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We demonstrated that graphene oxide (GO) can be oxidated and 

cut into graphene quantum dots (GQDs) by hydroxyl radicals (·OH) 

which is obtained by catalytic decomposition of hydrogen 

peroxide (H2O2) with tungsten oxide nanowires (W18O49) catalyst. 

The clean oxidizing agent (H2O2) and solid catalyst lead to a simple 

GQD preparing method without any by-products. The obtained 

GQD aqueous solution can be directly applied to fluorescent 

imaging in vitro without any further purifications. The effect of 

W18O49 catalyst on the ·OH formation  is discussed, and the size of 

GQDs can be controlled via changing the concentration of 

hydroxyl radicals. 

Graphene quantum dots (GQDs), with quantum confinement and 

edge effects, 
1- 4

 have generated an enormous interests in carbon 

science and technology due to the unique optical properties, 
5-8

 

biological properties, 
5, 9

 catalytic performance, 
10

 semiconducting 

properties, 
11

 and electrical properties. 
12

 Yang et al. demonstrated 

that the chemical structure change of GQDs during modification or 

reduction suppresses non-radiative recombination of localized 

electron-hole pairs and/or enhances the integrity of surface π 

electron network. 
13

 This process results in a change from the green 

luminescence to blue luminescence, and the GQDs are successfully 

applied in near-IR excitation for bioimaging. Hong et al. 

demonstrated that GQDs play an important role in increasing 

optical absorptivity and charge carrier extraction of the bulk 

heterojunction solar cells. 
14

 Moreover, GQDs are also important 

component section of functional composite materials. 
10-12

 

By now, the synthetic approaches towards GQDs fall into two 

broad categories: top-down and bottom-up approaches. 
15

 Top-

down approaches involve the decomposition and exfoliation of 

cheap, readily available bulk sp
2
 carbon materials, most commonly 

graphite, in harsh conditions. 
16, 17

 However, most top-down 

methods (except electrochemical cutting, 
18

 but this method also 

always introduced the electrolyte which is also hard to be removed) 

depend on the powerful oxidants and concentrated acids (such as: 

KClO3, KMnO4, HNO3 and H2SO4). 
19

 These oxidants, acids and 

process are dangerous and pollutional. 
20

 The most importantly, the 

by-products in preparation progress, including high concentration 

inorganic salts and acid residues, result in the fussy and inefficient 

purification progress (typically dialysis or ultrafiltration 

centrifugation). 
21

 This greatly limited the large scale synthesis and 

application of GQDs. On the other hand, bottom-up approach 

involves the synthesis of GQDs from polycyclic aromatic compounds 

or other molecules with aromatic structures. 
15, 22, 23

 Such approach 

allows for excellent control of the properties of the final products, 

however, the complex preparation progress and low yield limited its 

development and actual applications. 
24

 Moreover, recently, there 

are several reports about GQDs bottom-up synthesis using citric 

acid or other nonaromatic molecules, but general hydrothermal 

process is hard to obtain well organized sp
2
 carbon, and also have 

some by-products. 
25

 Thus, it is very significant and important to 

develop mild, clean and high-efficient method for preparation of 

GQDs without by-products. 

 

Figure 1 Digital photos of GO aqueous solution (left) and GQD aqueous 

solution (right). This reaction is catalyzed by W18O49 under 200 °C. 
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Here, we report the hydrothermal treatment for the mixture of 

graphene oxide (GO) and H2O2 with the tungsten oxide nanowires 

(W18O49) catalyst. The hydroxyl radical (·OH) which is produced from 

the catalytic decomposition of H2O2 can oxidize and cut the GO 

effectively. The reaction products are only H2O and GQDs, and the 

solid W18O49 catalyst remains unchanged. Thus, the as-prepared 

solution can be easily purified by centrifugal separation to remove 

the catalyst, and the obtained GQD aqueous solution can be directly 

applied to fluorescent imaging in vitro without any further 

purifications. Moreover, due to the ·OH cutting progress, the size of 

as-prepared GQDs can be easily controlled via changing the 

concentration of oxidizing agent. 

The preparation process is as follows: W18O49 nanowires were 

obtained by modified method described previously (experimental 

details, digital photos and characterization are shown in Supporting 

Information). 
26

 Typically, 5.0 mL, 30 mg mL
-1

 GO aqueous solution 

(Figure 1) was added into 5.0 mL, 2.0 M (6 wt. %) H2O2 aqueous 

solution. Then, 50 mg W18O49 nanowires were added into this 

mixture. The obtained mixture was transferred into a 15 mL 

Teflon®-lined autoclave and heated at 200 °C for 72 h. The pale 

yellow GQD aqueous solution (Figure 1) can be easily obtained after 

simple centrifugal separation (to remove the catalyst). It should be 

emphasized that after hydrothermal treatment the solution is pale 

yellow, not black, which means that the method is very efficient 

and all the large GO nanosheets are cut into much smaller GQDs. 

