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A rationally designed strategy has been developed for 

spontaneous reduction and assembly of graphene quantum 

dots rich with carbonyl and carboxylic groups (ox-GQDs) 

onto sulfur doped graphitic carbon nitride (s-g-C3N4) 

nanosheets to form unique s-g-C3N4@GQDs nanohybrids by 10 

a one-step hydrothermal treatment. The fabricated 

architectures exhibit remarkably enhanced catalytic activity 

in oxygen reduction reaction far better than the original s-g-

C3N4 and GQDs, which is even comparable to those well-

developed graphene and GQDs-based catalysts, 15 

demonstrating the potential towards energy conversion 

applications. 

Introduction 

The oxygen reduction reaction (ORR) is an important process for 
the electrochemical energy conversion devices that directly 20 

convert chemical energy to electric power. Noble metal catalyst, 
such as platinum, is the most efficient ORR catalysts used in fuel 
cell cathodes.1,2 However, it suffers from its high price and weak 
durability.3,4 The development of high-performance and low-cost 
catalytic materials for the ORR has been a major challenge for 25 

the large-scale application of fuel cells.5–7 Although Pt alloys or 
other non-noble metals based materials have been developed as 
substitute catalysts for the ORR,8–11 they still suffer from multiple 
disadvantages, such as vulnerability to fuel crossover, and 
harmfulness to the environment.9 Thus, the continuous search for 30 

non-metal catalysts with high activity for the ORR has attracted 
much attention. 

Graphitic carbon nitride (g-C3N4) with a prototypical two-
dimensional (2D) graphitic structure, has received increasing 
attention among the carbon nitride family due to its interesting 35 

electronic properties, promising catalytic activities, high in-plane 
nitrogen content and environmental friendly feature, which has 
been explored in the field of photocatalysis, bioimaging, CO2 
reduction and other energy conversion process.12–17 Recently, g-
C3N4 doped with heteroatom (such as sulfur, boron, iodine etc.) 40 

has been demonstrated to be effective to narrow down band gap 
and enhance its catalytic activities.18–21 In spite of this, g-C3N4 
and its derivatives are still restricted in the electrochemical-
related applications due to the inherent low electronic 

conductivity and low surface area.  45 

Graphene quantum dots (GQDs), single or few-layer 
graphenes with a tiny size of only several nanometers, stand for a 
new type of quantum dots (QDs) and have received extensive 
interest in materials science and engineering.22–25 Due to the 
remarkable quantum-confinement, high exposed surface and edge 50 

effects, GQDs possess good electrical conductivity, tunable band 
gaps and extraordinary optoelectronic properties,22–27 thus leading 
to multifunctional applications in photovoltaic devices,23 
pollutant detection,28 fuel cells24 and others energy related 
fields.29 It was found that functionalized GQDs or GQDs based 55 

hybrid composites can present the collective properties of the 
individual GQDs which have been particularly used as catalysts 
or supports toward ORR.24, 30–32 For example, N-doped GQDs or 
its well-organized architectures displayed excellent performance 
toward ORR in alkaline solutions.24,30 Besides, GQDs were also 60 

served as the supporting substrates of Pt nanoparticles, showing 
the enhanced catalytic activity in ORR.31, 32 However, to the best 
of our knowledge, the combination of the sulfur doped g-C3N4 
and GQDs has never been achieved for efficient catalytic 
performance in ORR. 65 

Herein, we have developed the rationally assembly of zero 
dimensional (0D) GQDs in-situ decorated onto the 2D sulfur 
doped graphitic carbon nitride (s-g-C3N4) nanosheets to form 
unique s-g-C3N4@GQDs nanohybrids by a simple one-step 
hydrothermal method. Such unique 2D architecture for s-g-70 

C3N4@GQDs can be used as a new class of metal-free 
electrocatalysts for the ORR and shows remarkably enhanced 
catalytic activity far better than that of original s-g-C3N4 and 
GQDs, even comparable to those well-developed graphene and 
GQDs-based catalysts. The s-g-C3N4@GQDs demonstrated in 75 

this study opens the way for constructing the new type of g-C3N4 
based nanostructured materials, showing the great potential for 
energy conversion applications. 

