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Characteristics of Graphene Quantum Dots Determined by Edge 

Structures: Three kinds of Dots Fabricated by Using Thermal 

Plasma Jet  

Myung Woo Lee, Juhan Kim and Jung Sang Suh*
 

When a graphene sheet is cut along zigzag lines, carbene edges having two unshared valence electrons at each edge 

carbon atom are made, while along armchair lines carbyne edges having carbon triple bonds are made. Carbene and 

carbyne edges have polar and nonpolar characters, respectively. 90 degree corners are made when armchair and zigzag 

lines are encountered, while 120 degree corners are made when the same type lines are encountered. Therefore, 

hexagonal graphene quantum dots (GQDs) are made when the same type cutting lines are encountered, at all corners, 

while rectangular GQDs are made when different type cutting lines are encountered. We have fabricated three kinds of 

GQDs by a gas phase collision reaction using thermal plasma jet: Zigzag GQDs having only carbene edges were dispersed in 

polar solvents and had basically hexagonal shapes. Armchair GQDs having only carbyne edges were dispersed in nonpolar 

solvents and had also basically hexagonal shapes. Hybrid GQDs having both carbyne and carbene edges in each dot were 

dispersed in both polar and nonpolar solvents and had rectangular shapes. The photoluminescence and 

photoluminescence excitation spectra of hybrid GQDs responded to the combination of the spectra of zigzag and armchair 

GQDs. 

Introduction  

Graphene quantum dots (GQDs), which are graphene sheets 

smaller than 100 nm, possess strong edge effects and 

quantum confinement.
1
 The former effects allow dispersion in 

solvents like ethanol, while graphene, which a pure carbon 

material, is not dispersible in common solvents. Graphene is a 

zero band gap semiconductor, which reduces its electronic and 

optoelectronic properties almost impossible to use for device 

applications.
2
 However, the quantum confinement allows the 

bandgap of GQDs to be controlled by modulating their size.
3-5

 

GQDs could exhibit photoluminescence due to their band gap.
6-8

 

Their dispersible property, nonzero bandgap, chemical inertness, 

biocompatibility, low toxicity and strong photoluminescence make 

them excellent materials for applications such as nanoscale optics
9
, 

electronic devices
10

, bioimaging
11

,  OLEDs
12

, fuel cells
13

, 

photovoltaic devices
3
, composites

14
 and biosensors

15
.  

Controlled fabrication methods for stable graphene 

nanostructure provide a chance to investigate outstanding 

optical
16-22

 and transport
23

 properties
 
of these structures. Both 

top-down and bottom-up methods have been used to prepare 

GQDs. Cut of graphene sheets
1
 or graphene oxide sheets

24-27
 

or carbon fibers
10 

or self-assembled block copolymer
28

 or 

tattered graphite
29

 or carbon black
30

 or coal
31

 corresponds to a 

top-down method, while self-assembling of aromatic carbons 

followed pyrolysis,
32

 cyclodehydrogenation of polyphenylene 

precursors
33,34

, microwave assisted hydrothermal method
12

, 

tuning the carbonization degree of citric acid
35

, and pulsed 

laser synthesis method from benzene
36

 correspond to a 
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bottom-up method. Cage-opening of fullerenes
37

