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ABSTRACT: Graphene quantum dots (GQDs) represent a new 

class of quantum dots with unique properties. Doping GQDs with 

heteroatoms provides an attractive means to effectively tune their 

intrinsic properties and to exploit new phenomena for advanced 

device applications. Herein, we report a simple electrochemical 

approach to luminescent and electrocatalytically active nitrogen-

doped GQDs (N–GQDs) with oxygen-rich functional groups. 

Unlike their N-free counterparts, the newly-produced N–GQDs 

with a N/C atomic ratio of ca. 4.3%, exhibit blue luminescent 

emissions and possess electrocatalytic activities comparable to 

that of commercially available Pt/C catalyst for oxygen reduction 

reaction (ORR) in an alkaline medium. In addition to their use as 

metal-free ORR catalysts in fuel cells, the superior luminescence 

characteristic of N-GQDs allows them for biomedical imaging 

and other optoelectronic applications. 

The development of new type of quantum dots (QDs) with con-

trollable properties provides opportunities for fabrication and 

design of new devices with extraordinary properties and func-

tions. Recently, significant advancement in both the experimental 

and theoretical fronts has been made in the synthesis of zero-

dimensional (0D) graphene quantum dots (GQDs) of marvelous 

properties associated with the quantum confinement and edge 

effects.1 As a consequence, tremendous attention has been paid to 

the development of various chemical methods, including hydro-

thermal route,1 solution chemistry,1b–1d,2 transforming C60,
1e for 

controllable synthesis of GQDs. In this regard, we have recently 

reported a facile electrochemical approach to large scale prepara-

tion of functional GQDs3 with unexpected green luminescence 

and electron-accepting properties for various potential applica-

tions in optoelectronic devices (e.g., as new electron-acceptors for 

photovoltaics).  

Doping carbon nanomaterials with heteroatoms can effectively 

tune their intrinsic properties, including electronic characteristics, 

surface and local chemical features.4,5 In this context, the nitrogen 

(N) atom, having  a comparable atomic size and five valence elec-

trons for bonding with carbon atoms, has been widely used for 

chemically doping carbon nanomaterials. For instance, N-doped 

carbon nanotubes (N–CNTs) showed highly effective electrocata-

lytic activities for oxygen reduction reaction (ORR)5,6 through the 

electron-transfer from adjacent carbon atoms to N-atoms in the 

conjugated CNT carbon-network. Similarly, doping of graphene 

with substituent N heteroatoms could effectively modulate the 

band gap of graphene to introduce new properties for novel de-

vice applications.4b,7 Along with various methods developed for 

the preparation of N-doped graphene materials, such as electro-

thermal reactions,8 thermal annealing,9 plasma treatment,4a,10 arc 

discharge,11 hydrothermal,12 and solvothermal synthesis,13 we 

have used chemical vapor deposition (CVD) to create N-doped 

few-layered graphene sheets, which showed the superior electro-

catalytic activity similar to that of N–doped CNTs.14   

In view of the remarkable quantum confinement and edge effect 

of 0D GQDs, doping GQDs with chemically-bonded N atoms 

could drastically alter their electronic characteristics and offer 

more active sites, thus producing new phenomena and unexpected 

properties. As we are aware, however, no attempt has been made 

to synthesize the N-doped GQDs (N–GQDs), and hence their 

unique optoelectronic properties are almost completely unknown. 

In line with the intensive research on GQDs and N–doped carbon 

nanomaterials, we, for the first time, report here an electrochemi-

cal approach to the facile preparation of N–GQDs. Unlike its 

green-luminescent N–free counterparts with a similar size (2–5 

nm),3 the as-prepared N–GQDs with a N/C atomic ratio of ca. 4.3 

% exhibited a distinct blue luminescent emission. In addition, the 

N–GQDs, supported by 2D graphene sheets, can be used as a new 

class of metal-free electrocatalysts for ORR with the electrocata-

lytic activities comparable to those of commercial Pt/C electrodes, 

N–doped CNTs, or N-doped graphene sheets.  