Experimental 

Synthesis of the s-g-C3N4  80 

The s-g-C3N4 samples were prepared as follows: Firstly, 10 g 
melamine powder (Fine Chemical Research Institute, Tianjin, 
China) was heated at 550 oC for 4 h. The yellow bulk g-C3N4 was 
obtained after cooling to room temperature. Then, the obtained g-
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C3N4 (0.5 g) and sulfur powder (1.5 g, Sinopharm Chemical 
Reagent Co., Ltd) were mixed together and placed into a stainless 
steel capsule containing stainless steel balls of 6 mm in diameter. 
The container was fixed in the planetary ball-mill machine and 
agitated with 25 Hz for 48 h. Finally, the s-g-C3N4 nanosheets 5 

were obtained by washing residue with CCl3, ethanol and 
deionized water in turn and followed by heating at 300 oC for 1h 
to remove the excess sulfur. 

Synthesis of ox-GQDs 

The ox-GQDs was prepared by oxidation of the natural graphite 10 

powder (Aladdin) using a modified chemical oxide method as 
reported in our previous paper.31 In a typical experiment, 
Graphite (1.0 g) was added to 100 ml concentrated sulfuric acid 
(H2SO4, Beijing Chemical Works) under stirring at room 
temperature, followed by adding 43.0 g sodium nitrate (NaNO3, 15 

Beijing Chemical Works) and then the mixture was cooled to 0 
oC. Under vigorous stirring, 3.0 g potassium permanganate 
(KMnO4, Beijing Chemical Works) was added slowly with the 
reaction temperature maintaining below 20 oC. After that, the 
mixture was then transferred to a 120 oC oil bath and stirred for 20 

12 h. After cooling to room temperature, the obtained mixture 
was diluted with 500 ml deionized water. Then the sodium 
carbonate (Na2CO3, Beijing Chemical Works) was added in the 
mixture solution until pH=3. Finally, the ox-GQDs were obtained 
by dialyze the diluted solution for 3 days. 25 

Synthesis of the s-g-C3N4@GQDs nanohybrids 

For preparation of the s-g-C3N4@GQDs nanohybrids, 3 ml 
homogeneous ox-GQDs (0.26 mg/ml) and 50 mg s-g-C3N4 were 
sealed in a 10 ml Teflon-lined autoclave and maintained at 230 oC 
for 3 h. After the autoclave was naturally cooled down to room 30 

temperature, the s-g-C3N4@GQDs was freeze-dried. In order to 
enhance the conductivity and connection between s-g-C3N4 and 
GQDs, the samples were then heated at 400 oC for 1 h with a 
heating speed of 5 oC/min under Ar atmosphere. 

Electrochemical measurements 35 

The 2 mg s-g-C3N4@GQDs was first ultrasonically dispersed in 
0.5 ml ethanol with 50 µl of Nafion solution (5 %). For 
electrochemical measurement: 6µl of the ink was dipped on a 
glass carbon electrode (GC, ca. 0.196 cm2) and dried in air. The 
mass loading is 0.12 mg/cm2. 0.1 M PBS solution containing 0.1 40 

M KCl solution was used as electrolyte. The potential range for 
cyclic voltammograms (CV) test was -0.1–0.5V. The scan rate is 
10mV/s.  
For ORR measurement: the mixed suspensions (~2.5 µl) were 
dipped onto GC electrode (ca. 0.25 cm2) as working electrode 45 

with the mass loading of 0.04 mg/cm2. Measurements on a 
rotating disk electrode (RDE) and/or rotating ring-disk electrode 
(RRDE) were carried out on a MSRX electrode rotator (Pine 
Instrument) and the CHI 760D potentiostat equipped with MSRX 
electrode rotator (Pine Instrument). 0.1 M KOH was used as the 50 

electrolyte. A Pt wire and Ag/AgCl were used as counter and 
reference electrodes, respectively. The CV curves were recorded 
by applying a linear potential scan between -0.8 V and 0.2 V at a 
scan rate of 10 mV/s. RDE measurements were conducted at 
different rotating speeds from 0 to 2000 rpm. The commercial 55 

Pt/C catalyst (20 wt% platinum on carbon black) with the similar 

amount (~10 µg) was also studied for comparison. N2 or O2 was 
used to give the O2-free or O2-saturated electrolyte solution. 