 may be 

categorized as a third method. However, these methods have 

some drawbacks in the aspects of low-cost production, size-

controllable fabrication, and mass production.  
On a graphene sheet,

38
 a 120 degree corner is made when 

two armchair lines or two zigzag lines are encountered, while a 

90 degree corner is made when armchair and zigzag lines are 

encountered (see Figure 1). Therefore, in tailoring a graphene 

sheet, hexagonal GQDs are made when the same type cutting 

lines are encountered at all corners, while rectangular GQDs 

are made when different type cutting lines are encountered at 

all corners. When a graphene sheet is cut along an armchair 

line, carbon triple bonds are made at edges (see Figure 2). It is 

called carbyne, which may have a nonpolar characteristic due 

to carbon triple bonds at edges.
39

 Along a zigzag line, two 

unshared valence electrons are made at each edge carbon 

atom. It is called carbene, which may have a polar 

characteristic due to lone pair electrons. Therefore, three 

kinds of GQDs could be distinguished by their shape and edge 

structure or dissolving property; two kinds of hexagonal GQDs 

dissolving either polar or nonpolar solvent, and rectangular 

GQDs dissolving in both polar and nonpolar solvents. For GQDs 

that can be dissolved in nonpolar solvent like cyclohexane and 

have hexagonal shapes could be named as armchair or 

nonpolar hexagonal (or simply nonpolar) GQDs. For GQDs that 

can be dissolved in polar solvent like water and have 

hexagonal shapes could be named as zigzag or polar hexagonal 

(or simply polar) GQDs. The GQDs that can be dissolved both 

in polar and nonpolar solvents and have rectangular shapes 

could be named as hybrid or amphoteric rectangular (or simply 

amphoteric) GQDs. Here, we have fabricated three kinds of 

GQDs by a gas phase collision reaction of carbon atoms using a 

thermal plasma jet system
40

, and proved that the basic shape 

and dissolving property of our three kinds of GQDs are well 

agreed with those predicted from the model GQDs shown in 

Figure 1. For a 2.5 L/min injection rate of ethylene gas, the 

production rate of GQDs was about 4 g/hour. The relative 

abundance of armchair, zigzag and hybrid GQDs was 96.9, 2.7, 

and 0.4%, respectively. 

Experimental 

Carbon soot including GQDs was fabricated by using a 

thermal plasma system.
40

 A carbon tube (10 cm in length; 2 cm 

in diameter) was attached to the anode, and ethylene gas was 

inserted continuously (2.5 L per min) as a carbon source into 

the torch using a gas flow meter (see Figure 3a). For extraction 

of GQDs, a small amount of carbon soot was scattered 

carefully on the surface of water that was contained in a vial, 

and then added cyclohexane carefully to minimize disturbance 

(see Figure 3b). After waiting for 48 h, two layers were 

separated without including undissolved carbon soot. For a 

further purification, cyclohexane was added into the separated 

aqueous phase, while water added into the organic phase. The 

volume ratio of water and cyclohexane was about 1:1. GQDs 

were analyzed by using a high-resolution transmission electron 

microscope (TEM; JEOL, JEM-3000F (300 kV)). The 

photoluminescence (PL) and photoluminescence excitation 

(PLE) spectra were obtained using a homemade 

spectrophotometer. Absolute quantum yield was measured by 

absolute PL quantum yield measurement system QE-1200 

(OTSUKA Electronics). Atomic force microscopy (AFM) images 

were taken using a PSIA (XE-150) atomic force microscope. X-

Ray Photoelectron Spectroscopy (XPS) analysis was performed 

using a PHI 5000 VersaProbe
TM

 ULVAC system with an Al Kα X- 

ray source (hν = 1486.6 eV), operated a 15kV and 20 mA beam, 

and HSA analyzer. 

 

Results and discussion 

Figure 4 shows the low (a-c) and high (d-f) resolution TEM 

images of GQDs and (g) the fast Fourier transform (FFT) 

pattern of a GQD. GQDs were extracted from carbon soot 

produced, using liquid-liquid extraction method. Water and 

cyclohexane were used as polar and nonpolar solvents, 

respectively. It should be mentioned that the dominant 

species in carbon soot is onion type carbon materials, which is 

not dispersed without doing sonication.
40

 Four solutions 

containing GQDs were denoted as cyclohexane/cyclohexane, 

cyclohexane/water, water/cyclohexane, and water/water 

solutions (see Figure 3b). The GQDs included in the 

cyclohexane/cyclohexane solution could be dissolved favorably 

in nonpolar solvent, while those included in the water/water 

Fig 3. Schematics of (a) the thermal plasma jet system for production of 

carbon soot and (b) liquid-liquid extraction of three kinds of GQDs from 

carbon soot produced. Four solutions of I-IV are denoted as 

cyclohexane/cyclohexane, cyclohexane/water, water/cyclohexane, and 

water/water solutions, respectively. 
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solution favorably in polar solvent. For GQDs included in the 

solutions of the cyclohexane/water or water/cyclohexane 

solution could be dissolved in both polar and nonpolar 

solvents. For the cyclohexane/water solution, we could not 

observe GQDs due to very low concentration even though the 

solution showed very weak fluorescence. GQDs shown in 

Figure 4a were obtained from the cyclohexane/cyclohexane 

solution. Their average size is about 13 nm (see Figure S1). 