The concentration of obtained GQD aqueous solution is 5.8 mg mL
-1

 

and the yield is 77.3 % which is higher than most previous reports. 
27-31

 This method is so easy that the reaction liquid can be directly 

employed for further applied research (such as fluorescent imaging 

in vitro) after simple centrifugal separation without further 

purification (Figure S3).
 

 

Figure 2 (a) TEM image of GQDs. (b) High resolution TEM image of a single 

GQD. (c) Corresponding size distribution histogram of GQDs with the black 

Gaussian fitting curve. (d) C 1s XPS spectrum (e) O 1s XPS spectrum of GQDs. 

Transmission electron microscopy (TEM) can provide direct 
product evidence. There were no large GOs for all the samples. 
Figure 2a-c shows the typical TEM images and corresponding size 
distribution of GQDs. Homogeneous dots with a lateral size 
distribution of 1-6 nm and an average diameter of 3.4 nm were 
found. The distinct crystal lattice in Figure 2b indicates the 

crystallinity with the lattice parameter of 0.242 nm, which is the 
(1120) lattice fringe of graphene. 

32
 Raman spectrum was shown in 

Figure S4. The peaks centred at ca. 1368 cm
-1

 and 1384 cm
-1

 are D 
and G band of sp

2
 carbon materials, respectively. The intensity ratio 

ID/IG is 0.61, indicating the good crystalline nature of GQDs.
 6, 7

 

The X-ray photoelectron spectroscopy (XPS) spectrum was 
undertaken to probe surface groups of GQDs (Figure 2d and e). The 
XPS survey spectrum for GQDs shows a C 1s peak at ca. 284.2 eV, 
along with an O 1s peak at ca. 532 eV (Figure S5). The O/C atomic 
ratio is 0.36 (the O/C atomic ratio is usually 0.05-0.4 

33
), the high 

O/C atomic ratio indicates the abundant oxygen-containing function 
groups in GQDs thus obtained. 

34
 Figure 2d shows the well-fitted C 

1s spectrum which can be divided into three different peaks. The 
peak located at 284.98 eV, 287.00 eV and 288.49 eV corresponding 
to the signals of C-C/C=C, C-O and C=O, respectively.

35-40
 The O 1s 

XPS spectrum (Figure 2e) can be divided into two different peaks 
(Figure 2e), which correspond to the signals of C-OH or C-O-C (533.4 
eV) and C=O (532.4 eV). These XPS results indicate that GQDs have 
abundant periphery carboxylic groups. 

41-45
 The XPS results were 

doubly confirmed using Fourier Transform Infrared Spectroscopy 
(Figure S6). The peak located at 3431, 2918, 1646, 1426 and 1058 
cm

-1
 corresponding to the signals of -OH, C=O, C=C, -COO and C-O 

groups of both GO and GQDs. 
46-49

 This indicates the similar oxygen-
containing function groups of GO and GQDs and corresponding to 
the XPS results. CH stretching peak of C(=O)-H is located at 2553 cm

-

1
, the increased intensity of CH stretching peak in GQDs indicating 

the abundant C(=O)-H groups in GQDs. 
47

 Moreover, these results 
suggest the obtained GQDs have much more diversified oxygen-
containing function groups (C=O and C-O groups) than that of 
previous reported GQDs. This indicates the different mechanism in 
our approach. 

49
 These periphery carboxylic groups passivated the 

GQDs, which may result in the high quantum yield (φ) and good 
stability.  

 

Figure 3 (a) UV-vis absorption spectrum of GQD aqueous solution. (b) 

Normalized PL (red curve) and PLE (black curve) of GQD aqueous solution. (c) 

Digital image of GQD aqueous solution (2.0 mg mL-1) under UV-light (centre 

wavelength 365 nm). (d) PL spectra of GQDs recorded for progressively 

longer excitation wavelength of 20 nm increments (285-405 nm). (e) 

Stability of GQDs (0.5 mg mL-1). Red curve: PL intensity change of GQDs 

under different pH. F0 and F are PL intensity of GQDs when pH is 7 and 

corresponding pH, respectively. Black curve: photostability of GQDs under 

Page 3 of 7 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

365 nm UV light (100 W) at room temperature. The F0 and F are PL intensity 

when t=0 and at corresponding times, respectively. 

