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Abstract Carbon materials have been used for a long time in heterogeneous
catalysis, which can satisfy most of the desirable properties required for a suitable
catalyst support. Based on their significant advantages, such as low cost, huge
amount, easy accessibility, high surface area, diverse porous structure, and resistance
to acidic or basic environments, the carbon nanostructures are hungered for using as
proper catalysts directly. Carbon dots (CDs), a new class of carbon nanomaterials
with sizes below 10 nm, were also demonstrated to be efficient catalysts, such as,
photocatalysts for selective oxidation, light-driven acid-catalysis and hydrogen bond
catalysis. In this chapter, we will highlight the preparative methods, which have been
used successfully to produce active, selective and durable CDs catalysts and look at
their properties and the reactions which they promote. We then consider the catalysts
design based on these new CDs and look into the future.

1 Preparative Methods

Here we just simple summarize the typical synthesis methods, and will not give a
very detailed discussion. The detailed describe about the synthesis of CDs can be
found in the recent reviews [1–5].

Tremendous efforts have been made to develop the synthetic methods for CDs.
The methods have been proposed during the last decade can be roughly classified
into “Top-down” and “Bottom-up” approaches. The top-down routes are imple-
mented via either physical or chemical techniques, among which the latter is in the
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majority. Further, the mechanism of chemical type top-down routes can be described
as defect-mediated fragmentation processes. Namely, the oxygen-containing func-
tional groups (epoxy and hydroxyl groups) could create defects on graphite sheets
and serve as chemically reactive sites, thus allowing graphite to be cleaved into
smaller sheets. Typically, the top-down methods include electron beam lithography,
Laser ablation, acidic exfoliation, electrochemical oxidation, microwave-assisted
hydrothermal synthesis, and so on. The top-down routes for the preparation of CDs
have the advantages of abundant raw materials, large scale production and simple
operation. CDs can also be prepared through bottom-up routes, including the
solution chemistry, cyclodehydrogenation of polyphenylene precursors, carbonizing
some special organic precursors or, the fragmentation of suitable precursors, for
example, the C60. Compared with the up-down routes, the reports concerning the
bottom-up routes are relatively scarce. The bottom-up methods offers us exciting
opportunities to control the CDs with well-defined molecular size, shape, and thus
properties. Nevertheless, these methods always involve complex synthetic proce-
dures, and the special organic precursors may be difficult to obtain. Anyway, three
problems facing CDs fabrication need to be noticed: (i) carbonaceous aggregation
during carbonization, which can be avoided by using electrochemical synthesis,
confined pyrolysis or solution chemistry methods, (ii) size control and uniformity,
which is important for uniform properties and mechanistic study, and can be opti-
mized via post-treatment, such as gel electrophoresis, centrifugation, and dialysis
and (iii) surface properties that are critical for solubility and selected applications,
which can be tuned during preparation or post-treatment. For particular applications
explore, it is important to control the sizes of CDs to get uniform properties. Many
approaches have been proposed to obtain uniform CDs during preparation or
post-treatment. In most of the reports, the as-synthesized CDs fragments were
purified via post treatments like filtration, dialysis, centrifugation, column chro-
matography and gel-electrophoresis. Surface modification is a powerful method to
tune the surface properties of materials for selected applications. There are many
approaches for functionalizing the surface of CDs through the surface chemistry or
interactions, such as covalent bonding, coordination, p–p interactions, and sol–gel
technology. Doping is a widely used approach to tune the PL properties of photo-
luminescent (PL) materials. Various doping methods with dozens of elements such
as N, S, and P have been reported to tune the properties of CDs.

2 Structures and Properties of CDs

Here we just simple summarize the typical structure and properties of CDs, and will
not give a very detailed discussion. The detailed describe about the structure and
properties of CDs can be found in the recent reviews [1–5].
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2.1 Component and Structure

In general, the average sizes of CDs are mostly below 10 nm, which is usually
depended on the preparation methods. Technically speaking, CDs are only com-
posed of elemental C and H. However, limit by their strong tendency for aggre-
gation due to the face-to-face attraction and the preparation methods such as
oxidation derived exfoliation, CDs reported so far are always partially oxidized,
with hydroxyl, epoxy/ether, carbonyl and carboxylic acid groups on the surfaces.
Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy
(XPS) spectra are commonly adopted to analyze their component. The crystalline
nature of CDs can be investigated through X-ray diffraction (XRD) patterns, Raman
spectroscopy and high resolution transmission electron microscopy (HRTEM)
observations. Both (002) interlayer spacing and (100) in-plane lattice spacing exist
in CDs, and the former has been widely studied. The interlayer spacing of CDs
depends strongly on their oxidation degree, that is, the attached hydroxyl,
epoxy/ether, carbonyl and carboxylic acid groups can increase the interlayer
spacing of CDs. The Raman technique is also a powerful and non-destructive tool
for the characterization of CDs. The G band is assigned to the E2g vibrational
modes of the aromatic domains, whereas the D band arises from the breathing
modes of the graphitic domains. Traditionally, the intensity ratio of “disorder” D to
crystalline G (ID/IG) is used to compare the structural order between crystalline and
amorphous graphitic systems. The ID/IG values of CDs vary significantly depending
on the preparation methods. The HRTEM images of CDs features two kinds of
lattice fringes, namely (002) interlayer spacing and (110) in-plane lattice spacing.
Similar to the XRD pattern, the former centered at about 0.34 nm has been observed
from CDs prepared by acidic oxidation from carbon black, microwave-assisted
method, and electrochemical cutting method. The in-plane lattice spacing mostly
centered at about 0.24 nm has been observed from CDS synthesized via
microwave-hydrothermal protocol, amino-hydrothermal method, K intercalation,
acidic oxidation from carbon fibers, and photo-Fenton reaction, excepting that
valued at about 0.21 nm via hydrothermal cutting strategy and glucose car-
bonization method. Besides, these two kinds of lattice fringes have been simulta-
neously been observed in the case of electrochemical method from MWCNTs and
acidic oxidation from natural graphite. Moreover, CDs are not always crystalline,
amorphous CDs has also been prepared via hydrothermal method and citric acid
carbonization.

2.2 Properties

Absorption. CDs typically show strong optical absorption in the UV region, with a
tail extending out into the visible range. There may be some absorption shoulders
attributed to the π–π* transition of the C=C bonds, the n–π* transition of C=O
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bonds and/or others. Moreover, CDs prepared via different methods also showed
different absorption behaviors. For instance, the citric acid carbonized CDs had an
absorption band of 362 nm, but the unsubstituted HBC derived CDs with size of
about 60 nm only showed a weak shoulder at 280 nm. Thus the absorption peak
position was also dependent on the preparation method. Besides, the variation of
oxygen content was reported to play important role in deciding the absorption peak
position of CDs.

Photoluminescence. For both CDs, one of the most fascinating features is their
photo-luminescence. Till now, variously sized CDs with different PL colors,
ranging from the visible into the near-infrared region, have been prepared via
various synthetic approaches. CDs prepared via different approaches can emit PL
with different colors, including DUV, blue, green, yellow, and red. Typically, the
luminescence mechanism may derive from intrinsic state emission and defect state
emission. However, the exact mechanism of PL for CDs remains unsettled. The
luminescence has been tentatively suggested to arise from excitons of carbon,
emissive traps, quantum confinement effect, aromatic structures, oxygen-containing
groups, free zigzag sites and edge defects. A widely accepted mechanism for
luminescence emission from CDs needs systematic investigation. Anyway, the PL
of CDs is should be attributed to either combining effect or competition between
intrinsic state emission and defect state emission. CDs prepared via various
methods probably exhibit distinct PL mechanism, which leads to different depen-
dences of their PL on size, excitation wavelength, pH, solvent, and concentration
etc. The quantum yield (QY) of CDs varies with the fabrication method and the
surface chemistry involved. As for the unpassivated CDs, their QYs ranged
between 2 and 30 %, which are observed in CDs prepared via stepwise solution
chemistry and microwave-assisted acidic oxidation, respectively. The CDs com-
monly contains carboxylic and epoxide groups, which can act as the non-radiative
electron–hole recombination centers. Therefore, the removal of these
oxygen-containing groups maybe improves the QY, either by reduction or surface
passivation. More importantly, significantly enhanced QY of *72 % is the highest
value for CDs reported so far [6].

Photoinduced electron transfer property. For the utilization of PL compounds
in light-energy conversion and related areas, there have been extensive investiga-
tions on their photoresponse, photoinduced charge separation and electron transfer
processes. It was found that the PL from a CDs solution could be efficiently quen-
ched in the presence of either electron acceptors such as 4-nitrotoluene and
2,4-dinitrotoluene or electron donors such as N,N-diethylaniline. Namely, the
photoexcited CDs are excellent as both electron donors and electron acceptors. They
also found efficient PL quenching in CDs by surface-doped metals through dis-
rupting the excited state redox processes. Electron transfer in nanocomposites of
CDs–GO (graphene oxide), CDs–MWNTs (multi-wall carbon nanotubes) and
CDs–TiO2 NPs without linker molecules was also studied. Significant PL quenching
was observed in the CD–GO system, which was attributed to the ultrafast electron
transfer from CDs to GO with a time constant of 400 fs. In comparison, addition of
carbon nanotubes resulted in static quenching of fluorescence in CDs. No charge
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transfer was observed in either CD–MWNT or CD–TiO2 nanocomposites. These
interesting photoinduced electron transfer properties of CDs as an electron
donor/acceptor may offer new opportunities for light energy conversion, catalysis
and related applications, as well as mechanistic elucidation.

