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organic dyes and luminescent inorganic 
quantum dots. In 2010, Pan et al. suc-
cessfully cut graphene sheets into blue 
luminescent graphene quantum dots 
via hydrothermal route, pushing the 
research of luminescent carbon materials 
to a climax. [ 10 ]  Before that, much work has 
been done in the fi eld of bioimaging and 
optical sensing [ 11–13 ]  while little research 
can be found in the optoelectronic devices 
or energy related applications. Since 2010, 
attempts on multiple applications, such as 
photovoltaic devices, [ 14–18 ]  light emitting 
diodes, [ 19–22 ]  photodetectors, [ 23,24 ]  photoca-
talysis, [ 25 ]  and lithium ion batteries, [ 26,27 ]  
were made. CDs and GQDs are gradually 
emerging in these areas and improving 
the performance of some kinds of devices 

with facile methods and low cost. 
 Actually, GQDs can be recognized as one kind of CDs, which 

usually possess better crystallinity than its cousins. [ 28,29 ]  In spite 
of the controversies on the origin of luminescence due to the 
excitation-dependent behavior, CDs and GQDs are expected 
to lead to low cost solar cells and organic LEDs (OLEDs) [ 16 ]  
and even can improve the performance of supercapacitors [ 27 ]  
and lithium ion batteries (LIBs) greatly. [ 26 ]  Both of them have 
been synthesized with various methods, including top-down 
and bottom-up approaches. We are not going to talk about this 
because some reviews have concluded them. [ 30–32 ]  In this Fea-
ture Article, we would like to update the latest researches about 
the applications of CDs and GQDs in optoelectronic devices and 
energy related devices, as shown in  Figure    1  . Besides, there are 
no specifi c reviews that focus on the applications of CDs and 
GQDs in optoelectronic devices up to date though they have 
been studied for several years. In the next section, we will make 
a brief introduction of the microstructure and optical proper-
ties of these luminescent carbon materials. Section 3 covers 
the multiple applications of these interesting materials. We will 
focus on the application for optoelectronic and energy-related 
devices and make a brief introduction of other applications. In 
Section 4, we give a perspective for CDs and GQDs, including 
potential applications and possible development trend. In view 
of several excellent reviews focusing on different aspects of CDs 
and GQDs, such as their synthesis, biological applications, [ 30 ]  
photoluminescent properties and environmental applications, 
we hope this article will provide valuable insights for the cur-
rent statues of CDs and GQDs research in optoelectronics and 
energy and stimulate new ideas and further research on their 
potential applications. 
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  1.     Introduction 

 As one of the essential elements of the organism, industry and 
society, carbon always occupies an important position in the 
development of modern science and technology. From graphite 
to carbon nanotube and fullerene, the carbon family ushered in 
two new members, graphene, [ 1 ]  and luminescent carbon mate-
rials, [ 2 ]  in 2004. Because of the excellent electrical, mechanical, 
and optical properties, graphene has aroused numerous atten-
tions in the past decade and even won the Nobel Prize in 
2010. [ 3–7 ]  However, luminescent carbon materials, carbon dots 
(CDs), were not synthesized in large quantities until 2006. [ 8 ]  
This work caused a boom in research through the whole world 
because of their merits, such as high luminesce and upconver-
sion luminescence, [ 9 ]  chemical stability, dispersibility in water, 
low photobleaching, biocompatibility, low cost, and low toxicity. 
These interesting properties make them new-generation lumi-
nescent materials superior to conventionally used fl uorescent 
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    2.     Microstructure and Optical Properties 

  2.1.     Microstructure of CDs and GQDs 

 Though GQDs can be considered as one kind of CDs, CDs 
usually possess distinct structure. Generally, CDs are quasi-
spherical nanoparticles consisting of amorphous and crystalline 
parts. [ 29 ]  Despite the fact that many researchers demonstrate 
the existence of crystalline sp 2  carbon section, [ 33,34 ]  they possess 
poorer crystallinity than GQDs. In contrast, most of the GQDs 
are produced from graphene, [ 10 ]  graphene oxide (GO), [ 35–37 ]  and 
molecules with specifi c structure such as benzene rings. [ 28,36 ]  
Thus, GQDs usually have graphene lattices inside the dots, 
resembling the crystalline structure of single or few layered 
graphene. Interestingly, though CDs and GQDs own different 
core structures, both of them are functionalized with complex 
surface groups, especially oxygen related functional groups, 
such as carboxyl and hydroxyl. [ 38–42 ]  These surface groups 
make great contributions to the optical properties of CDs and 
GQDs and also make them aqueous dispersible. Whilst, heter-
oatoms, such as nitrogen, sulfur and other elements enhance 
the luminescence and electrical conductivity of CDs and GQDs 
greatly [ 33,43–45 ]  via tuning the electronic structures.  

  2.2.     Optical Properties 

 From the accidental discovery of luminescent carbon mate-
rials, optical properties are the most frequently studied issues. 
Various CDs and GQDs with different PL color, ranging from 
UV to visible light and even near infrared region, have been 
synthesized with various approaches till now. [ 46–49 ]  However, 
optical properties of CDs and GQDs are also the most con-
troversial issues, such as the luminescence mechanism. The 
debate about luminescence origin comes from the interesting 
while confused excitation dependent behavior ( Figure    2  a–c), 
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that is, the emission peak can vary according to the excitation 
wavelength. [ 8 ]  Inconsistent experimental observations from 
the same synthesis as well as distinct but not precisely defi ned 
properties obtained from different approaches make the origin 
of luminescence more complicated. For instance, the proposed 
quantum confi nement effect is not always observed [ 45 ]  and pre-
cise control of experimental process is currently lack. Though 
more researches are needed to draw a clear picture of the lumi-
nescence mechanism, two classes of emission routes, intrinsic 
(band-gap related) and extrinsic (surface related) recombination 
routes, are widely accepted according to the literature.  

 First, similar pH dependent behavior is always observed 
that the luminescence intensity decreases at both high and 
low pH because of deprotonation and protonation, as seen 
in Figure  2 d. [ 41,50 ]  Sometimes, the emission wavelength even 
changes. [ 51 ]  It means that the luminescence of CDs and GQDs 
are often related to the surface functional groups, such as car-
boxyl and hydroxyl groups. [ 41 ]  Besides, reduction or oxidation of 
these groups may affect the optical properties totally, resulting 
in different visible light and PL intensity (Figure  2 e). [ 19,39,52 ]  Jin 
et al. demonstrated that both experimental and calculations 
from density functional theory proved the decrease of band gap 
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 Figure 1.    Illustration of the main topics of this Feature Article, showing 
the recent tendency of applications of CDs and GQDs in communica-
tion- and energy-functional devices, including LEDs, photodetectors, 
solar cells, lasing, photocatalysis, and energy related devices. Reprinted 
with permission. [ 17,21,24,26,90,116 ]  Copyright 2012, 2014, Royal Society of 
Chemistry. Copyright 2014, 2015, American Chemical Society. Copyright 
2014, Wiley-VCH. 
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via tuning the concentration of attached amino groups. [ 53 ]  The 
change of band gap derives from the charge transfers between 
functional groups and GQDs. These works confi rm the impor-
tant roles of surface groups in the photoluminescence of CDs 
and GQDs. Bao et al. developed an electrochemical method 
to prepare CDs with narrow size distribution. [ 42 ]  Surface oxi-
dation of CDs can be controlled only by adjusting the applied 
potentials and red-shifted emission was observed for the CDs 
with a high surface oxidation degree. Those surface groups 
were claimed to introduce different emission sites onto CDs, 
which can trap excitons. Thereafter, the radiation from recom-
bination of trapped excitons leads to the variation and red-shift 
of emission. This conclusion is consistent with the results of 
Shang et al. that oxidized carbon results in localized electronic 

states and the emission is predominantly from the electron 
transitions among/between the non-oxidized and oxidized 
carbon region. [ 54 ]  However, how do these groups result in 
multicolor emissions is still in the air. What is certain is that 
emission lights cover the entire visible region can be achieved 
facilely via controlling the reaction processes and the fi nal sur-
face states. [ 55 ]  