The optical properties of GQDs were studied by UV-vis 

absorption and PL spectroscopy. The UV-vis absorption spectrum of 

GQDs (Figure 3a) shows a typical π-π
*
 transition absorption peak 

(due to the of aromatic sp
2
 domains) around 250 nm, 

46
 a n-π

*
 

transition absorption peak around 340 nm, 
47

 and a long tail 

extending into the visible range. The strong and sharp PL emission 

peak (λem) at 408 nm can be observed at an excitation wavelength 

(λex) of 345 nm (red curve in Figure 3b). The full-width at half-

maximum (FWHM) of PL peak is 70 nm, which is smaller than 

previous reports (Table S1). The φ is 0.69, which is also higher than 

most previous reports (Table S1). This can be attributed to the 

passivation by periphery carboxylic groups. 
48

 As shown in Figure 3c, 

the GQD aqueous solution gives bright blue-green PL under UV-light 

(centre wavelength of UV-light is 365 nm). The Commission 

International d’Eclairage (Figure S7) chromaticity coordinates for 

GQDs is (0.16, 0.21). Like other reported GQDs, when the excitation 

wavelength changes from 285 to 405 nm, the PL peak 

correspondingly shifts from 365 to 418 nm. This can be due to the 

abundant periphery carboxylic groups, particle sizes , or different 

surface state of GQDs. 
12, 49-51 

 

Figure 4 (a) The difference in PL intensity of GQD aqueous solution between the blank and solutions containing different common positive ions and negative 

ions (F0 and F are PL intensities in the absence and presence of ions, respectively. The concentrations of all ions are all 0.1 M, the concentrations of GQD is 

0.5 mg mL-1). (b) Metabolic activity of HeLa cells treated with different concentrations of GQDs. (c) Confocal fluorescence microphotograph of HeLa cells 

incubated with 100 μg/mL GQDs (λex = 350 nm) 

These GQDs showed excellent photo-stability under very hard 

conditions (Figure 3e). Photostability of GQDs was measured under 

365 nm UV-light (100 W) at room temperature. The PL intensity of 

GQDs shows no change by the UV exposure for 48 h (black curve in 

Figure 3e). These GQDs also show good stability under visible light 

irradiation and different pH. No obvious change of PL intensity was 

observed when the GQD aqueous solution was exposed to visible 

light irradiation for 15 days (Figure S8) or pH=1-14 (red curve in 

Figure 3e). What's more, even refluxed in acid (HCl aqueous 

solution, pH=1) or base (NaOH aqueous solution, pH=13), no 

obvious change of PL intensity can be observed (Figure S9, 10). 

The anti-interference ability is also an important performance of 

GQDs. Figure 4a shows the anti-interference ability of these GQDs, 

the GQDs does not give any observable quenching for many 

common positive ions and negative ions such as: Li
+
, Na

+
, K

+
, Ag

+
, 

Mg
2+

, Ca
2+

, Sr
2+

, Ba
2+

, Zn
2+

, Cd
2+

, Hg
2+

, Cu
2+

, Pb
2+

, Fe
2+

, Fe
3+

, Al
3+

, Sn
4+

, 

F
-
, Cl

-
, Br

-
, I

-
, NO2

-
, NO3

-
, CO3

2-
, SO4

2-
, SO3

2-
, HPO4

2-
 and HS

-
. These 

results indicate that these GQDs may be used in fluorescent imaging. 

All above results indicate the obtained GQDs have good PL 

properties, stability and anti-interference ability. This suggests the 

GQD aqueous solution can be used in fluorescent imaging. Indeed, 

the GQD aqueous solution obtained after simple centrifugal 

separation without further purification can be directly employed for 

fluorescent imaging in vitro since there aren’t any inorganic salt and 

acid residues as by-products. To prove it, we tested the in vitro 

cytotoxicity of GQDs using the HeLa cell line first. The metabolic 

activity of HeLa cells was treated with different concentrations of 

GQDs (Figure 4b). Varied concentrations of GQDs were added to the 

cells cultured in 96 well-plates and incubated for 24 h. Subsequently, 

a standard assay was performed to assess the cell viabilities after 

the GQDs treatments. No significant reduction in cell viability was 

observed for cells treated with GQDs even at high concentrations 
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(up to 500 μg mL
-1

). Finally, HeLa cells were also used to evaluate 

the property of the GQDs to assess the prospects of the GQDs as a 

bio-imaging material. The GQDs were incubated with HeLa cells to 

show their bio-imaging ability recorded by confocal microscopy 

(Figure 4c). Bright green PL is observed inside the cells, which 

means that the GQDs have been internalized by the HeLa cells. 