Although the corners are not well developed, one can see 

clearly sides from all GQDs. They have basically hexagonal 

shapes (see Figure S4). GQDs shown in Figure 4b have been 

obtained from the water/water solution. The average size is 

about 11 nm (see Figure S2). They also have basically 

hexagonal shapes (see Figure S4). Some look like circular. This 

may be due to the fact that hexagonal shapes seem to be seen 

as circular shapes when the corners are not well developed. It 

should be mentioned that GQDs were made by collisions of 

carbon atoms. Therefore, the corners could not be made 

clearly as shown in Figure 1. GQDs shown in Figure 4c have 

rectangular shapes. They have been obtained from the 

water/cyclohexane solution. Their shape is relatively uniform 

as squares but their size has a large distribution. The largest 

one was about 300 nm, while the smallest one was about 15 

nm. The large ones may be too big to be called as GQDs. The 

average size is about 53 nm (see Figure S3). It should be 

mentioned that the average of GQDs could be controlled by 

varying the length of carbon tube attached to anode. It is 

known that the average size of GQDs increases with increasing 

the length of carbon tube attached to anode.
40

 In high-

resolution TEM images of three kinds of GQDs, uniform lattice 

fringes are clearly seen. By AFM analysis, three kinds of GQDs 

are all single-layered. The height profiles of the lines in Figure 

S5-7 show that the thickness of the GQDs is less than 1 nm, 

which is in good agreement with the reported value for single-

layered graphene.
41

 The corresponding FFT patterns of GQDs 

are shown in Figure 4g and S8-10. They show a hexagonal 

pattern without any satellite spots. XPS was performed to 

determine the composition of three kinds of GQDs (see Figure 

S11). The measured spectra could be deconvoluted into four 

surface components, corresponding to sp
2
 (C=C) at binding 

energy of 284.5 eV, sp
3
 (C-C, and C-H) at 285.5 eV, C-OH at 

286.6 eV, as well as O=C-OH at 288.6 eV. The bands 

corresponding to C-OH and O=C-OH were relatively weak. In 

principle, oxygen is not contained in our fabrication, since only 

Ar and ethylene gases have been added into a plasma system 

as the plasma gas and carbon source, respectively. Actually, 

according to the energy-dispersive X-ray spectroscopy (EDS) 

analysis of carbon soot including three kinds of GQDs, no oxygen is 

observed from carbon soot not exposed to air.
40

 Therefore, 

oxygen of the hydroxyl and carboxyl groups might be included 

during the preparation process of XPS samples. It should be 

mentioned that H termination could take place because 

hydrogen atoms generated is twice of carbon atoms when 

ethylene molecules are decomposed. However, we could not 

get any information to be helpful in explaining the polar or 

nonpolar characters of GQDs or evidence of the H termination 

from the analysis of XPS or Raman spectra. This may be due to 

that the number of edge carbon or hydrogen atoms is 

relatively very small compared to the total number of carbon 

atoms of GQDs.  

The shape and dissolving property of our three kinds of GQDs 

are well agreed with those predicted from the model GQDs 

(see Figure 1). Therefore, it is concluded that GQDs obtained 

from the cyclohexane/cyclohexane solution are armchair (or 

nonpolar hexagonal) GQDs having carbyne edges. GQDs 

obtained from the water/water solution are zigzag (or polar 

hexagonal) GQDs having carbene edges. GQDs obtained from 

the water/cyclohexane solution are hybrid (or amphoteric 

rectangular) GQDs having carbyne and carbene edges in each 

dot. Our conclusion is supported by the PL and PLE data. It is 

known that the PL of GQDs is determined by the edge 

structures.
1,39

 Hybrid GQDs have both carbyne and carbene 

edges in each dot. Therefore, the PL spectra of hybrid GQDs 

may show the characteristic peaks corresponding to both 

armchair and zigzag GQDs. 