Bandgap engineering. CDs feature tunable bandgap due to their pronounced
quantum confinement and edge effects. The bandgap in graphene-based materials
can be tuned from 0 eV to that of benzene by changing size and/or surface
chemistry, making it a rising carbon-based fluorescent material. Li et al. reported
that the band gaps and redox potentials of CDs could be independently controlled,
the former by size and the latter by functionalization. Based on the two major
strategies, currently, increasing efforts have been made to customize their optical
properties, among which the tunability based on the variation of size has already
been discussed in the above section, Size dependence. Other strategies can be
classified into three main groups: tuning oxidation degree, surface functionalization,
and chemical doping, showing as below. The oxygen-containing functional groups
on CDs can lead to radiative recombination of localized electron–hole pairs and
surface emissive traps. And the variation of the degree of oxidation (or reduction)
can induce the alteration of localized sp2 clusters and structural defects, thus
changing the PL. Chemical modifications using molecules with strong
electron-donating or—accepting ability could also result in appreciable impact on
electronic characteristics of grapheme. The electron-donating groups generally
raised the HOMO levels, and electron-withdrawing groups lowered the LUMO
levels. Doping carbon nanomaterials with heteroatoms can effectively tune their
intrinsic properties, including electronic properties, surface and local chemical
reactivity. In view of the remarkable quantum-confinement and edge effects of CDs,
doping CDs with chemically bonded N atoms could drastically alter their electronic
characteristics and offer more active sites, thus producing new phenomena and
unique properties.

3 Catalytic Properties of CDs

3.1 Photoctalytic Activity for Selective Oxidation
Reaction [7]

Selective oxidation of alcohols to carbonyls is a fundamental and significant
transformation for the large-scale production of fine chemicals [8, 9]. Several UV
and visible light driven photocatalytic systems for alcohols oxidation have been
developed, such as Ru-(bipy)3

2+ and its derivatives, TiO2 or TiO2-based materials
(dye/TiO2), Pd@CeO2, and mesoporous carbon nitride (mpg-C3N4) [9–18]. The
photocatalytic application of carbon based materials has focused primarily on that
such catalyst could or not catalyze the reaction by UV and/or visible light [19–22].
In general, the UV and/or short wavelength visible light may damage or change the
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structure of organics [11–13]. From a broader perspective, exploiting long wave-
length light driven photocatalysts is a direct and effective strategy to realize the
photo-assisted selective organic transformations with high conversion and selec-
tivity. 1–4 nm CDs are effective NIR light driven photocatalysts, which catalyze the
efficient oxidation of benzyl alcohol to benzaldehyde with high conversion (92 %)
and selectivity (100 %) in the presence of H2O2 as oxidant. The cooperation of CDs
and NIR can prevent the overoxidation of the product to benzoic acid, and hold the
reaction resting on the phase of benzaldelyde. Control catalytic experiments con-
firm that the catalytic activity of CDs is dependent on their photocatalytic activity
for H2O2 decomposition and NIR light induced electron transfer property. Such
metal-free photocatalytic system also selectively converts other alcohol substrates
to their corresponding aldehydes with high conversion, demonstrating a potential
pathway of accessing traditional alcohols oxidation chemistry. Details of the con-
version and selectivity of benzyl alcohol oxidation catalyzed by CDs and contrast
samples are shown in Table 1. After 12 h reaction under NIR light irradiation, high
conversion efficiency of 92 % and high selectivity up to 100 % catalyzed by CDs
(1–4 nm) were achieved simultaneously (Entry 1, Table 1). In contrast, CNPs
(100–150 nm) and graphite (100–2000 nm) catalysts gave conversion of 71, 51 %
and selectivity of only 78, 59 % under the same conditions, respectively (Entries 3
and 5). In the absence of NIR light, the selectivity yielded by three different catalysts
all exhibited obvious decrease (Entries 2, 4 and 6), which means that the NIR light

Table 1 Selective oxidation of benzyl alcohol to benzaldehyde under the different light irradiation
or not

Entry Catalysts Size (nm) NIR light Conv. (%)a Sel. (%)

1 CDs 1–4 + 92 100

2 CDs 1–4 /b 93 54

3 CNPs 100–150 + 71 78

4 CNPs 100–150 / 64 57

5 Graphite 100–2000 + 51 59

6 Graphite 100–2000 / 46 60

7c / / + 21 52

8 CDs 1–4 Visd 93 84

9 CDs 1–4 UVe 95 75

All reactions were carried out applying a quartz three-neck flask. Typically, benzyl alcohol, CDs or
other kinds of catalysts were added into a three-neck flask equipped with a condenser. The reaction
mixture was vigorously stirred at 60 °C, followed by NIR irradiation for 12 h (450 W Xe arc lamp
with an NIR-CUT filter to cut off light of wavelength <700 nm, remove the light when used
control samples). H2O2 (30 wt% in water, 1.0 mL, 10.0 mmol) was added continuously with a
syringe pump in 12 h
aConversion rates were determined by GC with an FID detector
bReference experiment without NIR light
cReference experiment without catalyst
dReference experiments with visible light
eReference experiments with UV light
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can enhance the catalytic ability of CDs for the selective oxidation. Here, the low
selectivity yielded by contrast samples (Entries 2–6) are resulted from the formation
of benzoic acid (overoxidation product of benzaldehyde) in the obtained products as
measured by Gas Chromatography (GC) analysis. Additionally, in the absence of
any catalyst, a thermocatalytic reaction of benzel alcohol was observed for the same
reaction system with low conversion (21 %) and poor selectivity (52 %) to ben-
zaldehyde (Entry 8). When using CDs as catalyst and visible or UV light as the
irradiation light (Entries 8 and 9), the conversion of benzyl alcohol (≤95 %) was
similar to that using NIR light, while the selectivity to benzaldehyde (84, 75 %) was
lower than that achieved under NIR light (100 %). These results reveal that the
conversion and selectivity of such catalytic reaction are influenced not only by the
carbon catalysts (CDs, CNPs, and graphite) but also by irradiation lights (UV, Vis,
and NIR). The cooperation of CDs and NIR irradiation can promote the oxidation of
benzyl alcohol to benzaldehyde achieving a high conversion and selectivity.
Compared to the other catalysts with high efficiency (such as TiO2 with a conversion
and selectivity ca. 99 % under UV and visible light) [16], the catalytic process
obtained the similar conversion (92 %) and selectivity (100 %) under long wave-
length NIR light. Although the oxidants are different in these two systems, the long
wavelength near infrared (NIR) and infrared (IR) light are more moderate and
environmentally friendly than the UV light. The active oxygen species in the present
process appear to have a radical character. The further experiments also strongly
suggest that a higher amount of HO· would be generated by the unirradiated sample
than that of the irradiated one. Without NIR irradiation, the mainly catalytic product
is benzoic acid with only a little amount of benzaldehyde, indicating that during the
reaction, benzyl alcohol is firstly oxidized into benzaldehyde, and then further
oxidized into benzoic acid. Significantly, under the NIR light irradiation, the CDs’
photo-induced electron transfer ability (especially as strong electron donors) protects
the first step product (benzaldehyde) from overoxidation by the photoelectron
reductive environment [23], thus yielding the high selectivity (100 %) to ben-
zaldehyde. The scope of reactivity of the aforementioned CDs catalyst was further
explored by Kang et al. using a variety of benzyl alcohol’s derivatives under the
same conditions under NIR light irradiations. Those benzyl alcohol’s derivatives
could also resulted into their oxidized aldehydes products in high conversions and
selectivities with H2O2 as oxidant and NIR light irradiation.

3.2 Visible Light Induced Acid Catalyst [24]

The traditional acid catalysts (mineral acids, etc.) suffer from serious drawbacks that
they necessitate costly and inefficient separation of catalysts from homogeneous
reaction mixtures, resulting in a huge waste of energy and products, equipment
corrosion, uncontrolled reaction, and demanding manufacturing conditions [25–33].
The use of solid acid catalysts offers advantages over liquid acids, such as reduced
equipment corrosion, ease of product separation and catalyst recyclability [28–33].
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Light-driven catalytic reactions can potentially provide a sustainable pathway for
green controlled synthesis, and have attracted tremendous interest [34–37].
Carbon-based nanomaterials show great potential in photo-catalysis, redox-catalysis
and acid-catalysis. As acid catalysts, carbon nanostructures (such as
sulfated-graphene/-tube/-active carbons) typically suffer from lack of proper surface
functionalization, low efficiency, and uncontrolled process [37–39]. 5–10 nm CDs
have strong photo-induced proton generating capacity in solution under visible light
irradiation. The catalytic activity of 5–10 nm CDs is strongly dependent on illu-
mination intensity and reaction temperature. As light-driven acid-catalyst, they show
CDs can catalyze a series of organic reactions (Esterification, Beckmann rear-
rangement and Aldol condensation) achieving high conversion efficiency in water
solution under visible light irradiation. 5–10 nm CDs were produced from a graphite
rod by electrochemical method in pure water. The reversible temperature- and
concentration-dependent photo-proton generating ability should be due to the
light-induced structure interconversion of the functional groups on CDs surface. And
the proton generation mechanism of CDs under visible light irradiation was shown
as follows. First, the hydroxyl group of CDs dissolved in water would release a free
proton (or H3O

+) under visible light irradiation. Then the intermediate would pro-
duce another proton (hydrolyzed to H3O

+) from reaction of C=O group with H3O
+.