 Lately, ultrafast time-resolved fl uorescence and carrier 
dynamics of CDs were studied by Wen and co-workers. [ 58 ]  The 
experiments reveal that the luminescence of CDs consists 
of two spectral overlapped bands. The intrinsic and extrinsic 
bands originate from sp 2  domains and surface states contribute 
the fl uorescence of CDs. A fast trapping was observed from 
the sp 2 -domains into the surface states with a time constant 
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 Figure 2.     Recent progresses on the basic optical properties of CDs and GQDs. CDs a) excited at 400 nm and photographed through band-pass 
fi lters of different wavelengths as indicated, and b) excited at the indicated wavelengths and photographed directly. c) The absorption and excitation 
dependent photoluminescence spectra of CDs. Reprinted with permission. [ 8 ]  Copyright 2006, American Chemical Society. d) Effect of the solution pH 
on the fl uorescence intensity of CDs. Reprinted with permission. [ 56 ]  Copyright 2008, Royal Society of Chemistry. e) Bandgap changing of GQDs after 
modifi cation and reduction. Reprinted with permission. [ 39 ]  Copyright 2012, Wiley-VCH. f) Effect of solvents on the fl uorescence of GQDs. Reprinted 
with permission. [ 57 ]  Copyright 2011, Royal Society of Chemistry. g) Photo of a series of the GQDs with various sizes under a 365 nm UV lamp. The 
captions represent the size of the GQDs. Reprinted with permission. [ 21 ]  Copyright 2014, American Chemical Society.



FE
A
TU

R
E 

A
R
TI

C
LE

4932 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of 400 fs and the excitation dependent fl uorescence can be 
ascribed to the abundant functional groups on the surface. 
Wang et al. also observed similar results with ultrafast spec-
troscopy that the common origin of blue and green light of 
CDs and GQDs are dominated with the competition among 
different emission centers and traps. [ 41,59 ]  Regarding with the 
surface states including functional groups, interstitial atoms 
and vacancies, Liu et al. prepared GQDs with pure carbon 
structure and little functional groups. The fast recombination 
and optimized excitation in short wavelength makes the con-
clusion that blue emission originates from the intrinsic states 
with carbon crystalline structure more explicit. [ 60 ]  In addition, 
the surface trapping from the nano domains is not the only 
resource for luminescence. The thermally distributed carriers 
can be directly trapped into the surface states, making contribu-
tions to the excitation dependent behavior. [ 58 ]  

 It is reported that the PL of GQDs and CDs is sensitive to sol-
vent, as shown in Figure  2 f, which is induced by solvent attach-
ment or different emissive traps on the surface of GQDs. [ 57 ]  In 
fact, in our opinion, solvents with different polarities will change 
the conjugation degree of sp 2  carbons, leading to different 

energy gaps, as well as various emissions. The changed optical 
properties indicate the contribution of transitions from con-
jugated π-domains. Therefore, the size of sp 2  domains within 
the sp 3  matrix is the real domination of quantum confi nement 
effect and bright red emission can be obtained through cutting 
graphite into CDs with large sp 2  clusters. [ 49,61 ]  The experimental 
results of quantum confi nement effect have been observed 
by several groups. Kang group separated the CDs by column 
chromatography to obtain samples with different size and blue, 
green, yellow, and red PL was strong enough to be seen with 
the naked eyes. [ 34 ]  Their theoretical calculations based on the 
size of sp 2  domains agreed well with the optical results. Kwon 
et al. obtained GQDs with controllable size in oil phase and the 
size dependent PL was obvious (Figure  2 g). [ 21 ]  

 Recently, Sk et al. carried out theoretical analysis on the lumi-
nescence mechanism of GQDs using density-functional theory 
(DFT) and time-dependent DFT calculations. They fi nd out that 
the PL of a GQD can be sensitively tuned by its size, edge con-
fi guration, shape, attached chemical functionalities, heteroatom 
doping and defects ( Figure    3  ). [ 62 ]  When GQDs were func-
tionalized with bulky Fréchet’s dendritic wedges at the GQD 
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 Figure 3.     Recent progresses on the microstructure and electronic structure of CDs and GQDs. a) Calculated emission wavelength (nm) using TDDFT 
method in vacuum as a function of the diameter of GQDs. b) Emission wavelength of oxidized GQD (G4) as a function of the coverage of –OH 
and–COOH groups. c) N-doped GQDs with c) pyridine-like and d) pyrrolic nitrogen. Reprinted with permission. [ 62 ]  Copyright 2014, Royal Society of 
Chemistry.



FEA
TU

R
E A

R
TIC

LE

4933wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

periphery, uncommon white light emission was obtained. [ 63 ]  
Similarly, highly fl uorescent CDs with tunable visible emission 
from blue to red were synthesized by controlling doping and 
crystallinity (the size of sp 2  domains). [ 48 ]  Therefore, though 
the in-depth luminescence origin of CDs and GQDs is still 
debatable, we can make preliminary conclusion that both the 
intrinsic and extrinsic states contribute to the luminescence. 
First of all, quantum confi nement effect refl ects in the size of 
sp 2  domains rather than particle size, as shown in  Figure    4  a. 
On one hand, after the excitation, excited carriers are trapped 
by surface states resulted from defects and oxidized carbons 
and emit light through irradiative recombination decay. On the 
other hand, the thermally distributed carriers can be directly 
trapped into the surface states, contributing to the emissions 
with long wavelength. These irradiative states play dominating 
roles under different excitations and result in the fl uctuation 
of PL intensities or the so called excitation dependent lumi-
nescence (Figure  4 b). Additionally, oxidized carbons are corre-
sponding to the common green or longer wavelength light. 

   Compared with traditional organic dyes and semiconductor 
quantum dots, CDs and GQDs possess higher photostability 
and low photobleaching. The former enables long term real-
time imaging while the latter permits single-molecule tracking. 
Carbon nanorings exhibit excellent fl uorescent stability under 

the illumination of a UV lamp (365 nm, 20 W) for 16 h. [ 19 ]  
No distinct photobleaching was observed for GQDs prepared 
from solvothermal method using hand UV lamp or mercury 
(Hg) lamp with low power and decrease on PL intensity was 
only observed when using 1000 W high pressure Hg lamp. [ 57 ]  
The PL intensity of CDs prepared with laser ablation decreased 
only by 4.5% even after 4 h, whereas other organic materials 
such as polystyrene nanospheres photobleach within 0.5 h. [ 64 ]  
When measuring the fl uorescence of GQDs at different ionic 
strengths (increase the concentration of KCl from 0 to 2.0 M), 
there were no changes in either the PL intensities or the peak 
sites, indicating the high photostability in biological tissues and 
possible applications in biology. [ 57 ]    

  3.     Multiple Applications of CDs and GQDs 

  3.1.     Light Emitting Diodes 

 As new kinds of luminescent materials, CDs and GQDs are 
expected to replace phosphors in white light emitting diodes 
(WLEDs) with rear earth metals and toxic elements such as cad-
mium and lead because of their low cost, high quantum yield 
(QY), high stability and low toxicity. Consequently, some efforts 
have been paid to fulfi ll the applications of CDs and GQDs in 
LEDs. They can work both as phosphors in WLEDs or active 
layers in electroluminescent devices. 

