygen-

reduction experiment, they observed no change in the UV-vis

spectra around 320 nm. Thus, this shoulder peak is related to

the n→π* transition of the C=O bond. [37].

Fig. 4(b) represents the PL excitation and emission spectra

of the transformed GOQDs. The distinct blue emission peak

at 450 nm is evident at an excitation wavelength of 360 nm.

The broader PL emission spectra are due to the oxygen-

Fig. 3. Full survey XPS profile (a) and C1s XPS profile (b) of the
transformed GOQDs.

Fig. 4. UV-vis absorption (a) and PL spectrum (b). The x-axis of (a)
is log10 scale. The excitation curve was recorded at 450 nm and
emission spectrum were recorded at 360 nm. Insets of (a) show the
digital photographs under daylight (left) and 365 nm UV lamp
(right) illumination. 
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related functional groups emitting PL between 300 and

440 nm. The insets in Fig. 4(b) show digital photographs of

the prepared GOQD sample under an excitation wavelength

of 360 nm. The PL mechanism of the GOQDs can be

attributed to defect-state emissions related to the oxygen-

related functional groups [38]. The transformed GOQDs have

high concentrations of oxygen-related surface functional

groups, as revealed by XPS (Fig. 3(b)). In addition, the

observed PL property can be traced to the various defect sites

of the surface oxygen functional groups. 

The origin of the optical properties from GOQDs remains

an important question and has been tentatively suggested to

be related to emissive traps, aromatic structures, and the den-

sity of free zig-zag sites [25,36-38]. To investigate the recom-

bination mechanism of the GOQDs, we performed time-

resolved photoluminescence (TRPL) analysis as shown in

Fig. 5(a). The fluorescence decay curve was fitted with a tri-

exponential function (Eq. 1), where fluorescence decay

occured through three different relaxation pathways [30].

Fit = A + B1e
(-t/τ1) + B2e

(-t/τ2) + B3e
(-t/τ3) (1)

where “τ” is the fluorescence lifetime and “B” represents the

amplitude of the corresponding lifetime. The obtained chi-

square (χ2) ranges between 1.2 and 1.3. A χ2 value in the

range of 1.0 < χ2 < 1.4 is generally assumed to be acceptable

for fitting. Also, among the three lifetimes, one is associated

with an intrinsic state, while the other two are due to the exis-

tence of oxygen-rich functional groups on the surface of the

GOQDs [39, 40]. Fluorescence lifetimes of the GOQDs were

recorded at 450 nm, where the excitation wavelength of a

diode laser was 370 nm. The lifetimes of the transformed

GOQDs were τ1 = 0.8 ns (49%), τ2 = 3.2 ns (37%) and τ3

= 10 ns (13%). These lifetimes are similar to previously

reported values [39, 40].

Fig. 5(b) summarizes the possible PL mechanism [39]. The

GOQDs contain quite a number of disorder-induced defect

states within the π-π* gap. The electrons of the GOQDs are

excited to a higher energy level in the lowest unoccupied

molecular orbital (LUMO) band. They then move to the

defect-site states via a non-radiative relaxation process

related to the PL properties of the GOQDs [40]. 

4. CONCLUSIONS

We successfully transformed a carbon black precursor into

GOQDs in less than 10 min by PLA in ethanol. The carbon

clusters ablated from the carbon black were completely trans-

formed into GOQDs with a homogeneous size distribution

and heights in the range of 0.3-1.7 nm. This confirmed that

Fig. 5. Time-resolved photoluminescence (TRPL) spectrum (a) and
schematic diagrams of the PL mechanism of the transformed
GOQD (b). 



Jung-Il Lee and Jeong Ho Ryu 813

the transformed GOQDs consisted of only single- or few-lay-

ered graphene quantum dots. The UV-vis spectra showed

absorption bands at 215, 260, and 320 nm, which were

attributed to the π→π* transition of the C=C of the sp2 C

bond in the sp3 C matrix. Meanwhile, the shoulder peak

around 320 nm was attributed to the n→π* transition of the

C=O bond. The PL spectra exhibited a distinct blue emission

peak at 450 nm under excitation at 360 nm. The broader PL

emission spectra might be due to the oxygen-related func-

tional groups emitting PL spectra between 300 and 440 nm.
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