The transferred electron number (n) per O2 molecule was 
calculated from Koutecky-Levich (K-L) equation.33a The current 60 

density j is related to the rotation rate ω of the electrode 
according to   
                           1/j = 1/jk+1/Bω0.5                               (1) 
where jk is the kinetic current and B is Levich slope which is 
given by               65 

                         B = 0.2nF(DO2)
2/3v-1/6CO2                     (2)  

Here n is the number of electrons transferred in the reduction of 
one O2 molecule, F is the Faraday constant (F = 96485 C mol-1), 
DO2 is the diffusion coefficient of O2 in 0.1M KOH (DO2 =1.9 
×10-5 cm2 s-1), ν is the kinematics viscosity (v = 0.01 cm2 s-1) and 70 

CO2 is concentration of O2 in the solution (DO2 = 1.2 × 10-6 mol 
cm-3).24, 33b, c The constant 0.2 is adopted when the rotation speed 
is expressed in rpm.  
The n was also determined from the RRDE measurement. 
                          n = 4Id /( Id + Ir/N)                                (3) 75 

The peroxide percentage (% HO2¯) was calculated based on the 
equation: 
                      %HO2¯=200×Ir/N/(Id +Ir/N)                     (4) 
 
Here Id and Ir is the disk current and ring current, respectively, 80 

and N is the current collection efficiency of Pt ring and 
determined to be 0.37.24 

Characterization 

The morphology was investigated by scanning (SEM, JSM-
7500F) and transmission (TEM, 7650B, Hitachi) electron 85 

microscopy and the elemental mappings were performed on a 
scanning transmission electron microscope (STEM) unit with 
high-angle annular dark-field (HAADF) detector (HITACHI S-
5500) operating at 30kV. X-ray diffraction (XRD) patterns were 
carried out using a Netherlands 1710 diffractometer with a Cu Kα 90 

irradiation source (λ = 1.54 Å), and a self-calibration process was 
performed with a SiO2 internal standard sample prior to target 
measurement. Raman spectra were recorded using a RM 2000 
Microscopic Confocal Raman Spectrometer (Renishaw PLC, 
England) with a 514.5 nm laser. X-ray photoelectron 95 

spectroscopy (XPS) data were obtained with an ESCALab220i-
XL electron spectrometer from VG Scientific using 300W AlKα 
radiation. 

Results and discussion 

The GQDs rich with carbonyl and carboxylic groups on the 100 

surfaces named as ox-GQDs were produced by chemical 
oxidation method (Fig. 1a and b). The as-prepared ox-GQDs 
solution was found to exhibit a homogeneous phase without any 
noticeable precipitation at room temperature. Under irradiation by 
a 365 nm lamp, the ox-GQDs emitted intense yellow-brown 105 

luminescence due to existence of the carbonyl and carboxylic 
groups (Figure 1a right). Fig. 1b shows the TEM image of the ox-
GQDs which are monodisperse with a fairly uniform diameter of 
ca. 2–7 nm. For the preparation of the s-g-C3N4 nanosheets, the g-
C3N4 nanosheets were ball-milled with sulfur powder for 48h. 110 

The s-g-C3N4 nanosheets were obtained after repeated washing 
and treated at 300 oC for 1h. As demonstrated in Fig. 1c, the as-
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prepared s-g-C3N4 shows a uniform small sheets which is also 
further confirmed by the corresponding TEM image (Fig. 1d). 
 

 
Fig. 1 (a) The photos of ox-GQDs (left) and under the irradiation 5 

(right) by a 365 nm lamp (16 W). (b) The TEM image of ox-
GQDs. (c, d) The SEM and TEM images of s-g-C3N4, 
respectively. Scale bars: b) 20 nm, c) 1 µm, d) 200 nm. 