  3.1.1.     Phosphor Based WLEDs 

 The popularization of WLEDs can save a lot of electricity. How-
ever, traditional WLEDs with rear earth metals or toxic ele-
ments are undergoing the issues about cost and stability. Then, 
researchers are exploring new materials to decrease the cost 
and increase the stability and luminescent carbon materials 
are claimed to be potential materials. Chen et al. prepared CDs 
with broad yellow fl uorescence by a one-step pyrolysis from 
 N -acetylcysteine and white light-emitting diodes were fabricated 
by combining the yellow emitted CDs with blue GaN-based 
LED chips (the peak wavelength centered at 460 nm). [ 65 ]  The 
as-prepared WLEDs exhibit white light with CIE coordinates 
of (0.34, 0.35), which is very close to the balanced white light 
emission ( Figure    5  a). Commonly, the strongest emission of 
CDs is centered at blue region and the corresponding excitation 
wavelength is centered at UV region. To make the best of the 
fl uorescence, researchers fabricated WLEDs with UV light LED 
chips. For example, Guo et al. fabricated WLEDs with UV LEDs 
(the peak wavelength centered at 360 nm) and CDs prepared 
by unzipping photonic crystals (Figure  5 b). Though warm light 
with color coordinates of (0.45, 0.44) was obtained, the inevi-
table leak of UV light is not environmentally friendly. [ 66–68 ]   

 To fabricate phosphor based WLEDs, solid fi lms are neces-
sary. However, aggregation induced quenching (AIQ) effect 
inhibited the development and applications of CDs and GQDs 
greatly. To avoid this effect, Qu group prepared solid-state 
and luminescent CDs/starch composites with high quantum 
yield innovatively. [ 20 ]  WLEDs at an optimized current of 
50 mA (2.8 V), and a cool white light with CIE coordinates of 
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 Figure 4.     Recent progresses on the microstructure and electronic struc-
ture of CDs and GQDs. a) Energy gap of π–π* transitions calculated 
based on DFT as a function of the number of aromatic rings. Reprinted 
with permission. [ 61 ]  Copyright 2010, Wiley-VCH. b) Schematic of the pro-
posed luminescence mechanism.
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(0.26, 0.33) were obtained. For CDs, there are usually various 
surface groups, which act as electron donors and acceptors. The 
interaction between different surface states during drying sam-
ples can facilitate the AIQ behavior, which is similar to organic 
fl uorescent dyes. [ 69 ]  Considering the AIQ effect of surface states 
on the luminescence, we designed and achieved carbon nanor-
ings with relatively pure surface. The donor–acceptor attrac-
tion among adjacent luminescent carbon nanounits would be 
greatly depressed, and hence luminescence in the solid state 
could be persisted. Fortunately, WLEDs fabricated with these 
luminescent carbon nanorings exhibited CIE coordinates of 
(0.27, 0.28). [ 19 ]  Kown and co-workers developed a method to 
fabricate CDs and GQDs in oil phase, which was suitable to 
fabricate CDs/Polymethyl methacrylate (PMMA) composites 
with excellent optical properties. [ 18,70,71 ]  Applying a current of 
50 mA (≈3 V, optimized), WLEDs based on the InGaN blue 
LED (400 nm) exhibited cool white light with CIE coordi-
nates of (0.37, 0.45) and correlated color temperature (CCT) of 
5080.4 K. Additionally, luminous effi cacy of 108.19 lm W opt  −1  
and high emission stability over 12 h was obtained.  

  3.1.2.     Electroluminescence 

 Except for phosphor based LEDs, researches about applications 
of CDs and GQDs in electroluminescence are glowing recently, 
beginning with the fabrication of OLED device based on GQDs 
(as shown in  Figure    6  a). [ 16 ]  Mixtures of poly(2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) and meth-
ylene blue functionalized GQDs (MB-GQDs) were employed as 
the light emitting layer. The turn on voltage decreased from 6 V 
for pure MEH-PPV to 4 V for MEH-PPV with 1% MB-GQDs. 
A higher concentration of MB-GQDs resulted in charge trap-
ping as well as a shortening effect because of agglomeration. 
The additional electrical transport paths after the introduc-
tion of GQDs lead to high effi ciency charge injection and then 
enhanced internal quantum effi ciency. Before long, WLEDs 
based on CDs’ electroluminescence were fabricated without any 
functionalization or addition (Figure  6 b1). [ 22 ]  poly(3,4-ethylen-
edioxythiophene) : poly(styrenesulfonate) (PEDOT : PSS) was 
used as a buffer layer on the anode in order to increase the work 

function of ITO and to reduce the surface 
roughness of the anode (Figure  6 b2,b3). [ 72 ]  
1,3,5-tris( N -phenylbenzimidazol-2-yl) ben-
zene (TPBI) was used as the electron trans-
port layer and 1 nm thick LiF and 120 nm 
thick Al were used as electrodes. An external 
quantum effi ciency of 0.083% at a current 
density of 5 mA cm −2  was realized. The cor-
responding CIE coordinates are (0.40, 0.43), 
with a color-rendering index (CRI) of 82. 
Though the effi ciency of these works is still 
low, they open a window for the researches 
in electroluminescence, indicating the possi-
bility of making LEDs with CDs and GQDs.  

 More interesting works are reported 
recently. Kwon et al. prepared GQDs with 
controllable size by an amidative cutting 
method. [ 21 ]  The size of the GQDs can be 

tuned by simply regulating the amine concentration used in 
synthesis. The energy gaps of the GQDs are tuned via varying 
the size, exhibiting colorful PL ranging from blue to brown. 
Finally, OLEDs were prepared with 4,4′-bis(carbazol-9-yl) 
biphenyl (CBP) as a host and GQDs as a dopant, as shown in 
Figure  6 c1. The energy levels are placed inside those of CBP 
and the sample with an active layer thickness of 10 nm shows 
the brightest white electroluminescence (Figure  6 c2,c3). An effi -
ciency of 0.1% was obtained, which is the best result up to date 
for GQDs based LEDs. However, such effi ciency is quite lower 
than that of the state of the art OLEDs or quantum dot based 
LEDs in spite of the improvement compared with previous 
reports. [ 73,74 ]  CDs are also employed as the active materials for 
the application of LEDs with a similar method (Figure  6 d1). 
Color switchable electroluminescence was observed under 
different working voltages, ranging from blue to white 
(Figure  6 d2,d3). [ 75 ]  This interesting phenomenon may originate 
from the abundant irradiative decay states related to surface 
groups and defects. At low voltage, carriers will be injected into 
the shallow energy state with short lifetime, consistent with fast 
decay of excited charges. Therefore, when ZnO is used as the 
electron transport layer, high current injection can be realized, 
leading to white light emission with a luminance of 90 cd m −2 . 