 

Figure 5 (a) Schematic diagram of oxidize and cut progress. (b) PL spectra of the mixed solution of TA, W18O49 and H2O2 aqueous solution and only TA, and 

H2O2 after 12 h reaction. The inset is the reaction between ·OH and TA. The concentration of TA in all experiments is 50 mM. (c) Change of ·OH's 

concentration and GQD lateral size with different dosages of W18O49 (GO: 15 mg mL-1, H2O2: 1.0 M, TA: 50 mM, volume: 10.0 mL, reaction temperature: 200 
oC, reaction time: 72 h). (d) Lateral size of GQDs which obtained under different concentration of H2O2 (0.5, 0.2, 0.1, 0.03 and 0.01 M). (e) Normalized PL 

spectra of different sized GQDs (4, 6, 9 and 15 nm).  

Finally, we studied the mechanism, especially the catalyst effect. 

The possible mechanism is as follows. The W18O49 nanowires lead to 

catalytic decomposition of H2O2 into ·OH during the hydrothermal 

process. The generated ·OH in the mixture has very high reactivity 

and strong oxidizing property, 
4, 20

 and it can oxidize and cut the GO 

sheets effectively (Figure 5a). In order to validate the importance of 

catalyst, we used only H2O2 and GO for the hydrothermal reaction 

under the same conditions for comparison. Without the catalyst, 

the reaction product is complicated (Figure S11). The black flotage 

is the agglomeration of reduced GO nanosheets. The liquid has a 

shallow colour after filtration to remove the large reduced GO 

sheets, and its PL is very weak with a quantum yield less than 10%, 

which is consistent with Ref. 49. We further designed experiments 

to confirm the actual ·OH concentration in the mixture. The 

terephthalic acid (TA) was used as a fluorescent probe for ·OH 

tracking because it could capture ·OH and generate 2-hydroxy 

terephthalic acid (TAOH), which emits unique fluorescence around 

435 nm. 
7, 52, 53

 The black curve in Figure 5b shows the PL intensity in 

the mixed solution of TA, W18O49 and H2O2 aqueous solution after 

12 h reaction under 200 
o
C. Compared with control experiments (TA 

and H2O2 without W18O49, red curve in Figure 5b), remarkable PL 

enhancement at 435 nm indicated that the presence of catalyst is 

very critical for high concentration ·OH. 
42

  

We further investigated the possible control on the ·OH 

concentration based on the catalytic process. As shown in Figure 5c, 

when the dosage of W18O49 is less than 15 mg (in 10mL reaction 

liquid, mass concentration: 1.5 mg mL
-1

), the concentration of ·OH is 

too low to effectively cut GO sheets, and what we get after 

hydrothermal reaction is reduced GO (RGO) as by-products. When 

the dosage of W18O49 is 15-30 mg (mass concentration: 1.5-3.0 mg 

mL
-1

), the concentration of ·OH quickly spiral upwards, and almost 

all the GO sheets were cut into GQDs without any by-products. 

Finally, when the dosage of W18O49 is 30-50 mg (mass concentration: 

3.0-5.0 mg mL
-1

), both the concentration of ·OH and the lateral size 

of GQDs became stable. This indicates the appropriate dosage of 

W18O49 is 1.5-5.0 mg mL
-1

. Another factor for ·OH generation is the 

H2O2 concentration. As shown in Figure 5d, when the concentration 

of H2O2 is 0.5, 0.2, 0.1, 0.03 and 0.01 M, the average diameter of 

obtained GQDs is 4, 6, 9, 15 and 21 nm, respectively. All these 

homogeneous GQDs show narrow lateral size distribution. 

Moreover, the λex is red shifted with the increasing of the size, 

which indicates this method can also obtain the GQDs with tunable 

λex (Table S1). The λex of these GQDs is 402, 421, 474 and 498 nm, 

respectively, as shown in Figure 5e. Moreover, the φ of these GQDs 

is all higher than 45% (Table S1) which indicates the good PL 

properties of these GQDs. 
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Conclusions 

In summary, we developed a new mild, clean and high-efficient 

method for preparation of GQDs without by-products. The ·OH 

which produced from the catalytic decomposition of H2O2 can 

oxidize and cut all the GO sheets into GQDs. The lateral size of 

GQDs can be easily controlled by changing the dosages of catalyst 

and H2O2. Moreover, the obtained GQDs show high φ and excellent 

photo-stability. This as-prepared GQD aqueous solution can be 

directly applied to fluorescent imaging in vitro. Our approach is 

helpful to develop large scale preparation of GQDs and facilitate 

GQDs’ applications. 
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