 

Fig. 2 (a) The fabrication process of s-g-C3N4@GQDs. (b, c) The 10 

SEM images of s-g-C3N4@GQDs. (d) The TEM image of as-
prepared s-g-C3N4@GQDs, and (e) the corresponding high 
resolution TEM image of (d). Scale bars: b) 1 µm, c) 100 nm, d) 
200 nm, e) 10 nm. 

The process for the fabrication of s-g-C3N4@GQDs 15 

nanohybrids is illustrated in Fig. 2a. To achieve the s-g-
C3N4@GQDs, the mixture of the s-g-C3N4 nanosheets and ox-
GQDs were treated by hydrothermal treatment at 230 oC for 3 h. 
In order to enhance the conductivity and connection between s-g-
C3N4 and GQDs, the samples were then heated at 400 oC for 1 h 20 

under Ar atmosphere. Due to the π-π interaction, either the 
separate ox-GQDs or s-g-C3N4 nanosheets, exhibits serious 
aggregated nanospheres or large stacking sheets after 
hydrothermal treatment (Fig. S1). After combination of ox-GQDs 
and s-g-C3N4, as shown in Fig. 2b and c, the s-g-C3N4@GQDs 25 

shows a nanojunction structure with nanosheets cross-linking 
together which is further confirmed by TEM image (Fig. 2d). The 
TEM image of s-g-C3N4@GQDs also reveals the arisen nanopore 
structure formed by cross-linked sheets (decorated with arrows in 
Fig. 2d), which would enhance the catalytic activity in the 30 

electrochemical behaviors. Although most of the intrinsic lattice 
structures for both ox-GQDs and s-g-C3N4 can’t be observed in 
the prepared s-g-C3N4@GQDs, small scattered lattice structures 
belonging to s-g-C3N4 are still recognized in Fig. 2e. 

 35 

Fig. 3 (a) STEM image of the s-g-C3N4@GQDs. (b) The 
corresponding C-, N- and S- elemental mappings. (c, d) Raman 
spectra and XRD patterns of s-g-C3N4, GQDs and s-g-
C3N4@GQDs, respectively. 

The typical STEM images of s-g-C3N4@GQDs are 40 

demonstrated in Fig. 3 a and b. In Fig. 3b, the C, N, and S 
elements are uniform distributed all over the as-prepared s-g-
C3N4@GQDs basal plane, consistent with the energy-dispersive 
spectrometry (EDS) (Fig. S2).  

As shown in Fig. 3c, Raman spectra of the original s-g-C3N4 45 

exhibits two representative bands indexed at ~1350 (D band) and 
~1580 cm-1 (G band) which can be attributed to disordered sp2 
caused by the linking with N atoms and graphite-like sp2 
microdomains, respectively.34 While the GQDs obtained by the 
hydrothermal treatment shows two typical bands centered at 50 

around ~1350 and ~1580 cm-1 belonging to the well-documented 
D and G bands of carbon materials.23,24 Interestingly, all of the 
Raman spectra of s-g-C3N4@GQDs show two characteristic D 
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and G bands without any other substances signal indicating an 
efficient and mild combination of s-g-C3N4 and GQDs. It was 
observed that the ID/IG ratio (0.96) for s-g-C3N4@GQDs was 
similar with that of GQDs (0.93) and much lower than the 
original s-g-C3N4 (1.07), showing that the appearance of s-g-C3N4 5 

did not cause an obvious effect on the crystalline structure of s-g-
C3N4@GQDs.  

The XRD patterns of s-g-C3N4@GQDs in comparison with 
s-g-C3N4 and GQDs samples are shown in Fig. 3d. The s-g-C3N4 

represents the diffraction peak at 27.3o corresponding to the (002) 10 

peak of s-g-C3N4 attributed to inter-planar stacking peak of 
conjugated aromatic systems. A weak broad peak at around 13o 
belongs to the (001) peak of s-g-C3N4 which is consistent with an 
in-plane structural motif between nitride pores.35,36 Unlike the 
original s-g-C3N4, the GQDs obtained by the hydrothermal 15 

treatment exhibits a broad reflection peak at ca. 23.6o, similar 
with that of the graphene film (ca. 23.5o).24 After combination of 
s-g-C3N4 and GQDs, the characteristic peaks for s-g-C3N4 were 
almost overlapped by GQDs, leading to a much broader peak for 
the prepared s-g-C3N4@GQDs, indicating that the GQDs are 20 

successfully drafted on the surface of s-g-C3N4 nanosheets. 