Fig 4. Low- and high-resolution TEM images of (a, d) armchair (or 

nonpolar hexagonal), (b, e) zigzag (or polar hexagonal) and (c, f) hybrid 

(or amphoteric rectangular) GQDs, and (g) the 2D FFT pattern of a zigzag 

GQD. 
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The PL and PLE spectra of three kinds of GQDs are shown in 

Figures 5 and 6, respectively. [The UV-vis absorption spectra of 

armchair, zigzag, and hybrid GQD suspensions in ethanol are 

shown in Figure S13. Additional PL spectra are shown in Figure 

S12 with the luminescence pictures of GQD suspensions taken 

under 365 nm UV light.] In general shapes, the PL spectra of 

the hybrid (or amphoteric) GQDs seem to be the combination 

of the spectra of armchair (or nonpolar) and zigzag (or polar) 

hexagonal GQDs. A similar behavior is also observed in the PLE 

spectra. In the hybrid GQDs, the carbyne and carbene edges 

are not contacted directly except at four corners. It is known 

that the zigzag and armchair edges of graphene show different 

electronic and optical properties.
42,43

 Therefore, one could 

assume that the carbyne and carbene edges of the hybrid 

GQDs do not affect strongly each other. If this assumption is 

true, the frequency of the peaks of hybrid GQDs should be 

matched to either that of zigzag or armchair GQDs and the 

intensity may simply correspond to the intensity sum of 
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armchair and zigzag GQDs. However, the relative intensity of 

some PL and PLE peaks of hybrid GQDs is significantly different 

from that of zigzag or armchair GQDs. For example, the PL 

spectrum measured by excitation with 318 or 325 nm is very 

strong for zigzag GQDs but medium for hybrid GQDs. For the 

PL spectrum measured by excitation with 403 nm light is very 

strong for armchair GQDs, while weak for hybrid GQDs. For the 

PLE spectrum measured by monitoring at 378 nm is very 

strong for zigzag GQDs, while medium for hybrid GQDs. In the 

PLE spectrum measured by monitoring at 460 nm, the peaks at 

403 and 425 nm are strong for armchair GQDs, while those are 

weak for hybrid GQDs.  

The frequency of the PL peaks of hybrid GQDs is well 

matched to either that of zigzag or armchair GQDs. The peak 

near 410 nm, whose λmax is slightly different in each spectrum, 

of hybrid GQDs could be due to two close peaks at 412 nm for 

zigzag GQDs and at 408 nm for armchair GQDs. For the PLE 

spectra, several discrepancies in frequency are clearly 

observed. For example, for the PLE spectra measured by 

monitoring at 327 nm (3.79 eV), the strongest peak is at 291 

nm (4.26 eV) for zigzag GQDs, while at 285 nm (4.35 eV) for 

hybrid GQDs. The λmax is blue shifted from 291 to 285 nm. A 

similar shift, from 296 nm (4.19 eV) to 291 nm (4.26 eV), is 

observed in the PLE spectra measured by monitoring at 342 

nm (3.64 eV). The strong PLE peaks near 372 nm (3.33 eV) of 

hybrid GQDs are not matched to any peak of armchair or 

zigzag GQDs. The λmax is slightly shifted when the monitoring 

wavelength is changed. These peaks could be due to two peaks 

of armchair GQDs at 363 nm (3.42 eV) and 381 nm (3.25 eV). 