 In addition, other efforts have also been paid to realize 
the application of GQDs or CDs in electroluminescence 
devices. [ 47,76 ]  However, the effi ciency is still too low to be used 
in commercial devices. Both material characterizations and 
device structures are needed to be designed carefully from the 
aspect of practical applications.   

  3.2.     Photodetectors 

 As a reverse process of electroluminescence, photo-generated 
carriers can be collected and used in various devices, such as pho-
todetectors (PDs), solar cells, photocatalysis and so on. Actually, 
as excellent optical materials with high absorption and lumines-
cence, it is easy and merited for us to think of their applications 
for optoelectronic devices. But, it is different from photolumines-
cence because good electrical conductivity is essential for devices. 
However, most of the CDs and GQDs possess poor crystallinity 
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 Figure 5.     Recent progresses on photo-pumped LED applications of CDs and GQDs. a) Sche-
matic of the formation of CDs from  N -acetylcysteine and application in white LEDs. Reprinted 
with permission. [ 65 ]  Copyright 2013, Springer. b) Emission spectra, CIE 1931 chromaticity chart 
and Photographs of the corresponding LEDs. Reprinted with permission. [ 66 ]  Copyright 2012, 
Royal Society of Chemistry.
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compared to inorganic quantum dots, resulting in worse conduc-
tivity. Therefore, it is relatively diffi cult to prepare devices with 
CDs and GQDs. Researchers have designed and fabricated var-
ious devices and next, we are going to introduce these photoelec-
tronic devices associated with GQDs and CDs. 

 First of all, we will demonstrate the applications in photode-
tectors. Response band and responsivity are basic parameters 
for PDs. Commonly, the absorption peak at ≈250 nm of CDs 
and GQDs is attributed to the π–π* transition, which is in the 
deep-UV region. Therefore, deep-UV photoluminescence [ 47 ]  and 
photodetection is possible for CDs and GQDs. [ 24 ]  For example, 
Tang et al. prepared nitrogen doped GQDs with broad emis-
sion spectra ranging from 300 to 1000 nm using glucose and 
aqueous ammonia. Photodetectors with responsivity as high as 
325 V/W were fabricated by a simple drop-coating method on 
interdigital gold electrodes ( Figure    7  a1). [ 77 ]  The broadband emis-
sions are claimed to originate from the layered structure of the 
GQDs which create a large conjugated system containing exten-
sive delocalized π electrons. Interestingly, the GQDs based pho-
todetectors exhibit negative photocurrent when irradiated with 

different light, which can be explained as following. Because of 
the surface passivation of GQDs, photogenerated electron-hole 
pairs cannot move freely (Figure  7 a2,a3). The bound excitons 
may trap carriers when exposed to light, forming photoinduced 
charge traps. And then, carriers will be trapped when they pass 
through the GQDs, leading to the negative photoresponse. Kim 
and co-workers also fabricated GQDs based PDs with high 
detectivity (higher than 10 11  cm Hz 1/2  W −1 ), high responsivity 
(0.5 A W −1 ) and broad spectral range (from UV to infrared). [ 78 ]  
Figure  7 b1 shows the sandwich structure between slightly 
p-type graphene sheets of the device. The dark  I – V  curve of the 
device shows asymmetric and nonlinear properties with varying 
bias voltage because of tunneling through the available density 
of states of GQDs between graphene sheets. Such phenom-
enon can be explained according to the band structure shown in 
Figure  7 b2-b4 that when a forward bias is applied, a current will 
fl ow if the bias voltage exceeds the energy between the Fermi 
level of bottom graphene and the lowest unoccupied molecular 
orbital (LUMO) of the GQDs. It is suggested that both the 
photoexcited electrons and holes and carriers multiplication by 
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 Figure 6.     Recent progresses on electri-pumped LED applications of CDs and GQDs. a) Measured current density of MEH-PPV with different concen-
trations of MB-GQDs as a function of the applied voltage. Reprinted with permission. [ 16 ]  Copyright 2011, American Chemical Society. b1) Schematic 
diagrams of the WLED. b2) Energy band diagram of the WLED relative to ITO and LiF/Al work functions. b3) Molecular structures of PEDOT : PSS and 
TPBI, and the schematic drawing of the CDs. Reprinted with permission. [ 22 ]  Copyright 2011, Royal Society of Chemistry. c1) Physical and (c2) electronic 
structures of OLEDs employing the doped GQDs. c3) Digital image of white light emission from above GQDs based OLED. Reprinted with permis-
sion. [ 21 ]  Copyright 2014, American Chemical Society. d1) Current density and Luminescence of the CDs based LED. d2) Electroluminescence spectra 
and digital photographs of blue, cyan, magenta, and white emissions. d3) CIE coordinates of the CDs based LED operated under different voltages. 
Reprinted with permission. [ 75 ]  Copyright 2013, American Chemical Society.
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impact ionization contribute to the enhancement of photocur-
rent. The high gain results from the long lifetime of carriers 
and short transit time from GQDs to graphene sheets.  

 In addition to the direct use of CDs or GQDs in PDs, elab-
orate design of device structure and band alignment can also 
make PDs benefi t from the usage of CDs and GQDs. For 
instance, Xie et al. fabricated silicon nanowire arrays/CDs 
core-shell heterojunction PDs with a wide spectra region, high 
responsivity (353 mA W −1 ) and fast response speed (rise time = 
20 µs, fall time = 40 µs), as shown in  Figure    8  a1. The enhanced 
performances benefi t from effective suppression of recombina-
tion and enhanced optical absorption. As shown in Figure  8 a2, 
the LUMO energy of CDs is ≈2.26 eV, which is much higher 
than the conduction band of Si, resulting in a large barrier for 
the transport of electrons. The CDs fi lm acts as an electron 
blocking layer that confi nes electrons in Si nanowires to sup-
press the recombination. With regarding to the transport of car-
riers, when Au or Ag is used as single kind of electrode, large 
barriers for hole and electron transportation will exist at the 
cathode or anode, because of the high and low work function 
of Au (5.1 eV) and Ag (4.26 eV) (Figure  8 b1–b3), respectively. 
According to above analysis, Zhang et al. fabricate deep UV 
GQDs based PDs with asymmetric electrodes combined with 
Au and Ag, shown in Figure  8 b4 and b5. [ 24 ]  Ag serves as cathode 
while Au serves as anode. Thus, photogenerated carriers can 
drift freely toward electrodes under forward bias and carrier 
recombination can be suppressed because electrons and holes 
can be separated readily. The as prepared device possesses high 
on/off ratio even under a weak light of 8 µW cm −2  and the rise 
time and decay time are reduced to 64 and 43 ms, respectively.   