After the O in C=O links with HO− by supramolecular interaction, the intermediate
with the epoxy group was obtained under visible light irradiation. A series of
reactions (Esterification, Beckmann rearrangement, Aldol condensation) needing
acid as a catalyst was performed by Kang et al. to study the photo-induced proton
generating property of CDs and reference samples (small-sized CDs with 1–4 nm,
graphite particles) [40]. The reaction products were monitored by GC. Details of
different reactions (Esterification, Beckmann rearrangement, Aldol condensation)
catalyzed by CDs and reference samples (Entry 1–10). After 10 h reaction under
visible light irradiation, high conversion efficiencies of 34.7–46.2 % were achieved
in all reactions (Esterification reactions: Entry 1–8; Beckmann rearrangement: Entry
9; Aldol condensation: Entry 10, Table 2) catalyzed by CDs. Under the same con-
ditions but without visible light the, conversion efficiencies are substantially smaller
at <5 % (Table 2), showing visible light can enhance the catalytic ability of CDs for
acid-catalyzed reactions. To further investigate the role of light in the reaction, Kang
et al. also measured conversion efficiency versus reaction time (Esterification,
Beckmann rearrangement, and Aldol condensation corresponding to Entry 1, 9, and
10, respectively, were selected for study) in alternating dark and light environment.
While, the conversion efficiencies of all three reactions increase sharply (4.1–6.8 %)
under light irradiation (time at 0–30 min, 60–90 min, 120–150 min, and
180–210 min), but only a little (only 0.2–0.6 %) without irradiation. It shows that
light irradiation indeed has an important effect on the acid catalytic reactions. In the
absence of catalysts, a thermocatalytic reaction with a low conversion efficiency
of <1 % was only observed in the reaction system. Moreover, the filtrate solution
test, i.e. 2 h reaction after removing the CDs from the reaction medium, showed no
catalytic activity. All above-mentioned experiments collectively show that CDs
indeed can act as a light-controlled acid catalyst in the present catalytic reactions.
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The catalytic activities of CDs in aqueous solution are attributed to the remarkable
visible light-induced proton generating capability associated with the oxygen-
containing functional groups of CDs.

3.3 Photoenhanced Hydrogen-Bond Catalytic Activity [41]

Hydrogen bonding (H-bonding) plays a crucial role in enzyme-catalyzed reactions
by orienting the substrate molecules and lowering barriers to reactions [42].
Recently, this kind of noncovalent interaction (H-bonding) was introduced into

Table 2 Photocatalytic activities for different reactions (Esterification, Beckmann and Aldol
condensation) by 5–10 nm CDs photocatalyst with (+) or without (−) light (λ > 420 nm) irradiation

Entry Reactants 1 Reactants 2 Products Conv.[%]

(light +/ a

1 CH3OH

CH3OH

CH 3 COOCH 3CH 3 COOH

CH 3 COOH

CH 3 COOH

CH 3 COOH

CH 3 COOH

45.3/4.8

2 OH OCCH3

O

42.6/4.5

3 C2 H5OH

C2 H5OH

CH3 COOC2H5 43.7/4.2

4 
COOH COOC2H5 40.3/4.1

5 
COOH COOCH3

38.9/3.7

6 OH

COOH

OC

O

45.2/4.3

7 

OH

OCCH3

O
39.1/4.0

8 OH OCCH3

O
35.5/3.9

9 OHHO

OEt

O O

HO O O

CH3

46.2/4.5

10 CHO

O
H
C CH C

O

34.7/3.8

–)

All reactions were performed in a quartz three-neck flask. Reactants and CDs were added into a
three-neck flask equipped with a condenser. The reaction mixture was vigorously stirred at low
temperatures, followed by visible light irradiation for 10 h (450 W Xe arc lamp with a CUT filter
to cut off light of wavelength <420 nm, but removed for experiments without irradiation)
aConversion efficiencies were determined by GC with an FID detector
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many organic chemical reactions [43–50], including the Diels-Alder, Aldol reaction,
aza-Henry, Mannich, Michael, Morita-Baylis-Hillman, and Strecker reactions
[51–58]. As a typical organocatalysis, hydrogen bond (H-bond) catalysis uses
H-bonding interactions to accelerate organic reactions and stabilize anionic inter-
mediates and transition states [59]. Several organic molecules with hydroxyl groups
can be used as homogeneous H-bond catalysts [60–62]. For example, Chiral
BINOL-derived Brønsted acids catalyze the enantioselective, asymmetric Morita–
Baylis–Hillman (MBH) reaction of cyclohexenone with aldehydes [63]. Inorganic
solid nanoparticles with abundant surface hydroxyl groups have been developed as
alternative heterogeneous catalysts for H-bonding reactions [64, 65]. For example,
aldol reactions could be catalyzed by hydroxyl groups on the Fe(OH)3 shell of
Fe3O4@Fe(OH)3 core-shell microspheres [66]. CDs are stable and biocompatible
and have strong and tunable PL. CDs are considered to be good H-bonding catalysts
because of their rich photochemical properties and functional carboxylic and
hydroxyl groups. As heterogeneous nanocatalysts for H-bond catalysis, CDs showed
good photoenhanced catalytic abilities (89 % yield when 4-cyanobenzaldehyde is
used) in the aldol condensation. A series of catalytic experiments confirmed that the
catalytic activity of CDs can be effectively enhanced by visible light, which may be
attributed to their photo-induced electron accepting properties. The aldol conden-
sation with a high yield of the aldol condensation product under CDs as catalyst.
Typically, acetone was the solvent and reactant in the first set of trials and reacted
with a series of aromatic aldehydes at room temperature. Detailed yields of the
aromatic compounds are displayed in Table 3. As shown in Entry 8, the aldol
condensation exhibited a very low yield in the absence of CDs as catalysts whether
under light irradiation or not, confirming the CDs as catalyst is necessary for the
reaction. In general, these reactions yielded higher yields with visible light irradia-
tion than those produced in the dark. These data confirm that visible light is nec-
essary for good conversion. When benzaldehyde (Entry 1) is used, the lowest yield
in visible light (19 %) with CDs as catalyst (Table 3) was obtained. Other aromatic
aldehydes (Table 3, Entries 2–7) showed higher conversion. Among them, when
4-cyanobenzaldehyde (circled by the red frame) is used, the aldol condensation
showed the highest yield (89 %, Entry 5) with CDs as catalyst. These catalytic results
were similar to the results reported by Niu et al. [66] It would be attributed to the
weak interaction between the para-position of aldehyde group may have with and the
groups on the CDs surface, which make the reactant molecules closer to the catalytic
active center. In contrast, without visible light irradiation, yields were reduced to
18 % for 4-cyanobenzaldehyde (Entry 5). When the reaction temperature was ele-
vated to 50 °C, a total conversion of 4-cyanobenzaldehyde in aldol condensation was
achieved in 4 h (Table 3, Entry 9). When 4-chlorobenzaldehyde (Entry 2) and
4-bromobenzaldehyde (Entry 3) were used, the yields reached 68 and 63 %,
respectively, with visible light irradiation, whereas the yields fell to 15 and 13 % in
the dark. In the present system, the reaction products were dehydrated products, and
the typical one (Table 3, Entry 1) was (E)-4-phenylbut-3-en-2-one. Different sol-
vents (Toluene, Ethanol, THF, and CHCl3) and ketones (cyclopentanone, cyclo-
hexanone, and acetone) were selected to evaluate the catalytic abilities of CDs (about
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5 nm) for aldol condensations with 4-cyanobenzaldehyde. When ethanol, THF, and
CHCl3 were used as solvents, the highest yield when 4-cyanobenzaldehyde is used
(32 %) was obtained with THF as solvent. The lowest yield (12 %) was for CHCl3. In
the catalytic system, toluene was the most suitable solvent for the aldol condensation
with CDs as catalysts. CDs with three different average particle sizes (5, >10,
and <4 nm) were tested. The highest yield of 89 % was achieved for 5 nm CDs when
4-cyanobenzaldehyde is used, whereas yields of 40 and 25 % were obtained for
CDs >10 and <4 nm, respectively. 5 nm CDs had the most satisfying photocatalytic
performance for this H-bond catalysis reaction, which should attributes to the highest
electron accepting ability when compared with other CDs (with size >10
and <4 nm). Further, control catalytic experiments confirmed that the efficient
electron-accepting properties of CDs strengthened the O–H bond and activated the
C=O bond of the 4-cyanobenzaldehyde, accelerating the aldol condensation.

3.4 Visible-Light Photocatalysts for CO2 Conversion [67]

The significant rise in atmospheric CO2 levels due to the combustion of hydro-
carbon fuels has generated much concern. Among various CO2 sequestration
options, a compelling approach is photocatalytic conversion to recycle CO2 back to
hydrocarbon fuels, for which the use of solar irradiation may represent an ultimate
solution. However, there are major challenges in finding potent photocatalysts

Table 3 Room-temperature aldol condensation between acetone and aromatic aldehydes in the
presence of CDs with or without visible light

Entrya Ar- Lightb Darkc

Yields (%)d Yields (%)