The former is weak, while the latter is relatively strong. The 

wavelength of 372 nm (3.33 eV) is corresponding to the middle 

of these two peaks in energy. Therefore, the peaks near 372 

nm could be due to the two peaks at 363 and 381 nm, whose 

intensities were very similar to each other. The slightly 

different wavelength may be due to the factor that the λmax is 

shifted toward the stronger peak when the relative intensity of 

the two peaks is not equal.  

From our observations, it is concluded that the relative 

intensity of some PL and PLE peaks of hybrid GQDs is 

significantly different from that of armchair or zigzag GQDs. 

However, the frequency of the PL peaks is well matched to 

that of zigzag or armchair GQDs. For some PLE peaks, the 

frequency corresponding to roughly the vibrational energy of 

the excited state is shifted. By the theoretical calculation, 

there are seven energy levels for both carbyne and carbene, 

and the HOMO level is singlet for carbyne, while triplet for 

carbene.
39

 The peak intensity is determined by the vibrational 

overlap integral.
44,45

 By the Frank-Condon principle, the 

vibrational overlap integral could be changed when the upper 

or ground potential curve is displaced. When the potential 

curve is displaced, the absorption frequency is also changed in 

a vertical transition. Since no significant discrepancy in the PL 

frequency is observed, it is concluded that the electronic 

structure of armchair edges of hybrid GQDs is very similar to 

that of armchair GQDs and that of zigzag edges to that of 

zigzag GQDs. To show some significant discrepancy in relative 

intensity, the potential curves of hybrid GQDs should be 

slightly displaced from those of armchair or zigzag GQDs. 

Hybrid GQDs have both carbyne and carbene edges in each 

dot. Two unshared valence electrons exist at each carbon 

atom of zigzag edges, while carbon triple bonds exist at 

armchair edges. The former could act like electron donors and 

the latter as electron acceptors. Therefore, they could affect 

each other even though they are not contacted directly except 

four corners. This should be studied in detail.  

The absolute quantum yields of armchair, zigzag and hybrid 

GQDs are summarized in Table 1. The quantum yield of hybrid 

GQDs is relatively very high as 25.3%. That of zigzag GQDs is 

10.8%, which is the lowest. The PL intensity of zigzag GQDs is 

the highest when they are excited by a light of 300 nm (see 

Figure 5a). Due to limited light sources, the quantum yield of 

zigzag GQDs was measured by excitation with a 360 nm light. 

However, we could roughly figure out the actual quantum 

yield of zigzag GQDs. In the PL spectra of hybrid GQDs (see 

Figure 5c), the intensity is slightly higher at high energy region 

than low energy region. The high energy region is mainly 

contributed by carbene edges. This may mean that the 

quantum yield of zigzag GQDs having carbene edges is slightly 

higher than that of armchair GQDs having carbyne edges. 

Therefore, the actual quantum yield of zigzag GQDs might be 

higher than 17.4% of armchair GQDs. It is known that the 

quantum yield of GQDs decreases with increasing average size, 

while the PL and PLE spectra not change.
40

  

 

 

For a 2.5 L/min injection rate of ethylene gas, the production 

rate of carbon soot is 40 g/h.
40

 GQDs are about 10% of the 

carbon soot produced, and the production rate of GQDs is 

about 4 g/hour.
40

 We estimated the relative abundance of 

three kinds of GQDs by comparing their relative PL intensities. 

For measuring the PL spectra, the extracted solution of 

armchair GQDs was diluted 5 times, while the extracted 

solution of zigzag and hybrid GQDs was concentrated 4 times. 

To simplify, the quantum yield of three kinds GQDs was 

assumed to be equal. The relative abundance of armchair, 

zigzag and hybrid GQDs was calculated as 96.9, 2.7, and 0.4%, 

respectively. 