To prepare the N–GQDs with a N–enriched circumstance, 

we modified our previously-reported electrochemical approach to 

N–free GQDs3 by using N–containing tetrabutylammonium per-

chlorate (TBAP) in acetontrile as the electrolyte to effectively 

introduce N atoms into the resultant GQDs in-situ during the 

GQD production. Briefly, a graphene film, formed by filtration of 

an aqueous suspension of chemically-reduced graphene oxides, 

was used as the starting material and working electrode.3 Pt wire 

and Ag/AgCl acted as counter and reference electrodes, respec-

tively. The electrolyte was 0.1 M TBAP in acetontrile. The N-

GQDs were continuously produced by cyclic voltammogramic 

(CV) scanning over a potential window of ± 3.0 V at a scan rate 

of 0.5 V/s (Figure S1). The as-produced N-GQDs were dissolved 

in the electrolyte solution with increasing the scan cycles, and the 

solution color changed from colorless to yellow. The water solu-

ble N-GQDs were then collected and dialyzed for several days to 

fully remove the electrolyte. The purified N-GQDs were finally 

obtained by filtering the resulting solution through a 20-nm filter 

membrane (AAO, Whatman), and then re-dispersed in deionized 

water for subsequent characterization (Figure S2). The above 

process could be scaled up by simply using large-area graphene 

films as the working electrode and increasing the CV cycles.  
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The electrochemical process for the formation of N-GQDs is 

shown in Figures S1 and S3. Just like the oxidation of other car-

bon materials by an oxidant (e.g., KMnO4) with a high redox 

potential,15 the applied potential of 3V in current study should be 

high enough to drive the electrolyte ions into the graphene layers 

and oxidize the carbon-carbon bonds of graphene sheets. How-

ever, unlike the oxidation of graphite (a perfect stacking of defect-

free graphene layers), the physical and/or chemical defects along 

the starting filtration-formed graphene film16 provide a myriad of 

active sites for preferential electrochemical oxidation at the defect 

sites17 (Figures S3,d&e), leading to the breakage of the graphene 

film into tiny graphene dots.  

 

 

Figure 1. (a, b) TEM images of the as-prepared N–GQDs under 

different magnifications, (c) AFM image of the N–GQDs on a Si 

substrate, and (d) the height profile along the lines in (c). Insets in 

(b) and (c) show the size and height distribution of N–GQDs. 

The as-prepared N–GQD solution was found to exhibit a 

long-term homogeneous phase without any noticeable precipita-

tion at room temperature (Figure S2). TEM images (Figures 1a&b) 

show fairly uniform N–GQDs with diameters in the range of ca. 

2–5 nm, which are much smaller than those of the N–free coun-

terparts (~10 nm) synthesized hydrothermally1a but well consis-

tent with those of the N-free GQDs prepared electrochemically.3 

The corresponding AFM image (Figures 1c&d) reveal a typical 

topographic height of 1–2.5 nm, suggesting that most of the N–

GQDs consist of ca. 1–5 graphene layers.1a,3 High-resolution 

TEM observation confirms a 0.34-nm interlayer spacing for the 

few-layered N-GQDs (Figure S4).   

XPS measurements were performed to determine the composi-

tion of the as-produced N–GQDs. As can be seen in Figure 2a, the 

XPS survey spectra of both the graphene starting material and the 

resultant N–GQDs show predominant graphitic C 1s peak at ca. 

284 eV and O 1s peak at ca. 532 eV. The O/C atomic ratio for the 

N-GQDs is ca. 27%, similar to that of the N-free GQDs synthe-

sized electrochemically3 and higher than that of the graphene film 

(ca. 15%), indicating the occurrence of oxidation reaction during 

the electrochemical process. A pronounced N 1s peak was ob-

served for the resultant N-GQDs, whereas no N signal was de-

tected on the graphene film (Figure 2a). This confirmed the suc-

cessful incorporation of N atoms into the GQDs by electrochemi-

cal cycling in the N–containing electrolyte. The N/C atomic ratio 

was calculated to be 4.28 %, which is close to that of the N–

doped CNTs5 and graphene14 reported previously. The high reso-

lution N 1s spectrum of the GQDs (Figure 2b) reveals the pres-

ence of both pyridine-like (398.5 eV) and pyrrolic (401 eV) N 

atoms.14 The electrolyte solution contains acetontrile and TBAP. 

The absence of Cl peak associated with TBAP in Figure 2a, to-

gether with the highly volatile nature of acetonitrile, indicates that 

the possible physical adsorption and/or intercalation of N-

containing species is negligibly low. Therefore, the observed N 1s 

peak in Figure 2b is mainly attributed to the electrochemical dop-

ing of GQDs with N. In addition to the C–N bond (285.2eV), the 

high resolution C 1s spectrum of the N-GQDs (Figure 2c) further 

confirmed the presence of O-rich groups, such as C–O (286.6 

eV), C=O (288.3 eV) and O–C=O (289 eV),3,13b,18 which is con-

sistent with the corresponding FT-IR spectra (Figure S5). Con-

trolled experiments (Figure S6) demonstrated that TBAP and/or 

acetonitrile used for the electrochemical synthesis serve as the N 

sources for doping GQDs. A possible structure of O-rich N-GQD 

is shown in Figure 2d on the basis of the analysis above.  