  3.3.     Solar Cells 

 Another common kind of photovoltaic devices, which are 
similar to photodetectors, are solar cells (SCs), which depend 

on the use effi ciency of photogenerated carriers. Besides, CDs 
and GQDs usually possess wide rang absorption with a tail 
extending to visible region, [ 63 ]  which is benefi cial for the appli-
cation of solar energy. Up to now, many kinds of SCs have been 
reported, such as silicon based SCs, [ 23 ]  organic SCs, [ 79,80 ]  dye 
(dot)-sensitized SCs (DSSCs) [ 17,81 ]  and so on. [ 63,82,83 ]  The CDs 
and GQDs can play different roles of photo absorption agents, 
sensitizers and transporting layers and the effi ciency varied 
from 0.1 to 9%. In this section, we are going to talk about 
the applications of CDs and GQDs in photovoltaic devices 
according to the materials used. 

 The high conversion effi ciency of silicon based SCs con-
tributes to their wide applicarions. For example, CDs/silicon 
nanowire arrays core-shell devices were fabricated, as dis-
cussed above. Because of enhanced absorption and suppressed 
recombination, the devices get a conversion effi ciency of 9.1%, 
which is comparable to that of Si based hybrid SCs. [ 84 ]  Similar 
structure is also employed by Gao et al. and a conversion effi -
ciency of 6.63% is obtained, as shown in  Figure    9  a1,a2. Such 
improved performance compared to bare Si or graphene oxide 
hybrids can be explained by the special energy band structure 
of GQDs, which behave as an electron blocking layer. [ 14 ]  Inter-
estingly, the size of GQDs plays an important role that open-
circuit voltage ( V  OC ) of the device increases while short-circuit 
current ( J  SC ) deceases with the decrease of size. The quantum 
size effect accounts for this phenomenon that the heterojunc-
tion barrier increases with the decrease of size and the barrier 
for hole transportation increases, resulting in the increase of 
 V  OC  and decrease of  J  SC , respectively. In fact, to make the best 
of the photogenerated carriers, many approaches have been 
applied to facilitate the separation and to suppress the recom-
bination of carriers. The interfaces between materials, layers 
and different units are very important for the enhancement of 
SCs. For example, ZnO nanorod arrays decorated with CDs or 
GQDs are prepared (Figure  9 b1). [ 82,85 ]  The band alignment of 
the device is shown in Figure  9 b2 that electron transfer is quite 
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 Figure 7.     Recent progresses on photodetector applications of CDs and GQDs. a1) Schematic diagram of the GQDs photodetector. The unusual 
negative photoresponse mechanism of the GQDs photodetector (a2) light off, a3) light on). Reprinted with permission. [ 77 ]  Copyright 2014, American 
Chemical Society. b1) Schematics of a GQDs PD device and band diagrams under b2) no, b3) forward, and b4) reverse biases. Reprinted with permis-
sion. [ 78 ]  Copyright 2014, Nature Publication group.
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feasible at the interface of GQDs and ZnO arrays. Besides that, 
other kinds of solid-state solar cells are also fabricated, com-
bining inorganic quantum dots and CDs. [ 17,86 ]  It turns out that 
facilitation of the charge propagation from CDs and Förster res-
onance energy transfer improve the device performance greatly.  

 All solutions processed organic and dye sensitized solar cells 
have attracted much attention because of their low cost, large 
area, random substrate and facile and scalable engineering 
such as spin-coating, inject printing and roll-to-roll methods. 
These devices can also benefi t from the broad absorption, spe-
cial band structure and electron transportation ability of CDs 
and GQDs. Li and co-workers fabricated a bulk heterojunction 
(BHJ) organic solar cell based on an composite layer of poly(3-
hexylthiophene) (P3HT) and GQDs ( Figure    10  a1). [ 42 ]  We can 
see that the LUMO energy level of GQDs is in the range of 
4.2–4.4 eV, which is just between the LUMO of P3HT and the 
work function of Al (Figure  10 a2), forming an electron trans-
port cascade. This band structure will facilitate the dissociation 
of excitons and good crystallinity of GQDs will improve the 
charge transport through the active layer. Thus, a photo con-
version effi ciency of 1.28% was obtained and such structure 
without C60 was accepted by other groups to fabricate organic 

solar cells. [ 16,18 ]  High V OC  (1.6 V) and conversion effi ciency 
about 1% can be obtained. Though the effi ciency of these 
devices is still low compared to conventional organic solar cells, 
it is expected that GQDs or CDs can be promising alternatives 
to the expensive C60 as electron acceptors.  

 DSSC is another kind of photovoltaic device that utilizes 
dyes to absorb sun light. GQDs with maximum absorbance at 
591 nm and high molar extinction coeffi cient of 10 5   M  −1  cm −1  
(about an order of magnitude higher than that of commonly 
used metal complexes) were fi rst applied in DSSCs by Yan and 
co-workers. [ 15 ]  However, limited effi ciency is obtained, with a 
rather low short current density of 200 µA cm −2  because of the 
weak affi nity of GQDs and TiO 2  surface. Such physical adsorp-
tion is detrimental to the charge injection that functionalization 
for covalent attaching and adjusting of band energy structure 
are highly sought. Device with the same confi guration was fab-
ricated by employing nitrogen doped CDs (NCDs) as shown in 
Figure  10 b1. [ 81 ]  In situ hybridization of TiO 2  with CDs and low-
ered work function induced by nitrogen doping contribute to 
the improvement of device performance (Figure  10 b2). A V OC  of 
0.46 V and a J SC  of 0.69 mA cm −2  was obtained, with a conver-
sion effi ciency of 0.13%. Recently, DSSCs combined with dyes 
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 Figure 8.     Recent progresses on photodetector applications of CDs and GQDs. a1) Structure of the Si nanowire arrays/CDs heterojunction device. 
a2) Energy band diagram of the Si nanowire arrays/CDs heterojunction. Reprinted with permission. [ 23 ]  Copyright 2014, American Chemical Society. 
b) Energy band diagrams of GQDs based PDs with b1) Au–Au, b2) Ag–Ag, and b3) Ag–Au electrodes, respectively. Illustration of the GQDs based PDs 
with b4) symmetric and b5) asymmetric electrodes. Reprinted with permission. [ 24 ]  Copyright 2015, American Chemical Society.
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and GQDs (co-sensitizers) were fabricated and high conver-
sion effi ciency was achieved. [ 87,88 ]  A type II alignment for TiO 2 /
GQDs/dye confi guration was realized by tuning electronic levels 
of GQDs and such cascaded alignment of energy levels enhances 
the charge separation and collection. Additionally, energy 
transfer from GQDs to dyes because of the overlap between the 
PL of GQDs and absorption of dye promotes the application 
of solar energy. Last but not the least, electron recombination 
to the redox couple is reduced because of the inhibition of the 
back electron transfer to the electrolyte by the GQDs. Therefore, 
DSSCs exhibit an effi ciency of 6.1%, higher than that of device 
without GQDs by 19.6%. 

 Organic/inorganic hybrid solar cells combined with 
metal oxides and organic semiconductors have also achieved 
researchers’ attention while it remains challenges to match the 
energy levels of the donor–acceptor system. Qin et al. demon-
strated the insertion of GQDs in organic/inorganic layers or 
combination with organic semiconductors, which led to an 
enhancement of the power conversion effi ciency. [ 80,83 ]  As shown 
in Figure  10 c1, a cascaded alignment of energy levels similar to 
that of above discussed devices is obtained, facilitating the sepa-
ration of photogenerated carriers. On the other hand, most of 
the applied oxides and organics can only absorb the solar energy 
partially and the insertion of GQDs with broad absorption 
spectra enhances the harvest of incident light. All of these fac-
tors contribute to the performance of solar cells (Figure  10 c2).  