1 C6H5 19 3

2 4-Cl–C6H4 68 15

3 4-Br–C6H4 63 13

4 4-NO2–C6H4 65 8

5 4-CN–C6H4 89 18

6 4-CH3–C6H4 67 9

7 4-CH3O–C6H4 65 8

8e 4-CN–C6H4 Trace Trace

9f 4-CN–C6H4 99 32
aReaction conditions: 0.2 mmol aromatic aldehydes, 2 mL acetone, 60 mg CDs, room temperature,
24 h
b,cReference experiments with and without visible light irradiation, respectively (Xenon lamp,
300 W, λ ≥ 420 nm)
dThe reaction products were isolated through silica column chromatography, and analyzed by GC
eReference experiment without catalyst
fHeated to 50 °C, 4 h
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[68, 69]. Nanoscale wide-band-gap semiconductors such as titanium dioxide (TiO2)
and cadmium sulfide (CdS) were originally used and have since been quite popular
in CO2 photoreduction and related photocatalytic reactions, but their limitations in
terms of the requirement for UV excitation and generally low conversion effi-
ciencies have also become evident [68–70]. The functionalized carbon nanoparti-
cles with gold or platinum coating were used as photocatalysts for the reduction of
CO2. In a typical experiment, an aqueous solution of the goldcoated particles was
added to an optical cell in the photolysis setup, after which the solution was purged
with CO2 gas toward saturation at ambient temperature. The resulting solution in
the optical cell was photoirradiated with visible light for 5 h. The photoreduction of
CO2 generally yields formic acid as a significant product. The quantification of the
photoproduct was used to estimate quantum yields for photocatalytic reactions of
CO2 under the specific experimental conditions [71]. For the reduction to formic
acid only, the estimated quantum yield was ∼0.3 %, which was likely lower than
the overall quantum yield for the CO2 conversion. Nevertheless, even for the
production of formic acid alone, the observed quantum yield is already at the higher
end of the available literature values for reactions with a variety of photocatalysts
under many different conditions. As a more direct comparison, the use of suspended
TiO2 nanoparticles (Degussa P25) as photocatalysts with UV light irradiation
(through a 350 nm cutoff filter) in the same photolysis setup resulted in quantum
yields that were an order of magnitude lower (also for formic acid only). For the
platinum-coated photocatalysts in the CO2 conversion reaction under otherwise
identical experimental conditions, the results were generally similar to those with
the gold-coated ones described above, though more quantitative comparisons,
including those for effects of varying amounts of metal coating, are still being
pursued. Mechanistically, photoexcitation of the surface-passivated small carbon
nanoparticles likely results in charge separation to form surface-confined electrons
and holes, on which significant experimental evidence has already become available
[72, 73]. For example, the bright fluorescence emissions, which can be attributed to
radiative recombinations on the particle surface, could be quenched by both elec-
tron donors and acceptors in an equally efficient fashion [72]. The emissions were
also essentially diminished by the gold or platinum coating, as the coated metal was
designed to soak up the surface-confined electrons, disrupting the radiative
recombinations. Therefore, the functionalized carbon nanoparticles apparently
served the function of harvesting visible photons to drive the photoreduction pro-
cess, with the particle surface defects facilitating the charge separation by trapping
the separated electrons and holes, phenomenologically similar to what occurs for
metal-coated semiconductor nanoparticles (e.g., platinum-coated CdS or TiO2)
[74–76]. In addition to the obviously important advantage of strong visible
absorption, other distinctive features of the nanoscale carbon-based photocatalysts
include their aqueous solubility for the photoconversion under homogeneous
reaction conditions and the confinement of the photoinduced charge separation to
the particle surface, thus facilitating more efficient electron harvesting by the coated
gold or platinum as the cocatalyst in the CO2 conversion. Beyond CO2 photore-
duction, the same functionalized carbon nanoparticles with gold or platinum coating
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could be used as photocatalysts for H2 generation from water [77, 78]. In present
system, the photoconversion efficiencies likely benefit from the solubility of the
catalysts, surface confinement of the photoinduced charge separation and trapping,
and the straightforward doping of metal cocatalysts.

3.5 Photocatalyst for Overall Water-Splitting [79]

Electronic structural analysis revealed that graphene oxide (GO) materials have
conduction band minimum (CBM) and valence band maximum (VBM) levels
suitable for generating H2 and O2, respectively, under visible-light irradiation [80].
Size modulation and chemical modification readily tune the electronic properties of
graphene. The size effect results from quantum confinement, which becomes
prominent when the sp2 domain size is less than 10 nm. Quantum confinement
causes the separation of the π and π* orbitals, and creates a band gap in graphene
[81–86]. Modifying graphene by oxygen adsorption forms C–O covalent bonds that
damage the original orbitals and confine π electrons because of the reduction in sp2

domain size. This modification renders the quantized discrete levels to be dictated
by the nature of the sp2 domains and associated functional groups. GO is a p-doped
material because oxygen atoms are more electronegative than carbon atoms.
Replacing oxygen functional groups on the GO sheet edge with nitrogen-containing
groups transforms GO into an n-type semiconductor. In addition to surface modi-
fication by addition of functionalities, direct substitution with heteroatoms in the
graphene lattice induces the modulation of optical and electronic properties. Teng
et al. synthesized nitrogen-doped grapheme oxide-quantum dots (NGO-QDs) as the
catalyst [79]. The NGO-QDs exhibited both p- and n-type conductivities. The diode
configuration resulted in an internal Z-scheme charge transfer for effective reaction
at the QD interface. Visible light (>420 nm) irradiation on the NGO-QDs resulted in
simultaneous H2 and O2 evolution from pure water at an H2:O2 molar ratio of 2:1.
An energetic band bending was present at the interface between semiconductor and
solution, and a p–n type photochemical diode configuration, mimicking the bio-
logical photosynthesis system, provided a favorable situation to accomplish vec-
torial charge displacement for overall water-splitting. These developed NGO-QD
photocatalyst consisted of nitrogen-doped graphene sheets stacked into crystals,
with oxygen functional groups on the crystal surface. The band gap of the
NGO-QDs was approximately 2.2 eV, and was capable of absorbing visible light to
generate excitons. This NGO-QD construction resulted in the formation of p–n type
photochemical diodes, in which the n-conductivity was caused by embedding
nitrogen atoms in the graphene frame, and the p-conductivity by grafting oxygen
functionalities on the graphene surface. Visible-light illumination on NGO-QDs
suspended in pure water resulted in the evolution of H2 and O2 at a molar ratio of
approximately 2:1. The p- and n-domains were responsible for the production of H2

and O2 gases, respectively. Nitrogen-free QDs with p-type conductivity catalyzed
only H2 evolution under irradiation, proving that the band bending in the p-type
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domains was favorable for electron injection to produce H2. Likewise, NH3-treated
NGO-QDs showed n-type conductivity and catalyzed only O2 evolution. The sp2

clusters serve as the junction between the p- and n-domains and are the recombi-
nation sites for majority carriers from the two domains. The strong PL emission
from the NGO-QDs with visible-light irradiation might be associated with the
presence of the interfacial junction for recombination. The photochemical
diode-type mechanism for water-splitting over NGO-QDs showed a remarkable
similarity to that of biological photosynthesis [79].

3.6 CDs as Electrocatalysts [5]

Nitrogen doping has been a powerful way to modify the properties of carbon
materials. N-doping was also demonstrated to significantly affect the properties of
the CDs, including the emergence of size-dependent electrocatalytic activity for the
oxygen reduction reaction. For technological relevance in clear energy production
like fuel cells and clear fuel production, oxygen reduction reaction (ORR) and its
reverse reaction—oxygen evolution reaction (OER) are at the centre of intensive
research. Because of the sluggish kinetics of ORR, electrocatalysts are usually used
to improve the kinetics of ORR and of which platinum is the “state-of-the-art”.
Unfortunately, the formidably high cost of platinum-based electrocatalysts has
prompted researchers to look for non-platinum-based electrocatalysts for ORR,
aiming at achieving comparable or even better electrocatalytic efficiency than that
of platinum-based electrocatalysts. The ultra-small size of CDs along with their
high stability and good electrical conductivity makes them interesting contenders as
electrocatalytic materials for ORR [87]. Previous investigations on graphene have
indicated that doped nitrogen atoms in carbon materials, especially in the form of
pyridinium moieties, play a critical role in enhancing their electrocatalytic activities
toward ORR. One of the pioneering reports on the use of CDs as electrocatalysts for
ORR was by Li et al. [88]. They demonstrated that N-CDs with oxygen-rich
functional groups prepared via an electrochemical procedure are electrocatalytically
active toward electrochemical reduction of oxygen. The onset potential of ORR was
found to be −0.16 V (vs. Ag/AgCl), which is close to that of commercial
platinum-based electrocatalysts. Similar results were later obtained by Yan and
co-workers and Liu et al. With N-CDs synthesised by totally different procedures
[89, 90]. A comparison between nitrogen-free CDs and the N-CDs suggested that
the electrocatalytic activity of the N-CDs is indeed closely associated with the
N-doping effect. In addition, the N-CDs exhibited excellent tolerance to a possible
crossover effect from methanol. First-principles investigations of the N-CDs sug-
gested that pyridinic and graphitic nitrogen are responsible for the observed elec-
trocatalytic activity [91]. In another report, Zhu and colleagues investigated the
electrocatalytic activity of CDs prepared from natural biomass—soy milk [92].
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Similar to the N-CDs, a much enhanced electrochemical reduction profile of oxygen
was obtained. Likewise, OER also suffers from sluggish kinetics and a high
over-potential is required in order to drive OER at a reasonably high rate. Currently,
the best electrocatalysts for OER are ruthenium- and iridium-based materials.
Again, the formidably high cost of these materials has urged researchers to search
for alternative electrocatalysts that can offer high efficiency in OER and yet readily
available at low cost. Unfortunately, reasonably high electrocatalytic activity of
CDs toward OER has yet to be reported.