 

Fig. 4 (a) XPS spectra of s-g-C3N4@GQDs and the 
corresponding high-resolution C 1s (b), S 2p (c) and N 1s (d) 
peaks, respectively. 25 

The XPS measurement demonstrated in Fig. 4 was also 
performed to investigate the chemical composition of C, N and S 
in s-g-C3N4@GQDs. As shown in Fig. 4a, the survey spectrum of 
XPS shows the pronounced peaks for N 1s and S 2p 
corresponding to an N and S content of 15.02 at% and 2.6 at%, 30 

respectively, apart from C and O elements. The high-resolution C 
1s spectrum is shown in Fig. 4b. The peak at 284.8 eV belongs to 
C-C coordination, the peak centered at 288.3 eV corresponds to 
C-N coordination of s-g-C3N4 and the C-S-C peak appears at 
around 284.0 eV. Fig. 4c shows the high-resolution S 2p 35 

spectrum with two peaks at 163.8 and 165.0 eV belonging to the 
C-S-C structure. The peaks at 169 and 170 eV belong to SO3H¯ 

and SO4H¯, indicating that the S elements are partially doped into 
the g-C3N4 sheets.37 The high-resolution N 1s spectrum (Fig. 4d) 
reveals the typical nitrogen peaks, including pyridine-like (398.8 40 

eV), pyrrolic (400.5 eV), and graphitic (401.1 eV) N species, 
which are also confirmed by C-N-C peak in the C 1s spectrum of 

s-g-C3N4@GQDs hybrids (Fig. 4d). 
The electrochemical behavior of s-g-C3N4@GQDs was 

investigated in comparison with common GQDs and the original 45 

s-g-C3N4 in a bio-compatible system of 0.1 M PBS containing 0.1 
M KCl (Fig. S3).38 The CV curve for s-g-C3N4@GQDs exhibits a 
typical capacitive behavior with an overall larger response current 
than that of GQDs and the original s-g-C3N4, indicating the more 
active sites and efficient charge separation and transfer channel 50 

within s-g-C3N4@GQDs.38 
 

 

Fig. 5 (a) CV curves of s-g-C3N4@GQDs in an O2- or N2-
saturated 0.1M KOH solution at a scan rate of 10 mV/s. (b) The 55 

linear sweep voltammogram (LSV) curves of the s-g-
C3N4@GQDs in O2-saturated 0.1 M KOH solution at different 
rotating speeds. The scan rate is 10 mV/s. (c) LSV of various 
electrodes on a RDE (1600 rpm) in O2-saturated 0.1 M KOH 
solution at a scan rate of 10 mV/s.(d) K-L plots derived from 60 

LSV curves at different potentials from -0.4 V to -0.8 V. (e) 
RRDE curves of the s-g-C3N4@GQDs at 1600 rpm. (f) The n 
derived from the K-L equation (Eq. 1 and 2) and RRDE curves 
(Eq. 3 and 4) with the potential of -0.4 to -0.8 V. 

The ORR electrochemical activity for s-g-C3N4@GQDs was 65 

investigated in an O2-saturated 0.1M KOH solution with s-g-
C3N4 and GQDs as compared catalysts. The CV curves of s-g-
C3N4@GQDs shown in Fig. 5a exhibit an excellent O2 reduction 
peak at ca. -0.27 V which is more positive than s-g-C3N4 and 
GQDs (Fig. S4) and compared to those heteroatom doped 70 

graphene and GQDs-based materials.24,30,39 The LSV measured 
on RDE for s-g-C3N4@GQDs at different electrode rotation rates 
were demonstrated in Fig. 5b. The diffusion current densities of 
the s-g-C3N4@GQDs catalyst increased with increasing rotation 
speed which is larger than that of compared catalysts (Fig. S5). 75 