  3.4.     Photocatalysis 

 Human activities have led to myriad wastewater containing 
toxic matters such as heavy metal ions and organic compounds, 

which are diffi cult to be removed. Besides, worsening environ-
ment desires the application of clean energy such as hydrogen. 
For commercial aims, highly effi cient catalysts with low cost 
are in deadly demand to replace expensive metals such as Pt. 
All of them can benefi t from CDs or GQDs according to the 
reports. TiO 2  is considered as the most promising photocata-
lyst. However, the wide band gap (in the UV region) inhibits 
the total utilization of solar energy because visible and infrared 
parts account for the majority. To make the best of the solar 
light, different TiO 2  nanostructures (nanoparticles and nanow-
ires) decorated with CDs and GQDs are fabricated. [ 35,43,89 ]  On 
one hand, CDs and GQDs can absorb broader band beyond UV 
light, increasing the use of incident light. On the other hand, 
type II band structure ensures effi cient separation of carriers 
and crystalline oxides provide good transport channels for car-
riers. Regarding with these factors, improved photocatalysis of 
organic compounds such as methylene blue (MB) is observed 
even under visible light. 

 Photocatalytic water-splitting into H 2  and O 2  using solar 
energy has attracted considerable attention as a renewable 
energy resource and much work has been done with CDs and 
GQDs. [ 90–92 ]  However, present photocatalysts still suffer from 
low effi ciency and poor stability. Recently, Kang group fabri-
cated CDs/C 3 N 4  composites, which exhibited excellent water 
splitting under visible light. The highest quantum effi ciency 
of 16% is obtained and an overall solar energy conversion effi -
ciency reach to 2.0%. [ 25 ]   Figure    11  a1 shows the reaction mecha-
nism of visible light water splitting by CDs/C 3 N 4  composites. 
A two-electron, two-step pathway dominates the generation of 
H 2  that C 3 N 4  is responsible for the fi rst step and CDs are in 
charge of the second step. Additionally, CDs also increase the 
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 Figure 9.     Recent progresses on solar cell applications of CDs and GQDs. a1) Illustration of the crystalline Si/GQDs heterojunction solar cell. a2)  J – V  
curve of the Solar cell. Reprinted with permission. [ 14 ]  Copyright 2014, American Chemical Society. b1) Internal quantum effi ciency of the samples. The 
inset shows the structure of the device. b2) Band diagram of the device. Reprinted with permission. [ 82 ]  Copyright 2012, American Chemical Society.
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light absorbance and the wavelength dependent quantum effi -
ciency is consistent with the absorbance spectrum. The syner-
getic effect of C 3 N 4  and CDs (appropriate band structure, high 
porous structure for C 3 N 4 , high stability and low cost) make 
the composites promising photocatalyst for visible light-driven 
water splitting. Yeh et al. report the application of nitrogen 
doped GQDs for overall water-splitting under visible light. [ 91 ]  
The nitrogen doped GQDs possess a band-gap of 2.2 eV, which 
is favorable for the absorbing of visible light. Most interestingly, 
nitrogen atoms in the graphene frame result in n-type conduc-
tivity while grafted oxidized groups on the surface cause p-type 
conductivity, as shown in Figure  11 b1. It means that quasi in 
situ p-n junction is realized in confi ned regions and sp 2  clus-
ters serve as the junction with Ohmic contact. The p- and 
n-domains are responsible for the production of H 2  and O 2 , 
respectively, which can be confi rmed by the results of separate 
evolution of H 2  and O 2  (Figure  11 b2,b3). Such metal free cata-
lyst provides sustainable and environmentally friendly strategy 

for water splitting under visible light. CDs modifi ed TiO 2  
(P25) composites are also prepared with a facile hydrothermal 
method, which exhibit a H 2  evolution rate of 4 times higher 
than that of P25 after optimization. [ 90 ]   

 If wastes can be transformed into fuels and valuable chemi-
cals with low cost and sustainable approaches, there will be 
incredible changes through the whole world. In addition, 
industrial catalysts possessing high catalytic effi ciency but 
without expensive metals are favorable for the decrease of cost. 
CDs/Cu 2 O heterostructures are fabricated for the conversion 
from CO 2  to methanol with solar light by Li and co-workers. 
Cu 2 O microspheres decorated with CDs of ≈5 nm create mul-
tiple refl ections of light between protruding particles, which 
enhance the absorption of sunlight, resulting in stronger photo-
catalytic activity, as shown in Figure  11 c1. The reaction rate can 
also be affected by the loading mass of CDs and the highest 
reduction rate of 55.7 µmol g −1  h −1  from CO 2  to methanol is 
obtained. The excellent cayalytic activity is also attributed to the 
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 Figure 10.     Recent progresses on solar cell applications of CDs and GQDs. a1) Schematic and a2) energy band diagram of the GQDs based organic 
solar cell. Reprinted with permission. [ 42 ]  Copyright 2011, Wiley-VCH. b1) Schematic device structure of GDQs based dye-sensitized solar cell. b2) Cur-
rent–voltage curves of the devices with and without GQDs. Reprinted with permission. [ 81 ]  Copyright 2013, Elsevier. c1) Energy band diagram of organic/
inorganic hybrid solar cell. c2)  C – V  curves with and without GQDs. Reprinted with permission. [ 83 ]  Copyright 2015, American Chemical Society.
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good charge separation (Figure  11 c2) at interfaces and transfer 
capabilities of the CDs. Synthesis of metal nanoparticle/CDs 
composites for cyclohexane oxidation with high effi ciency and 
selectivity has also been reported. [ 94 ]  Especially, the Au/CDs 
composites exhibit 63.8% conversion effi ciency and 99.9% 

selectivity for the green oxidation of cyclohexane to cyclohex-
anone under visible light irradiation and room temperature. 
Synergic effect of surface plasma resonance and interaction 
between metal particles and CDs contributes to the excellent 
photocatalytic activities. 
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 Figure 11.     Recent progresses on photocatalysis applications of CDs and GQDs. a1) Reaction mechanism for visible light water splitting by CDs/
C 3 N 4  composites. a2) Quantum effi ciency of water splitting under various wavelengths and with two different concentrations. Reprinted with permis-
sion. [ 25 ]  Copyright 2015, AAAS. b1) The confi guration and energy diagram for the GQD photochemical diode consists of the p- and n-type domains, 
connected through the sp 2  clusters as Ohmic contact. Evolution of b2) H 2  and b3) O 2  over 1.2 g of GQDs. Reprinted with permission. [ 91 ]  Copyright 
2014, Wiley-VCH. c1) Diffuse refl ectance spectroscopy refl ectance of CDs/Cu 2 O and Cu 2 O (the inset shows the model of enhanced absorption by CDs/
Cu 2 O. c2) Schematic of the proposed photocatalytic mechanism of CO 2  reduction catalyzed by CDs/Cu 2 O. Reprinted with permission. [ 93 ]  Copyright 
2015, Wiley-VCH.
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 In addition to the fabrication of composites for the enhance-
ment of photocatalysis, improving the electrical and optical 
properties of the material itself is just equally important. How-
ever, photocatalysis applications are being impeded by the poor 
electron transfer inside CDs. Recently, Wu et al. reported on the 
synthesis of Cu–N doped CDs (Cu/N-CDs) through one-step 
pyrolytic synthesis of CDs with Cu[2Na(EDTA)] ( Figure    12  a). [ 95 ]  
Cu species chelate with carbon matrix through Cu–N com-
plexes. Figure  12 b1 shows the photooxidation mechanism of 
1–4 DHP. After excitation, electrons transfer from 1,4-DHP 
to CDs, forming highly reactive 1–4 DHP + . H +  is released and 
electron transfer process from 1,4-DHP •  to O 2  results in the 
production of aromatization product and reactive oxygen rad-
ical. O 2  •  grabs electron from CDs and the catalyst recovers. At 
the same time, superoxide anion radical is produced and reacts 
with H +  and then H 2 O 2  are generated, which will decompose 
into H 2 O and O 2  as a green route. The quenching effect of 
emission intensity by well-known electron acceptor 2,4-dini-
trotoluene and electron donor  N , N -diethylaniline (DEA) were 
measured (Figure  12 b2,b3) to study the electron accepting 
and donating abilities of CDs, which were enhanced 2.5 and 