4 Catalysts Design Based on Carbon Dots

4.1 From CDs to Mesoporous Carbons Catalyst [93]

The design, fabrication and control of nanostructured materials are the core issues in
catalysis and nanotechnology [94–96]. Carbon nanostructures, as typical inorganic
materials, such as carbon nanotube, graphene, mesoporous carbon, have received a
great deal of attention due to its wide applications [97–100]. Especially, mesoporous
carbons (MCs) are widely used for gas separation, adsorbents, catalyst supports, and
electrodes for electrochemical double layer capacitors and fuel cells [101–108].
Although many kinds of rigid and designed inorganic templates have been employed
to obtain MCs with uniform pore sizes, the synthesis process still suffers from
complex steps, harsh conditions, and a series post-processing [109, 110]. Therefore,
seeking a facile and non-template method to obtain MCs is still a huge challenge for
nanochemistry and nanotechnology. In light of their tinny size, high crystalline
nature (fragments of graphite) and functionalized surface, CDs should be regarded as
the construction units of carbon materials, and then realize the construction of
mesoporous carbon without templates. The obtain MCs from CDs have a high
specific surface area (183.6 m2 g−1) and uniform pore size distribution (5 nm).
Typically, during the synthetic process of MCs, firstly, with the temperature
increased, the water molecule would lose by β-elimination/condensation reactions
from the hydroxyl/carboxyl groups on the surface of CDs, which makes the graphitic
structure developed as well as the formation of carbon–oxygen-carbon bonds. After
the further dehydration and/or carbonization, many CDs were connected with each
other and finally lead to the formation of MCs. Also, MCs as catalyst exhibit high
catalytic activity for selective oxidation of cyclooctene (32.43 % conversion based
on cyclooctene and 87.53 % selectivity for epoxycyclooctane) with tert-Butyl
hydroperoxide (TBHP) as initiator and air as oxidant at 80 °C. The high conversion
of cyclooctene and selectivity to epoxycyclooctane was achieved simultaneously
after 48 h. The conversion efficiency of cyclooctene increased from 7.81 to 32.43 %
after 48 h. The selectivity of epoxycyclooctane also increased from 75.53 up to
87.53 %. But the selectivity to 2-cyclooctenone fell to 9.23 from 24.47 % with
increasing reaction time. MCs catalyst really have good catalytic activity over the
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elective oxidation of cyclooctene. Moreover, the present selective oxidation of
cyclooctene was carried out under a mild condition with air as oxidant, which
suggested that the present process is energy-saving, environment-friendliness, and
low cost. The oxygen-containing surface groups indeed are active sites for the
elective oxidation of cyclooctene and have an effect on the catalytic activity of MCs.

4.2 Metal Nanoparticle/CD Complex Photocatalyst
for Hydrocarbon Selective Oxidation [111]

The selective oxidation of cyclohexane to cyclohexanone and cyclohexanol (about
106 tons per year) is the key step of the commercial production of nylon-6 and
nylon-66 polymers. Despite extensive development efforts for cyclohexane oxi-
dization catalysts, today’s commercial processes still suffer from high temperature
(150–160 °C), high pressure (1–2 MPa), low yield (<15 %), low selectivity
(<80 %), and excessive production of wastes [112, 113]. Catalysts enabling
cyclohexane oxidation under mild conditions would alleviate the potential hazard of
harsh reaction conditions, as well as allow for more selective and controlled
reactions. As a preferred oxidant in liquid phase, hydrogen peroxide can work at
low temperature, produces only water as a by-product and has a high oxygen uptake
(47 %) [114–116]. However, cyclohexane oxidation with H2O2 at low temperature
using the current catalysts (such as weak acid resin, iron bispidine complexes, Ru
complex, Cr/Ti/Si oxides, Na-GeX, mesoporous TS-1, Ti-MCM-41, metal alu-
minophosphates, biomimetic systems and Cu–Cr2O3) invariably suffers from large
amount of organic solvent (i.e. acetone and acetonitrile), poor selectivity, and low
H2O2 efficiency, thus making its industrialization difficult [117–126]. CDs can
function not only as an efficient photocatalyst (for highly selective oxidation), but
also as a multi-functional component in photocatalyst design to promote wider
spectrum absorption and separation of electron-hole, as well as to stabilize pho-
tolysis semiconductors [40]. Metal nanoparticles (Au, Cu, etc.) are known to
possess catalytic activities for selective oxidation reactions [127, 128].
Additionally, surface plasma resonance absorption can also induce good photo-
catalytic abilities of metal nanoparticles (Au, Ag, etc.) [129, 130]. Kang et al. report
the design of a tunable photocatalyst based on the composite of CDs and metal
nanoparticles for the selective oxidation of cyclohexane. Significantly, the Au
nanoparticles/CDs (Au/CDs) composite catalyst yielded oxidation of cyclohexane
to cyclohexanone with 63.8 % efficiency and >99.9 % selectivity in the presence of
H2O2 under visible light at room temperature (see Fig. 1). The totality of the
experiments shows that the high conversion and selectivity in the present photo-
catalyst system should be attributed to the collective contribution and interactions of
CDs and AuNPs. In present photocatalytic system, the reaction happened in the
interface between Au NPs and CDs. Although the hydroxy radicals have strong
oxidation abilities, the synergic effect of the functions of CDs and the SPR (surface
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plasmonic resonance) of AuNPs, still can protect the products (cyclohexanone and
cyclohexanol) from the over oxidation. The totality of the experiment results
suggests the following mechanistic processes in the photocatalytic oxidation of
cyclohexane. The surface plasma resonance of AuNPs enhances the light absorption
of Au/CDs composites. Under visible light, H2O2 is decomposed to hydroxyl
radical (HO·), which serves as a strong oxidant for conversion of cyclohexane to
cyclohexanone. In the process, the interaction between CDs and AuNPs under
visible light plays a key role in the eventual high conversion and selectivity. Based
on the proposed mechanism, Ag nanoparticles/CDs (Ag/CDs) and Cu
nanoparticles/CDs (Cu/CDs) composite photocatalysts were synthesized, and used
to catalyze cyclohexane oxidation under the same condition with Au/CDs system.
Like the Au/CDs system, Ag/CDs and Cu/CDs composites exhibited similarly good
catalytic performance under purple light (conversion 54.0 %, selectivity 84.1 % for
Ag) and red light (conversion 46.7 %, selectivity 75.3 % for Cu), which correspond
respectively to the surface plasma resonance of Ag and Cu nanoparticles. The
results were consistent with the proposed catalytic mechanism discussed above. It is
therefore possible to tune the wavelength response of the present photocatalyst
system based on the surface plasma resonance of metal nanoparticles to achieve
high-efficiency and high-selectivity oxidation of cyclohexane. Given its diversity
and versatility of structural and composition design, metal nanoparticles/CDs
composites may provide a powerful pathway for the development of high-
performance catalysts and production processes for green chemical industry.

Fig. 1 Au/CQDs composites
as a photocatalyst for
selective oxidation of
cyclohexane in the presence
of H2O2 under visible light
(reproduced from Liu et al.
[111, p. 328])
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4.3 CDs/Ag/Ag3PW12O40 Photocatalysts for Overall Water
Splitting [131]

The traditional strategy for designing photocatalysts for overall water splitting is
based on metal oxide systems with activities that are related to the band gap and
photogenerated electron-hole pairs [132–138]. Typically, photocatalysts are divided
into three groups according to the electronic configuration of their core metal ions.
(1) Transition metal ions with d0 configurations are Ti4+, Zr4+, Ta5+, Nb5+, V5+, and
W6+. (2) A rare-earth metal ion with an f0 configuration is Ce4+. (3) Typical metal
ions with d10 configurations are Ga3+, In3+, Ge4+, Sn4+, and Sb4+ [70, 139–146].
Unfortunately, the majority of the photocatalysts are complex and expensive or
function only with ultraviolet (UV) irradiation in need of an appropriate electron
acceptor or hole scavenger. Although some semiconductors, such as La-doped
NaTaO, Ni-doped InTaO4 and (Ga1−xZnx)-(N1−xOx) solid solution (or to construct a
Z-scheme structure), are employed to realize the overall water-splitting, these cat-
alyst systems still suffer from the low light absorption (<510 nm), poor separation
efficiency of electron-hole pairs, and the formidable complexity of the oxidative
half-reaction [147–152]. Polyoxometalates (POMs), with unique photoelectric
chemical properties, are potentially useful for photocatalytic H2 and O2 generation
[153–158]. The utilization of surface plasmon resonance (SPR) has offered a new
opportunity to overcome the limited efficiency of photocatalysts. SPR improves the
solar-energy-conversion efficiency by (i) extending light absorption to longer
wavelengths, (ii) increasing light scattering, and (iii) exciting electron–hole pairs in
the semiconductor by transferring the plasmonic energy from the metal to the
semiconductor [159]. In light of the remarkable photocatalytic properties of CDs,
the SPR effect of metal Ag, and the photocatalytic hydrogen generation of POMs,
the combination of CDs, Ag, and POMs may be a unique approach to construct
stable and efficient complex photocatalyst for solar water splitting. Kang and Liu
et al. report the design and fabrication of CDs/Ag/Ag3PW12O40 nanocomposites,
which served as photocatalysts for overall water splitting in visible light (light
absorption extend to 650 nm) without any electron acceptors or hole scavengers. The
estimated apparent quantum yield (AQY) was 4.9 % at 480 nm [143, 160].
A reaction mechanism was proposed to explain the photocatalytic water splitting
with this composite photocatalyst in visible light. In present system, POMs play a
key role for the water splitting. PB could be formed under visible light irradiation in
a complex system [161, 162]. The absorption of visible light happened at Ag
nanoparticles surface for the SPR effect, and then the absorbed photons would be
efficiently separated into electrons and holes. Given the dipolar character of the
surface plasmonic state of Ag nanoparticles, such those electrons made POM
transfer to PB which resulted from the one- and two-electron reduced, and the holes
will act as positive charge centers on the Ag3PW12O40 surface [163, 164]. Also, PB
could be further excited by visible light irradiation and transferred electrons to
conductive band of POM as literatures reported [165–167]. These non-tight-binding
electrons in the intermediate energy levels act like as “color center” in Ag3PW12O40,
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which can be transiently stabilized and further photoexcited to the conduction band
of Ag3PW12O40 by photons in visible regions. On the other hand, the photoexcited
electrons in the conduction band of Ag3PW12O40 are thermodynamics feasible for
water reductions. The Ag nanoparticles here played two vital roles for the enhanced
photocatalytic water splitting efficiency: (1) the strong SPR-induced electric fields
localized nearby at the Ag/Ag3PW12O40 interfaces which can cause the electrons
generation and enhance separation efficiencies of electron-hole pairs in Ag3PW12O40

[168]; and (2) The electrons in the conduction band of Ag3PW12O40 can inject into
the contractile Ag nanoparticles which act as electron buffer and catalytic site for
hydrogen generation. The insoluble CDs layer on the surface of Ag3PW12O40

effectively protects Ag3PW12O40 from dissolution in aqueous solution, thus,
enhancing the structural stability of CDs/Ag/Ag3PW12O40 during the photocatalytic
processes. Also, the CDs with excellent storing-charges ability can also acted as like
an electron buffer which can promote the electron-extraction from the conduction
band of Ag3PW12O40 and subsequently decrease the electron-hole recombination
rate in Ag3PW12O40 and increase the optical absorption of Ag3PW12O40 for the
increased unoccupied occupiable-states in the conduction band of Ag3PW12O40

[168, 169]. Finally, CDs can enhance the electron transport due to their
photo-induced electron transfer property. All of above mentioned positive roles of
Ag, CDs, and Ag3PW12O40 are responsible for the excellent photocatalytic water
splitting properties of the composited CDs/Ag/Ag3PW12O40 photocatalysts in visi-
ble light.