 

Figure 2. XPS spectra of the original graphene film and the as-

produced N–GQDs (a), and high resolution N 1s (b) and C 1s (c) 

peaks of N–GQDs. (d) is the possible structure of O-rich N-GQD 

(not drawn to scale).  

UV–vis absorption spectrum of the resultant N–GQDs shows 

an absorption band at ca. 270 nm (Figure 3a), which is ca. 50 nm 

blue shift with respect to that of the N–free GQDs of a similar 

size.3 Under the irradiation of 365-nm lamp (16W), the N–GQDs 

exhibited an intensive blue luminescent emission (Figure 3a, in-

set), which is different from the green–luminescence of their N–

free counterparts synthesized electrochemically3 but similar to 

that of the hydrothermally–synthesized N–free GQDs with a large 

size of ca. 10 nm.1a It has been reported that isolated sp2 clusters 

of ca. 3 nm within the carbon–oxygen matrix could yield band-

gaps consistent with blue emission due to the localization of elec-

tron-hole pairs,19 which, along with the previous observation of 

blue PL from nanosized graphene oxides,20 suggests an important 

role of the O-rich groups, in addition to the size and surface ef-

fects, to the observed blue-shift in the PL emission from N-GQDs. 

The relatively strong electron affinity of N atoms in the N-GQDs 

could also have contribution to the PL blue-shift. Indeed, previ-

ous experimental observations and quantum mechanics calcula-

tions have proved the strong electron-withdrawing ability of the N 

atoms within the C conjugated plane,5,6b which may restrict the 

electron delocalization and thus induce the spectroscopic blue 

shift of N–GQDs. Like GQDs, N–GQDs show the excitation–

dependent PL emission (Figure 3b). These results indicate that the 

as-prepared N–GQDs possess unique optoelectronic properties 

due to the N-doping-induced modulation of chemical and elec-

tronic characteristics of the GQDs. 

Raman spectra of the original graphene film, the N-free and N–

GQDs are included in Figure 3c for comparison. The peaks cen-

tered at ca. 1365 cm-1 and ca. 1596 cm-1 are attributed to the D 

band and G band of carbon materials. It is observed that both the 

N-GQDs and their N-free counterparts3 have a ID/IG ratio of ca. 

0.7, a value which is much lower than that of the original gra-

phene film (~1.05) (Figure 3c). This indicates that relatively high 

quality GQDs have been produced by the electrochemical meth-

Page 2 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org/action/showImage?doi=10.1021/ja206030c&iName=master.img-000.jpg&w=171&h=152
http://pubs.acs.org/action/showImage?doi=10.1021/ja206030c&iName=master.img-001.jpg&w=201&h=166


 

ods. Comparing with GQDs, however, N-GQDs exhibit a broader 

D band, suggesting that the intercalation of N atoms into the con-

jugated carbon backbone has led to somewhat disordered struc-

tures.  

 

Figure 3. (a and b) UV-vis absorption and photoluminescence 

(PL) spectra of N–GQDs in water, respectively. (c) Raman spectra 

and (d) XRD patterns of the original graphene film, the N-free 

and N–GQDs. Inset in (a) is a photo of the N–GQD solution in 

water under 365nm UV irradiation. 

Figure 3d shows typical XRD profiles for the original graphene 

film and the as-prepared N-free and N–GQDs. Just like their N-

free counterparts,3 the N–GQDs show a broader diffraction peak 

at around 25o, which is substantially higher than that of the gra-

phene film (ca. 23.5o). The more compact interlayer spacing (ca. 

0.34 nm) probed by XRD for N-GQDs than the original graphene 

film (ca. 0.37 nm) is consistent with the TEM observation (Figure 

S4). The reduced interlayer spacing in N-GQDs could be attrib-

uted to the effective π-π stacking of tiny graphenes with few struc-

ture defects (Figure 2d). On the other hand, the possible formation 

of hydrogen bonding between the O-containing functional groups 

surrounding the edges of the graphene layers in N-GQDs (Figures 

2d, S7 and S8) may further facilitate the compact stacking of gra-

phene layers (Figure S4). It is also worth to note that N-GQDs 

thus-prepared do not show any diffractions in the region of ca. 

10o (2θ) characteristic of graphene oxides,21 evidently indicating 

that the N-GQDs are different from graphene oxide, though both 

contain oxygen-enriched functional groups (Figure 2).  