1.5 times because of the co-doping of N and Cu. The elec-
tronic conductivity of Cu/N-CDs increases to 171.8 µs cm −1  
(Figure b4). As a result, the photocatalysis effi ciency in the 
photooxidation reaction of 1,4-DHP is improved 3.5 times com-
pared to common CDs.   

  3.5.     Energy Related Applications 

 With the increasing concerns regarding environmental issues 
caused by the consumption of fossil-fuel and rapid depletion 
of non-renewable resources, people are seeking clean and 
renewable energy resources, such as solar energy, [ 96–98 ]  wind 
energy and water conservancy. However, these methods pro-
vide discrete energy, which will infl uence the work of the grid. 
Therefore, energy storage, a key component in the energy con-
version, storage and delivery chain, has atracted worldwide 
attentions. [ 99 ]  In addition, fast development of hybrid vehicle 
and portable electronics require further improvement of energy 
storage devices beyond traditional carbon based devices. Up to 
date, many kinds of oxides, [ 100,101 ]  sulfi des [ 102 ]  and elementary 

 Figure 12.     Recent progresses on photocatalysis applications of CDs and GQDs. a) Fabrication and pyrolysis reaction procedures of Cu/N-CDs. 
b1) Photooxidation mechanism of CDs. Stern-Volmer plot of the emission intensity of CDs with various amounts of b2) DEA and b3) 2,4-dinitrotoluene 
upon excitation at 350 nm in H 2 O. b4) Nyquist diagrams of different CD samples. Reprinted with permission. [ 95 ]  Copyright 2015, Wiley-VCH.
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substance [ 103,104 ]  were used to fabricate energy storage devices, 
such as lithium ion batteries and supercapacitors. The former 
benefi t from high energy density and the latter possess high 
power density. Both of them are necessary for the practical 
applications. 

  3.5.1.     Supercapacitors 

 Supercapacitors and batteries are reported to benefi t from GQDs 
and CDs. Principally, there are two kinds of supercapacitors 
according to the charge storage mechanism, double layer capaci-
tors (ion absorption) and pseudocapacitors (Faradaic reaction), 
respectively. Hu et al. deposited GQDs onto aligned carbon 
nanotubes by an electrical method. [ 105 ]  The preparation process 
and fabrication of the devices are shown in  Figure    13  a. A capaci-
tance of 44 mF cm −2  was obtained, exhibiting a more than 200% 
improvement over that of bare CNT electrodes, 14 mF cm −2 . 
Considering the formation of micropores between GQDs and 
HACNT scaffolds and neighboring GQDs, here, the authors ref-
erenced the electric double-cylinder capacitor (EDCC) model. [ 107 ]  
Such structure facilitated the amount and transportation of ions, 
resulting in high capacitance and stability. Similarly, GQDs and 

other carbon porous structures, such as graphene [ 108 ]  and three 
dimensional aerogel, [ 109 ]  are applied. At least 100% improve-
ment is obtained in these works thanks to the high specifi c sur-
face area and easy access and diffusion of ions.  

 Despite capacitors used in workplace with higher energy, 
micro-supercapacitors applied in portable electronics are 
studied. A GQDs based symmetric micro-supercapacitor was 
fi rstly prepared by Liu et al., using a simple electro-deposition 
method on interdigital gold electrodes. [ 110 ]  The devices exhib-
ited superior rate capability (1000 V s −1 ) and excellent power 
response with very short relaxation time constant in both 
aqueous and ion liquid electrolytes. A capability of ≈97.8% of 
its initial specifi c capacitance after 5000 cycles was obtained, 
indicating the potential applications. Then, asymmetric device 
employing conductive polymer, polyaniline (PANI), was pre-
pared with similar method, as shown in Figure  13 b. [ 106 ]  First of 
all, PANI nanofi bers are prepared through an electrochemical 
method and then, GQDs are electrodeposited on aligned PANI 
fi bers. Such devices employing PANI and GQDs as the positive 
and negative active materials also show high rate capability and 
short relaxation time constant of 115.9 ms. 

 Compared to double layer capacitors, pseudocapacitors associ-
ated with redox reactions usually exhibit higher energy density. 

 Figure 13.     Recent progresses on supercapacitor applications of CDs and GQDs. a) Schematic of the preparation of a symmetric supercapacitor 
based on GQDs/carbon nanotubes. Reprinted with permission. [ 105 ]  Copyright 2013, Springer. b) Schematic of the electrochemical deposition of PANI 
nanofi bers, GQDs, and the structure of the device. Reprinted with permission. [ 106 ]  Copyright 2013, Royal Society of Chemistry.
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Obviously, higher specifi c surface area and more atoms partici-
pating in the redox reactions will result in higher specifi c capaci-
tance. Zhu and co-workers prepared RuO 2  networks decorated 
with CDs with a simple method as shown in  Figure    14  a. [ 27 ]  
The introduction of CDs reduces the aggregation among RuO 2  
nanoparticles, forming porous and multichannel structures. 
Electrodes measured in three-electrode system exhibit out-
standing supercapacitances under ultrafast charge and discharge 
and excellent stability because of the enhancement of charge 
transport and ionic motion among the RuO 2  nanoparticles. It 
is worth noting that 96.9% of its initial capacitance and Cou-
lombic effi ciency of almost 100% are remained after 5000 cycles 
(Figure  14 b,c). Besides, another route to enhance specifi c capaci-
tance is to improve the conductivity of active materials. CDs after 
annealing possess better conductivity because of improved crys-
tallinity, which will enhance the transport of electrons during 
particles, leading to improved rate capability. Such design is also 
applied in lithium ion batteries though researches are still rare.   