Hybrid (or amphoteric rectangular) GQDs have carbyne and 

carbene edges in each dot. The shape of our hybrid GQDs is 

very uniform as squares (see Figure 4). Since it is known that 

the PL of GQDs is determined by the edge structures,
1,39

 the PL 

and PLE spectra of hybrid GQDs will respond to the 

Types of 

Graphene 

Quantum Dots 

λex 

(nm) 

Absorbance of 

the GQD solution 

Quantum 

Yield (Q.Y) 

Armchair GQDs 

370 0.05 15.6% 

400 0.05 17.4% 

Zigzag GQDs 

360 0.05 10.8% 

370 0.05 8.6% 

Hybrid GQDs 

360 0.05 23.7% 

370 0.045 25.3% 

9,10-

diphenylantracene 

(blue dye) 

370 0.05 91.3% 
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combination of the spectra of zigzag and armchair GQDs. This 

is well agreed with our observations (see Figures 5 and 6). By 

model GQDs shown in Figure 1, an armchair GQD has only 

carbyne edges, while a zigzag GQD only carbene edges. The 

shape of armchair and zigzag GQDs is not uniform (see Figures 

4 and S4). If carbene edges are partially formed in armchair 

GQDs or carbyne edges in zigzag GQDs, the peaks 

corresponding to minority should be observed. Nevertheless, 

they are not found in the PL and PLE spectra of armchair and 

zigzag GQDs (see Figures 5 and 6). This may mean that even 

though their shapes are not perfectly hexagonal, zigzag GQDs 

have only carbene edges and armchair GQDs have only 

carbyne edges. This could be possible only when the 

characteristics of edges do not change during growth of GQDs. 

Therefore, it is concluded that the seeds having both carbene 

and carbyne edges grow as hybrid GQDs, while the seeds 

having only carbene or carbyne edges  grow as zigzag or 

armchair GQDs, respectively. Under our experimental 

conditions, it is very hard to collect the seeds of GQDs, 

because they could flow out of the chamber with Ar gas, which 

is the plasma gas, during fabrication. The growth mechanism 

of seeds should be studied in detail.  

Our GQDs are made by a gas phase collision reaction. Therefore, 

our method can be categorized as a bottom-up method. Our 

method is a relatively low-cost process. Our thermal plasma system 

including a dc power supply is relatively inexpensive setup, and all 

chemicals are cheap. Also, the total electrical consumption is not 

substantial. The production rate of GQDs is about 4 g/hour. For a 

mass production of GQDs one could operate many plasma systems 

simultaneously. No oxygen is contained in our fabrication. Our 

GQDs have a relatively high quantum yields and can be dissolved in 

common solvents such as water, ethanol and cyclohexane. Also, the 

size of GQDs could be controlled by varying the length of carbon 

tube attached to anode. Therefore, they could be used in diverse 

fields such as nanoscale optical, bioimaging, and electronic devices. 

Conclusions 

We have fabricated three kinds of GQDs by a gas phase 

collision reaction of carbon atoms using a thermal plasma jet. 

They were extracted, using liquid-liquid extraction method, 

from carbon soot produced. Their shapes, dissolving properties 

in polar and nonpolar solvents, and PL data are well agreed 

with the three model GQDs, which are made when a graphene 

sheet is tailored along the zigzag or armchair lines. Armchair 

(or nonpolar hexagonal) GQDs, having carbyne edges, are well 

dispersed in nonpolar solvents like cyclohexane and have 

basically hexagonal shapes. Zigzag (or polar hexagonal) GQDs, 

having carbene edges, are well dispersed in polar solvents like 

water and have basically hexagonal shapes. Hybrid (or 

amphoteric GQDs are well dispersed in both polar and 

nonpolar solvents and have rectangular shapes. They have 

both carbyne and carbene edges in each dot. The PL and PLE 

spectra of hybrid GQDs contained almost all peaks of the 

armchair and zigzag GQDs. The absolute quantum yields of 

three kinds of GQDs are relatively very high. Hybrid GQDs 

show the highest yield of 25.3%. For a 2.5 L/min injection rate 

of ethylene gas, the production rate of GQDs is about 4 

g/hour. The relative abundance of armchair, zigzag and hybrid 

GQDs is 96.9, 2.7, and 0.4%, respectively.  
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Model structures of three kinds of graphene quantum dots; 

armchair (red), zigzag (blue), and hybrid (yellow) GQDs.  
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