N–doped carbon nanomaterials, such as N–CNTs5 and N-

graphene14 have been demonstrated to hold promise as metal–free 

electrocatalysts in replacing the commercially-available Pt–based 

catalyst for ORR. Apart from their unique luminescent properties, 

N–GQDs are also expected to possess the electrocatalytic activi-

ties for ORR. To avoid any possible effect of the glassy carbon 

(GC) base electrode (Figure S9), we used a large-area and electri-

cally conductive graphene assembly to support the N-GQD as 

ORR catalysts. The graphene supported N-GQDs (N–

GQDs/graphene) were prepared by hydrothermal treatment of the 

suspension of well–dispersed graphene oxides with N–GQDs 

(Figure S10). This mild process ensured the formation of N–

GQD/graphene assemblies without acutely changing the intrinsi-

cally chemical nature of N–GQDs (Figures S11 & S12). The N–

GQD/graphene film (Figure S13) thus formed was demonstrated 

to exhibit a good conductivity of ca. 40 S/cm and superior elec-

trocatalytic ability for ORR (see below). 

Figures 4a and b depict CVs for O2 reduction on the N–

GQD/graphene in comparison with a commercial Pt/C catalyst 

(20wt% platinum on carbon black). Similar to the commercial 

Pt/C (Figure 4b), a well–defined cathodic peak clearly occurred in 

the O2–saturated, but not N2–saturated, KOH solution for the N–

GQDs/graphene (Figure 4a). The onset potential of ORR is at ca. 

-0.16 V with a reduction peak at ca. -0.27 V, which are close to  

those of the commercial Pt/C catalyst (Figure 4b) and comparable 

to that of N–containing CNT-based6b or graphene–based14 metal–

free electrocatalysts, indicating the great catalytic ability of N–

GQD/graphene for ORR.  

  

Figure 4. (a, b) CVs of N–GQDs/graphene (a) and commercial 

Pt/C (b) on a GC electrode in N2–saturated, O2–saturated 0.1M 

KOH, and O2–saturated 0.1M KOH and 3M CH3OH solutions. 

(c) Rotating disk electrode (RDE) curves of the N–

GQDs/graphene in O2–saturated 0.1M KOH with different speeds 

(the inset showing the Koutecky–Levich plots derived from the 

RDE measurements). (d) Electrochemical stability of the N–

GQDs/graphene by using continuous cyclic voltammetry in O2–

saturated 0.1M KOH. 

Unlike the commercial Pt/C electrode that the cathodic peaks 

for oxygen reduction disappear in the O2–saturated electrolyte 

containing 3M methanol (a typical fuel molecule), coupled with 

one pair of peaks characteristic of methanol reduction-oxidation,22 

the N–GQD/graphene electrode exhibits a stable ORR without 

any electroactivity specific to methanol in the methanol–

containing electrolyte, suggesting the remarkable tolerance to 

possible crossover effect. As a control, the ORR test on pure gra-

phene and N–free GQDs/graphene was performed in O2–saturated 

KOH solution, which shows no obvious ORR electrocatalytic 

activity (Figure S14). Therefore, the observed electrocatalytic 

activity for N-GQDs can be exclusively attributed to the N–

doping effect.  

Linear sweep voltammetry (LSV) curves of ORR for the N–

GQD/graphene in an O2-saturated 0.1M KOH solution measured 

on a rotating disk electrode (RDE) are shown in Figure 4c with 

different electrode rotation rates. The measured current density 

shows the typical increase with increasing rotation rate due to the 

enhanced diffusion of electrolytes.5,22 The transferred electron 

number per oxygen molecule involved in the ORR process was 

determined by the Koutecky–Levich equation (Equation S1),5,14 

and the corresponding curves were plotted for different potentials 

in the inset of Figure 4c. The parallel and straight fitting lines 

imply a first–order reaction toward dissolved oxygen. The n value 

for the N–GQD/graphene is derived to be 3.6–4.4 at the potential 

range from -0.3 to -0.6 V (Figure S15), suggesting a four–electron 

process for the ORR on the N–GQD/graphene electrodes,5,14 and 

the reduction of oxygen yielding water as the main product. This 

is further confirmed by the negligible ring current recorded at a Pt 

rotating ring–disk electrode (Figure S16).5 We also performed 

continuous potential cycling to investigate the stability of the N–

GQD/graphene toward ORR. As can be seen in Figure 4d, no 

obvious decrease in current was observed after two-day continu-

ous cycling between -0.8 and 0.2 V in O2–saturated 0.1M KOH, 

indicating no loss of catalytic activity for the N–GQD/graphene 

electrode. 
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In summary, we have developed a simple yet effective electro-

chemical strategy to generate N-doped GQDs with O-rich func-

tional groups, which show unique optoelectronic features distinc-

tive from their N-free counterparts. Supported by graphene sheets, 

N–GQDs were demonstrated to possess superior electrocatalytic 

ability. Apart from the use of N–GQDs as metal–free catalyst for 

ORR, their unique luminescent properties indicate potentials for 

bioimaging and light emitting diodes among many other potential 

applications. 
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