  3.5.2.     Lithium Ion Batteries 

  Figure    15  a shows the fabrication of CuO/Cu and CuO/Cu/
GQDs nanowire composites. [ 111 ]  Before this, there is no 
report on the application of GQDs in LIBs. Additionally, large 
volume expansion (174%), low electron conductivity (p-type 
semiconductor) and low initial Coulombic effi ciency hinder 

the practical applications of CuO in LIBs. It is expected that 
the highly conductive copper and GQDs coating can decrease 
the electrochemical impedance and thus facilitate the transport 
kinetics. Considering these issues, Zhu et al. synthesized CuO/
Cu/GQD tri-axial nanowire arrays successfully. Such soft pro-
tection of GQDs shows greatly increased surface conductivity 
and the stability of nanowire array structure. Compared to 
CuO/Cu composite structure, the tri-axial nanowire electrodes 
achieve high initial Coulombic effi ciency (87%) and superior 
capability retention (high retention after 1000 cycles). The cur-
rent collector, copper foam, also provides good conductivity 
for electrons because no binder is used. This method is suit-
able for the improvement of performance in other less-stable 
materials such as VO 2 . GQDs coated VO 2  arrays were fabri-
cated via similar method by the same research group as shown 
in Figure  15 b1. [ 26 ]  The effect of GQDs is similar with that in 
supercapacitors, separating VO 2  nanobelts from each other 
and avoiding the agglomeration as well as minimizing the dis-
solution of active materials, shown in Figure  15 b2. Lithium 
ion batteries based on above electrodes exhibit a ≈99% initial 
Coulombic effi ciency and 100% during the following cycles and 
36% capacitor is retained when the current density increased 
from 1/3 C to 120 C. Incredibly, such structure delivers a reten-
tion of 94% of the original capacity after 1500 cycles at 60 C 
(Figure  15 b3). Obviously, above results demonstrate a new 
approach to enhance the performance of battery electrodes, 
including lithium, sodium and other ion batteries. 

 Figure 14.     Recent progresses on supercapacitor applications of CDs and GQDs. a) Preparation procedure of CDs and RuO 2  networks. b) Charge and 
discharge curves under high current density (10–50 A g −1 ). c) Cycling stability of the RuO 2  and CDs/RuO 2  at a current density of 5 A g −1 . Reprinted 
with permission. [ 27 ]  Copyright 2013, Royal Society of Chemistry.
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  Except for above discussed applications, GQDs and CDs are 
frequently reported to be employed in biological area because 
of its low toxicity, biocompatibility and high hydrophilicity, such 
as bioimaging in vivo or vitro [ 112 ]  and drug delivery. [ 113 ]  Another 
application for detection of toxic ions (Hg 2+ ) in water with high 
selectivity and sensitivity also attracts a lot of interest. [ 114 ]  Interest-
ingly, lasing emissions are observed for CDs in specifi c solvent 
and much more work and in-depth study should be carried out to 
understand the phenomenon. [ 115,116 ]  Anyway, CDs and GQDs can 
unambiguously be used as the gain medium to achieve lasing.    

  4.     Conclusions and Outlook 

  Figure    16   shows the timeline of the development in applica-
tions for CDs and GQDs. From the accidental discovery in 

2004, researches have gone forward step by 
step till now and complex devices beyond 
photoluminescence have been fabricated, 
such as solar cells, LEDs, lithium ion bat-
teries, supercapacitors, photodetectors etc. 
As discussed in this Feature Article, many 
kinds of devices and applications can benefi t 
from CDs and GQDs because of their spe-
cial optical and electrical properties. Elabo-
rate designs of micro-structures and device 
structures in previous reports have provided 
promising strategies for practical applica-
tions and future researches. However, the 
research on CDs and GQDs is still at its early 
stage compared to graphene. There is still a 
long way to go for practical applications and 
there is also a large room for researchers.  

 First of all, there are still many issues 
waiting to be settled for further develop-
ment. For instance, conclusive evidence and 
convincing explanation is still absent for the 
photoluminescence mechanism. How do the 
factors, such as crystallinity, size, surface func-
tionalization and doping infl uence the optical 
properties is still unclear. Both in-depth experi-
mental verifi cation and theoretical calculations 
are deadly desired. Furthermore, scaled but 
facile synthetic methods for the production 
of CDs and GQDs with high quality are still 
challenges though many papers about fabrica-
tion methods have been published. All of the 
issues inhibit the development of this fi eld. 

 Besides the fundamental researches, fur-
ther development for applications is also 
important. For bioimaging in vivo and in 
vitro, long wavelength emission or up-con-
version luminescence is more appropriate 
for biological window. However, QY is often 
low when excited with long wavelength light. 
Whilst, is it possible to combine photolumi-
nescence and magnetism together for CDs 
and GQDs? It should have potential applica-
tions in biological diagnosis and treating. To 

realize this, doping of magnetic element or in situ combination 
of magnetic oxides such as Fe 3 O 4  can be involved. New phe-
nomenon and concept are also expected because of the inter-
esting magnetism-photo interaction. Color rendering index 
(CRI), correlated color temperature (CCT) and Commission 
International de l’Eclairage (CIE) chromaticity coordinates are 
important parameters to evaluate the quality of white LEDs. 
However, up to now, most of the materials exhibit bright blue to 
green luminescence, high effi ciency long wavelength emission 
is still absent to obtain WLEDs with high CRI, as well as warm 
white light. It is suggested that large sp 2  domain is favorable 
for yellow and red emission but the method is low effi ciency. [ 49 ]  
Therefore, new methods for large scale production of CDs or 
GQDs with long emission wavelength are expected. Maybe 
doping of hetero atoms will also help such as electron donating 
atoms, which will enhance the conjugation degree, resulting in 

 Figure 15.     Recent progresses on battery applications of CDs and GQDs. a1–a3) Schematics of 
the fabrication process of CuO/Cu and a4,a5) CuO/Cu/GQDs nanowire electrodes. Reprinted 
with permission. [ 111 ]  Copyright 2015, Wiley-VCH. b1) Fabrication processes of graphene frame-
works supported VO 2  nanobelt arrays and coating of GQDs. b2,b3) Illustration of the electrode 
with multi-channels for the transfer of both electrons and ions. Reprinted with permission. [ 26 ]  
Copyright 2015, American Chemical Society.
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narrower band gap. According to previous reports, electrolumi-
nescence is also possible for CDs and GQDs though quantum 
effi ciency is still low and expensive organic semiconductors are 
used. It is still possible to improve device performance with less 
use of organics after the optimization of assembly and struc-
ture design. For energy storage devices, though these carbon 
materials can enhance the stability, post treatment is always 
needed to overcome the natural poor conductivity. Methods 
such as laser ablation in liquid that produce CDs with good 
conductivity and high yield can meet the demand. 

 Because of the high solubility, devices through all solution 
processed fabrication with large area and low cost is possible. 
Present techniques, such as roll-to-roll and dip coating methods 
can be employed to fabricate fl exible and wearable devices with 
CDs and GQDs, including solar cells, photodetectors and LEDs. 
The technological process should be further improved for excel-
lent assembly of fi lms and materials’ crystallinity and surface 
functionalization are also important for the tuning of electrical 
conductivity and forming of pinhole free fi lms. Except for above 
discussed devices, CDs or GQDs with appropriate band gap 
and conductivity can compensate for the disadvantages of gra-
phene to fabricate fi eld effect transistors (FETs). Actually, FETs 
have been studied by Kwon et al. via solution method, effects 
of doping and ligand length on the performance of FETs are 
studied. [ 117 ]  We are expecting more researches about FETs based 
on CDs and GQDs for electrochemical and biological sensing. 
In summary, we believe that new physical and chemical prop-
erties will be found and new applications and devices will be 
invented. They will be practically applied in some fi elds soon.  
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