LSV curves in Fig. 5c for various catalysts including s-g-C3N4, 
GQDs, commercial Pt/C and s-g-C3N4@GQDs revealed that the 
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s-g-C3N4@GQDs has an onset potential of ca. -0.07 V closer to 
the commercial Pt/C at ca. -0.01V and more positive than that of 
s-g-C3N4 (ca. -0.23 V) and GQDs (ca. -0.20 V) catalysts, 
indicating a facile ORR process for s-g-C3N4@GQDs. Besides, 
the ORR diffusion current density of the s-g-C3N4@GQDs is 5 

significant higher than those of other catalysts, and even reach to 
that of the Pt/C electrode at a potential at -0.8 V, indicating the 
high electrochemical activity. 40 

The K-L plots for s-g-C3N4@GQDs electrode obtained from 
the LSV curves with the potential of -0.4 to -0.8 V shows a good 10 

linear relationship (Fig. 5 b and d). After calculating from the 
slope of the K-L plots, the n is determined to be approximately 
3.5 based on the K-L equation (Eq. 1 and 2) indicating a nearly 
four electron pathway for the ORR process which is also 
confirmed by the RRDE measurements (Fig. 5e). As shown in 15 

Fig. 5 e and f, the n obtained from the RRDE curves (Eq. 3 and 4) 
is similar to that calculated from the RDE curves (Eq. 1 and 2). 

 

Fig. 6 (a) HO2¯ yield on the s-g-C3N4@GQDs electrode. (b) 
Crossover toleration test of the s-g-C3N4@GQDs and Pt/C at -20 

0.30 V in an O2-saturated 0.1 M KOH solution. The arrow shows 
the addition of 10 vol% methanol into the O2-saturated 
electrochemical cell. (c) Electrochemical durability test of s-g-
C3N4@GQDs and Pt/C at -0.3 V (1600 rpm) in an O2-saturated 
0.1 M KOH solution.  25 

The corresponding HO2¯ yield on the s-g-C3N4@GQDs 
electrode during the ORR process was also investigated in Fig. 6a, 
which was below 30 % over the entire potential range from -0.4 
to -0.8 V, indicating the efficient reduction of O2 to OH¯ for s-g-
C3N4@GQDs. Fig. 6b demonstrated the methanol crossover 30 

effect for s-g-C3N4@GQDs and commercial Pt/C catalysts. The 
prepared s-g-C3N4@GQDs exhibit no obvious change of current 
density after adding methanol (10 vol%) into the electrolyte, 
whereas a sharp anodic current owing to the methanol oxidation 
reaction was observed for the commercial Pt/C catalyst, 35 

indicating a remarkable crossover tolerance for s-g-C3N4@GQDs 
to the fuel molecule methanol. Furthermore, the durability of s-g- 
C3N4@GQDs in comparison with Pt/C catalyst was also 
investigated by chronoamperometric measurements at -0.3 V in 
O2-saturated 0.1 M KOH solution (Fig. 6c). Although the s-g-40 

C3N4@GQDs shows a much large decrease in its activity during 

8000 s testing period, it is still superior to that of Pt/C, suggesting 
a good stability of s-g-C3N4@GQDs in alkaline media. 

Conclusions 

In this work, we have developed a rationally designed strategy for 45 

spontaneous reduction and assembly of ox-GQDs onto s-g-C3N4 
nanosheets to form unique s-g-C3N4@GQDs nanohybrids by a 
one-step hydrothermal treatment. As a new metal-free catalyst, 
the prepared s-g-C3N4@GQDs nanohybrids exhibit remarkably 
enhanced catalytic activity in ORR far better than the original s-50 

g-C3N4 and GQDs, which is even comparable to those well-
developed graphene-based materials. The s-g-C3N4@GQDs 
nanohybrids demonstrated in this study opens the way for 
constructing the new type of g-C3N4 based nanostructured 
materials not only for efficient catalytic in ORR process, but also 55 

for a large variety of electronic and photoelectronic device 
applications. 
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A rationally assembly of graphene quantum dots in-situ decorated onto the sulfur 

doped graphitic carbon nitride nanosheets for efficient electrocatalyst. 
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