4.4 CDs Sensitized TiO2 Nanotube Arrays
for Photoelectrochemical Hydrogen Generation
Under Visible Light [170]

TiO2 is regarded as one of the most popular photoanode materials of photoelec-
trochemical (PEC) water splitting devices owing to its high resistance to photo-
corrosion, physical and chemical stability, easy availability and low cost. While,
both the bulk and nanostructured photoanodes of pure TiO2 materials still suffer the
major limitation of weak response (or nonresponse) to the visible spectrum owning
to their large band gap (about 3.2 eV). To date, a variety of strategies have been
utilized to improve TiO2 PEC performance, such as doping with C, N, Sn, Sr, Nb,
coupling with secondary semiconductors and photosensitization of dyes [171–176].
Compared with the doping strategy, another approach with dye-based compounds or
narrow band gap semiconductors as a sensitizer is convenient, and has structure and
properties designable abilities [173–181]. This system also has achieved a certain
degree of success in broadening the absorption spectrum to visible and near infrared
(NIR) region, and therefore enhancing the solar-to-hydrogen (STH) efficiency of the
PEC cells [174, 177–181]. For the efficient hydrogen generation under visible light,
a good sensitizer should meet several criteria as described in the following. First, it
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must be able to enhance the absorption of the solar spectrum for the host materials.
Second, it should own suited energy levels so that the photoexcited electrons in the
HOMO level or conduction band can be efficiently injected into the semiconductor
acceptor’s conduction band, and simultaneously the holes in the LUMO level or
valence band can oxidize the reducing substances in the electrolytes. Third, it is
favorable to contain some specific functional groups on their surfaces which can
make them easy and stable to attach to the semiconductor acceptors’ surfaces.
Fourth, it should be resistant to corrosion or degradation in the practical operation
conditions of PEC cells for a long term. CDs were used as an alternative sensitizer
for the PEC cells based on TiO2 nanotube arrays (TiO2 NTs). Under simulated
sunlight illumination (AM 1.5G, 100 mW/cm2), the photocurrent density of the CDs
sensitized PEC cell is four times larger than the unsensitized one at 0 V versus
Ag/AgCl. The corresponding hydrogen production rate was determinated to be
about 14.1 μmol/h for a CDs sensitized TiO2 nanotube arrays (CDs/TiO2 NTs)
photoanode (about 0.78 cm2) with Faradaic efficiency nearly 100 %. The enhanced
photocurrent after CDs deposited on the surface of TiO2 is not due to the TiO2 were
excited by the CDs’ upconverted emission. This conclusion was confirmed by the
different IPCE results obtained by performing tests in different electrolytes. No
positive IPCE value can be observed with excited wavelength over 410 nm for
CDs/TiO2 NTs photoelectrode in 1 M Na2SO4 aqueous electrolyte. The reason is
that the holes in the HOMO level of CDs are not able to realize the oxygen evolution
reaction (OER) while they can be consumed by the hole-scavenger in a sacrificial
electrolyte such as Na2S/Na2SO3 aqueous solution. And if the positive IPCE values
over 410 nm observed by performing the measurement in the Na2S/Na2SO3 aqueous
solution were due to the upconverted fluorescence of CDs, there should also be able
to observe a positive IPCE value over 410 nm in the 1 M Na2SO4 electrolyte.
Therefore, a sensibilization mechanism was proposed to illustrate the role of CDs in
the PEC cells. A photon with adequate energy can excite the electron in the HOMO
level transferring to the LUMO level of CDs. Afterward, the excited electrons in the
LUMO level of the CDs are transferred to the conduction band of the contacted TiO2

NTs and then transported to the counter electrode for hydrogen evolution reaction
along the TiO2 NTs axial direction. While the holes left in the HOMO level of the
CDs can oxidize the sacrificial reagent to complete a whole galvanic circle. It can be
expected that several further works could be done to optimize the PEC hydrogen
production efficiency of the CDs/TiO2 system: (a) one can design more reasonable
structures of TiO2 to improve the absorbance of CDs and the charge carrier transport;
(b) CDs can be modified by doping with S, N and P to further enhance the
light-havesting ability, quantum efficiency and the chemical reaction kinetics;
(c) Surface treatments of CDs may be favorable for stronger anchoring on TiO2 and
higher photogenerated charge carrier separation efficiency.
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4.5 Modulation of Electron/Energy Transfer States
at TiO2-CDs Interface [182]

In light of their respective unique properties, CDs and TiO2 nanotubes (TNTs) arrays
may be integrated into a model nanosystem for the studies of catalysis, photoelec-
trical devices, and energy transfer systems in chemistry and nanoscience. Different
energy and electron transfer states have been observed in the CDs/TNTs system due
to the up-conversion photoluminescence and the electron donation/acceptance
properties of the CDs decorated on TNTs. Kang and wang et al. show a
bias-mediated electron/energy transfer process at the CDs/TiO2 interface for the
dynamic modulation of opto-electronic properties [182]. Different energy and
electron transfer states have been observed in the CDs/TNTs system due to the
up-conversion PL and the electron donation/acceptance properties of the CDs layer.
Specifically, five distinct electron/energy transfer states of the CDs-decorated TiO2

nanotubes (CDs/TNTs) system can be dynamically tuned by different pulse-bias
treatments. To investigate the photoelectrochemical and electron/energy transfer
process in the CDs/TNTs system, a series of photoelectrochemical experiments was
performed in a two-electrode cell system with Pt as the counter electrode. The
mechanism of the present pulse-bias tunable opto-electronic conversion logic phe-
nomenon in the CDs/TNTs system as follows. When the negative bias applied to the
CDs/TNTs electrode was increased from −1, −2, to −3 V, the positively charged
CDs would be attracted increasingly closer to TNTs, leading to gradual reduction in
interface impedance. At 0 and −1 V pulse-bias treatment, or high and medium
interface impedance, photo-excited electrons of TNTs would favor to transfer to the
Pt electrode, and those of CDs would favor to return to a low-energy state. And then
the up-converted PL of CDs would excite the TiO2, leading to higher IPCEmax
(opto-electronic conversion). At −2 V pulse-bias treatment, or low interface impe-
dance, the symbiotic effect of up-converted PL of CDs and high electron transfer
ability between TNTs and CDs would lead to the highest IPCEmax (opto-electronic
conversion). While at −3 V pulse-bias treatment, the interface impedance between
TNTs and CDs would be lowest, and recombination of photo-induced electrons and
holes of TNTs through TiO2-CDs-TiO2 pathway be highest, thus leading to least
up-converted PL and lowest opto-electronic conversion. The present pulse-bias
treatment method would enable the opto-electronic conversion logic phenomenon in
the CDs/TNTs nanosystem. Application of different pulse-bias treatment can gen-
erate high, medium or low opto-electronic conversion efficiency. The IPCE of
electrode increased from 13.5 to 19 % after −1 V pulse-bias treatment, and from 13.5
to 24 % after −2 V pulse-bias treatment, but decreased from 13.5 to 2.5 % after −3 V
pulse-bias treatment. This phenomenon represents a simple logic function, which
yields a medium output at no bias (or low positive pulse bias), a high output at −2 V
pulse bias, and a low output at −3 V pulse bias. Significantly, the programmable
character (based on different applied bias potential) of the present system is extre-
mely versatile and facile. This bias-mediated electron/energy transfer process at the
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CDs/TiO2 interface may provide a new opportunity not only for the manipulation of
opto-electronic conversion process, but also for the development of opto-electronic
conversion devices and photocatalyst design.

4.6 CDs Stabilized Gold Nanoparticles
Catalyst System [183]

General speaking, the adsorption effect should be taken into the consideration firstly
to improve the catalytic activity and stability, which is the precondition and crucial
process in nanocatalyst design of catalytic reactions. Au nanoparticles (AuNPs),
with their excellent electronic, magnetic, optical, thermal, catalytic, and biochemical
properties, [184–187] have been intensively studied in many fields (such as sensors,
biolabeling, drug delivery, and photonics), especially as novel catalysts for catalysis
[185–192]. However, the catalytic chemistry of AuNPs still face some challenges,
such as, the catalytic activity needs to be improved and AuNPs are still unstable in
the reaction process. It was expected to enhance the adsorption capacity and stability
of AuNPs based nanocatalysts to improve the catalytic efficiency. CDs with abun-
dant functional groups (–OH, –COOH, C=O) in surface were especially designed to
enhance the adsorption capacity and the catalytic activity of AuNPs. The CDs
stabilized gold nanoparticles (AuNPs-CDs) were greenly synthesized by one-step
reduction HAuCl4 with CDs used as both reductant and stabilizer under visible light
irradiation. The resulted AuNPs-CDs possess high catalytic activity toward
4-nitrophenol reduction. Further detailed adsorption kinetics data indicated that the
present adsorption systems follow predominantly the second-order rate model and
CDs capped on the surface of AuNPs also enhanced the adsorption capacity and the
catalytic activity of AuNPs. CDs have been successfully used in photocatalyst
design and optical sensor due to their excellent chemical and optical properties [193,
194]. From the view of catalyst design, the novel advantages of CDs used in
catalysis are as follows: First, CDs have suited sizes (below 10 nm) for catalysis
system [40]. Second, CDs have excellent photo-chemical properties (photoinduced
electron transfer and redox properties, luminescence and so on) [195]. Third, the
surface of CDs is adjustable with overall oxygen contents ranging from 5 to 50 wt%,
depending upon the experimental conditions used [196]. Finally, the functional
groups (–OH, –COOH, etc.) in surface of CDs are helpful for improving the
adsorption of reactants [197–200]. Therefore, CDs are good candidates for
nanocatalyst design. CDs were specially designed to enhance the adsorption capacity
and catalysis activity of AuNPs. The abundant functional groups (–OH, –COOH,
C=O) in the surface of CDs not only can reduce HAuCl4 to AuNPs but also can
enhance the stability of AuNPs in a water-based environment [201–204]. The
resultant AuNPs-CDs show excellent hydrophilic, high stability and good bio-
compatible. Adsorption kinetics manifests the present AuNPs-CDs sorption systems
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follow predominantly the second-order rate model. The synthesized AuNPs-CDs
also can be used as an efficient catalyst for toxic pollutant 4-NP totally reduction to
4-AP (conversion, 100 %). A good linear correlation of ln(Ci/C0) versus time was
obtained and a kinetic rate constant of AuNPs-CDs was determined to be
0.68 min−1. The functional groups (–OH, –COOH, –C=O) in surface of CDs are
good for enhancing the adsorption capacity and then the catalytic activity of AuNPs.
In present system, the results obviously indicated CDs capped on the surface of
AuNPs enhanced the adsorption and stability of AuNPs, which accorded with the
highly catalytic activity of AuNPs-CDs. The equilibrium of sorption was evaluated
by two well-known models of Langmuir and Freundlich isotherm. The Langmuir
isotherm model is the most widely used two-parameter equation, which assumes
monolayer adsorption onto a surface containing a limited number of adsorption sites
with no transmigration of the adsorbate in the plane of the surface. The Freundlich
isotherm in the other hand takes heterogeneous systems into account and is not
restricted to the formation of the monolayer. The Langmuir isotherm with correlation
coefficient of 0.995 and 0.997 represents a better fit of experimental data than
Freundlich model with correlation coefficient of 0.982 and 0.975, for CDs and
AuNPs-CDs, respectively. It indicates that monolayer adsorption of 4-NP takes
place on the homogeneous surface of AuNPs-CDs adsorbents. Moreover, the
adsorption is favorable and rather irreversible. Based on the results of adsorption and
reduction rate, it suggests that CDs help in adsorbing 4-nitrophenote ions closer to
the surface of AuNPs, AuNPs subsequently help in facilitating the reduction of 4-NP
by lowering the activation energy of the reaction and play the role of catalyst.
Adsorption kinetics manifests that the present AuNPs-CDs sorption systems follow
predominantly the second-order rate model.

4.7 Photocatalyst Design Based on CDs and Semiconductor
Nanoparticles [40, 168, 169]

CDs/TiO2 Photocatalysts [40]. As one of the most popular photocatalysts, TiO2

has been used in the removal of organic pollutants and in the generation of H2

through water splitting. However, a major drawback in its photocatalytic efficiency
resides in its ineffective utilisation of visible light as the irradiation source. Because
the bandgap of bulk TiO2 lies in the UV region (3.0–3.2 eV), only less than 5 % of
sunlight is utilised by TiO2. TiO2–CD nanocomposites are able to completely
degrade MB (50 mg mL−1) within 25 min under visible light irradiation, where
only <5 % of MB is degraded when pure TiO2 is used as the photocatalyst. Apart
from harvesting visible light and converting it to shorter wavelength light through
up-conversion, which in turn excites TiO2 to form electron–hole pairs, it is believed
that the CDs in the nanocomposites facilitate the transfer of electrons from TiO2 and
the electrons can be shuttled freely along the conducting paths of the CDs, allowing
charge separation, stabilisation and hindering recombination, thereby generating
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long-lived holes on the TiO2 surface. The longer-lived holes then account for the
much enhanced photocatalytic activity of the TiO2–CD nanocomposites. Likewise,
similar behavior was observed with SiO2–CD nanocomposites in the photocatalytic
degradation of MB36 and selective hydrocarbon oxidation. Nonetheless, more work
is needed to improve the lifespan of the above-mentioned photocatalysts before
they can be employed in practical scenarios.

In addition to being used as photocatalysts, CDs have been capturing the
attention of researchers as potential photosensitizers in solar cells [205]. For
example, a CD–RhB–TiO2 system showed that the CDs effectively bridge the RhB
molecules to the TiO2 substrate by acting as a one-way electron transfer interme-
diary. Comparing to the RhB–TiO2 system, the presence of CDs significantly
enhanced the photoelectric conversion efficiency by as much as seven times. In
another report, a CD/TiO2 electrode was employed in a solar cell. The photocurrent
density was 2.7 times larger than that of pristine TiO2 electrode under visible light
illumination. Enhanced performance of a solar cell was also obtained when N-CDs
were used as photosensitizers. Although the photo-to-electricity conversion effi-
ciency of the above-mentioned solar cells is far from satisfactory, these findings
definitely encourage more research in the application of CDs in photovoltaic
devices and photocatalyst design [205].

CDs/Ag3PO4 Photocatalysts [168]. Ag3PO4 is slightly soluble in aqueous
solution, which greatly reduces its structural stability. During the photocatalytic
process, the transformation of Ag+ into Ag is usually accompanied, which results in
the photocorrosion of Ag3PO4 in the absence of electron acceptors. Furthermore,
along with the photocatalytic reaction, the appearance of the by-products, black
metallic Ag particles would inevitably prevent visible light absorption of Ag3PO4,
which decrease the photocatalytic activity. CDs display abundant photo-physical
properties. Especially, the strong size and excitation wavelength dependent PL
behaviors further enhance their photocatalytic properties. Considering such
remarkable properties of CDs and the limitations of the Ag3PO4 photocatalytic
system, the combination of CDs and Ag3PO4 may be regarded as an ideal strategy
to construct the stable and efficient complex photocatalytic system (such as,
CDs/Ag3PO4 and CDs/Ag/Ag3PO4 photocatalysts). The key roles of CDs in the
complex photocatalysts were soundly investigated. The CDs layer on the surface of
Ag3PO4 and Ag/Ag3PO4 particles can effectively protect Ag3PO4 from dissolution
in aqueous solution. The unique photoinduced electron transfer properties of CDs
can make Ag3PO4 avoid photocorrosion. The up-converted PL property of CDs
make the CDs/Ag3PO4 and CDs/Ag/Ag3PO4 complex systems effectively utilize
the full spectrum of sunlight to greatly enhance the photocatalytic activity.
Moreover, CDs can act as an electron reservoir to hinder the electron/hole pairs’
recombination probability. More interestingly, the existence of Ag accompanied by
SPR can further enhance the utilization of sunlight and formation of electron/hole
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pairs. The synergistic effects of CDs and Ag lead to the highest photocatalytic
activity of CDs/Ag/Ag3PO4 complex photocatalyst.

CDs/Cu2O Photocatalysts [169]. So far, near infrared (NIR) and IR light (total
called (N)IR) of sunlight (account for 53 %) are still not fully utilized by present
photocatalytic system, which has become gradually an urgent challenge for
chemistry and materials science. To effectively utilize the (N)IR light, an ideal
photocatalytic system should be effectively activated by (N)IR light. As discussed
above, the TiO2/CDs and SiO2/CDs complex systems were demonstrated to show
excellent photocatalytic ability in visible light, while they are still impuissant in (N)
IR wavelength zone. In light of its relative narrow band gap (about 2.2 eV), high
photostability, and low toxicity, Cu2O was a potential candidate for designing the
CDs based (N)IR light sensitive photocatalyst. It was reported that the CDs/Cu2O
photocatalytic system could harness the (N)IR light to enhance the photocatalytic
activity based on the collective effect of superior light reflecting ability of the Cu2O
protruding nanostructures and the up-converted PL property of CDs. When the
CDs/Cu2O composite photocatalyst is illuminated, the protruding nanostructures
allow the multiple reflections of (N)IR light among the vacant space between these
protruding particles, which can make better use of the source light and therefore
offering an improved photocatalytic activity. On the other hand, CDs can absorb
(N)IR light (>700 nm), and then emit shorter wavelength light (390–564 nm) as a
result of up–conversion, which in turn further excites Cu2O to form electron/hole
(e−/h+) pairs. The electron/hole pairs then react with the adsorbed oxidants/reducers
(usually O2/OH

−) to produce active oxygen radicals (e.g. ·O2,
·OH), which sub-

sequently cause the degradation of organic dye (MB). Significantly, when CDs are
attached on the surface of Cu2O, the relative position of CDs band edge permits the
transfer of electrons from the Cu2O surface, allowing the charge separation, sta-
bilization, and then hindering e−/h+ pairs’ recombination. The electrons can be
shuttled freely along the conducting network of CDs, and the longer-lived holes on
the Cu2O then account for the higher activity of the composite photocatalyst. In
addition, for organic pollution degradation, the p–p interaction between conjugated
structure of CDs and benzene ring of MB is beneficial to the enrichment of MB on
the surface of CDs/Cu2O composite.

4.8 CDs/NiFe Layered Double Hydroxide Composite
Electrocatalyst [206]

The oxygen evolution reaction (OER) is kinetically slow owning to its multistep
proton-coupled electron transfer process, so the electrolysis must require a relative
high potential than thermodynamic potential for water-splitting. 10 RuO2 and IrO2

are regarded as the most active OER catalysts, but the lacking of Ru and Ir makes it
impractical to use the metals on a large scale [207–209]. Layered double hydroxides
(LDHs), as a family of layered anionic materials, have attracted considerable
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attention because of their flexible structures and chemical versatility, which have
been exploited as a fruitful source of materials with applications in electrochemistry,
magnetism, catalysis and chemical sensing [210–213]. NiFe-LDH possesses a lay-
ered and relatively open structure, which makes it much easier for rapid diffusion of
reactants/products, and even fast proton-coupled electron transfer process in water
oxidation reaction. But the poor electrical conductivity restricts its massive appli-
cations in electrocatalysis. Although other carbon-related materials (such as carbon
nanotubes (CNTs), graphene) have been reported to composite with LDHs for
electrocatalysis applications, their poor charge transport efficiencies and complicated
functional groups design are still weaknesses [214–216]. While, CDs known as a
novel class of nanocarbon with abundant functional groups on the surface which are
needed for nucleating and anchoring the pristine nanocrystals with CDs solidly to
achieve intense electrostatic interaction (or covalent attachment), have attracted
considerable attention because of their unique physical or chemical properties. The
CDs/NiFe-LDH complex exhibits high electrocatalytic activity (with
overpotential *235 mV in 1 M KOH at a current density of 10 mA cm−2) and
stability for oxygen evolution. This almost exceeded those of any previous Ni–Fe
compounds and even was comparable to that of the lowest overpotential reported in
Ni-Fe catalysts, ∼230 mV at 10 mA cm−2 for electrodeposited Ni–Fe films [169,
207, 217]. Typically, nickel acetate and iron nitrate (with a molar ratio of Ni/Fe = 5)
were hydrolyzed in a mixed N,N-dimethylformamide (DMF) and CDs aqueous
solution at 85 °C for 4 h. Followed by redispersing the intermediate product in a
DMF/H2O mixed solvent and through a solvothermal treatment at 120 °C for 12 h,
then a second solvothermal step at 160 °C for 2 h. The solvothermal treatment may
lead to the crystallization of NiFe-LDH nanoplates and formation of the
nanocomposites. The high electrocatalytic property was primarily attributed to the
NiFe-LDH phase, and further enhanced by strong associating the LDH with CDs,
which possess small size, excellent conductivity, rapid electron transfer, and electron
reservoir properties. Specifically, the small size of CDs may provide large specific
surface area for more convenient elecocatalytic reaction. And the rapid electron
transfers from CDs to NiFe-LDH on the surface could further improve the elec-
trocatalytic activities. The surface functional groups on CDs (such as, carboxy C=O)
make it easier for the formation of CDs/NiFe-LDH composites solidly due to the
strong electrostatic interactions between NiFe-LDH and CDs (or generating new
covalent bond (like C–O–Ni or C–O–Fe)). Anyway, through synergistic effect
between NiFe-LDH and CDs afforded by direct integrating the Ni-Fe LDH nano-
plates with the surface functional groups on CDs contributed to the optimal OER
activity of the CDs/NiFe-LDH composite catalysts. Given the diversity and versa-
tility of structural design of the present CDs/NiFe-LDH composite system, the
combination of CDs and NiFe-LDH nanoplates as a superb electrocatalyst may
provide a new approach to high-efficiency CDs-related electrocatalysts design
for applications towards new energy sources, green chemistry, and environmental
issues.
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4.9 CDs for Porous Co, N-Codoped Carbon
Electrocatalyst Design [218]

Although materials based on Pt are believed to be the most effective electrocatalysts
for ORR, they still suffer from the high cost and poor supply of Pt, promoting the
research on highly active catalysts [219–222]. Numerous studies have focused on
the preparation of low-cost Co based nitrogen-containing materials as electrocata-
lysts for ORR, in which the heat-treatment of macrocyclic compounds under the
inert atmosphere was found to be an effective method for the preparation of such
Co/N/C catalysts [223–225]. For example, Chang et al. studied the effect of the
structures of pyrolyzed cobalt-based macrocyclic compounds on ORR and pro-
posed that the pyrolyzed cobalt-corrin compounds (py-Co-Corrin/C) exhibited the
highest activity for ORR [226]. Zagal et al. [227] studied the application of Vitamin
B12 (VB12) absorbed on graphite electrode for ORR. Liang et al. [228] investi-
gated the mesoporous catalyst fabricated from VB12 and silica nanoparticles
exhibited a remarkable activity for ORR in acid medium with half-wave potential of
0.79 V versus reversible hydrogen electrode (RHE). Wang et al. reported a serious
of applications of pyrolyzed VB12 as non-precious metal catalyst for ORR in
polymer electrolyte fuel cells (PEFC) and microbial fuel cells (MFC) [229].
Although these Co, N-codoped materials were demonstrated to be potential
non-precious catalysts for ORR, there are still underlying problems yet to be dealt
with urgently: such as, the finely control and optimization of Co and N concen-
trations, which is closely related to the catalytic ability optimization; the con-
struction of porous structure; whether the Co and N concentrations affect the
electrocatalytic activity for ORR synergistically. The solutions of above issues are
of great importance and will effectively promote widespread application of Co/N/C
catalysts [218]. With the aim of constructing a material with large surface area and
well crystalline structure in favor of electron transportation, CDs could be regarded
as the promising building blocks as a result of their tiny size, highly crystalline
structure (they are fragments of graphite) and functionalized surface. Taking
advantages of CDs, the pyrolysis of VB12 and CDs could lead to the porous
structure and well controlled concentrations of Co and N, which are beneficial for
the enhancement of electrocatalytic activity of catalyst. In a typical experiments,
CDs and VB12 were utilized as raw materials to fabricate Co/N/C catalysts [218].
The porous cobalt, nitrogen-codoped carbon materials (Co/N/C) were synthesized
by a facile one-step pyrolysis of VB12 and CDs. Varying the initial mass ratio of
CDs and VB12 leads to controllable concentrations of Co (0–3.88 %) and N
(0–5.88 %) after pyrolysis. The obtained Co/N/C was evaluated by ORR in both
alkaline and acid media. Particularly, the Co/N/C with 1.12 % Co and 2.92 % N
prepared at 700 °C exhibited the best catalytic ability for ORR with cathodic peak
at −0.165 and 0.185 V (vs. SCE) in 0.1 M KOH and 0.1 M HClO4 solution,
respectively, which are comparable to that of Pt/C (20 %). The obtain catalyst also
showed long-term stability and high methanol tolerance, which outperforms com-
mercial Pt/C (20 %). According to the rotating disk electrode (RDE) and rotating
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ring-disk electrode (RRDE) results of Co1.12/N2.92/C-700 catalyst, the numbers of
electron-transferred for the ORR were calculated to be 3.6, which indicated a four-
electron pathway. Our results further demonstrated that the Co1.12/N2.92/C-700
catalyst showed superior methanol tolerance and durability than the commercial
Pt/C (20 %) in alkaline and acid media. With the increase of Co concentration, the
peak potential shifts to more positive and reach a maximum at the optimum Co
concentration of 1.12 %, then shifts negatively. For the effect of N concentration on
the ORR peak potential, the peak potential reaches a maximum at N concentration
of 2.92 %. On the other hand, with the increase of Co doping concentration, the
current density increases and reaches the maximum value of 1.16 mA cm−2 at
1.12 % for Co then drops with the increase of Co concentration. While, the highest
current density is obtained when the doping concentration of N is 2.92 %. More or
less N concentration will lead to the decrease of the current density. Co/N/C with
1.12 % Co and 2.92 % N exhibits the highest current density in acid medium. These
results indicate that the Co and N concentrations exhibit a synergistic effect on the
catalytic ability of Co/N/C system. Although, at present stage, no more information
was provided to confirm the most optimized Co, N doping concentrations for ORR
catalytic ability of Co/N/C system, the present results still demonstrate a primary
rule for electrocatalyst design and component contents optimization to achieve
more efficient catalyst: The effects of Co and N doping concentrations on the
catalytic ability of Co/N/C are synergistic. With the increase of Co and N con-
centrations, the catalytic ability of Co/N/C increases to reach a maximum at the
concentration of 1.12 % for Co and 2.92 % for N, respectively, then decreases with
higher doping concentration of Co and N (Co > 1.12 and N > 2.92). The stability of
Co1.12/N2.92/C-700 was investigated by chronoamperometric measurements in O2

saturated 0.1 M KOH and 0.1 M HClO4 solution. The continuous oxygen reduction
reaction causes only a slight loss (7 %) of the current for Co1.12/N2.92/C-700
catalyst after 4000s of reaction under alkaline condition. As a comparison, the
current loss on Pt/C (20 %) is as high as 26 % after the same reaction duration. The
excellent ability of Co1.12/N2.92/C-700 was attributed to the existence of clusters
with excellent crystallinity and porous structure which resulted in formation of large
interface and surface. These factors facilitated the transportation of electrons. The
numbers of electron-transferred for the ORR were calculated to be around 3.6,
which indicated the four-electron pathway.

5 Outlook [1–5]

In this chapter, we have described the recent advances in the research on C-dots,
focusing on their synthesis, properties, and applications in catalysis. The examples
given above are taken from the literature published until December 2014. We
believe that many other reactions will be studied using CDs nanocatalysts and some
of them will undoubtedly give new examples of catalysis by CDs.
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A variety of synthesis techniques already exist for producing CDs of different
characteristics. The PL and optical properties of C-dots are both interesting and
intriguing, constituting a rich and hot research topic. The general strategy for the
adoption of environmentally benign CDs as photocatalysts in synthetic chemistry
represents an attractive approach in the development of green chemistry, which may
eventually lessen the burden of energy consumption, product clean-up and waste
disposal. The immediate goal in this emerging area should be geared toward the
discovery of photochemical solutions for increasingly ambitious synthetic goals.
The long-term goals should be to improve efficiency and synthetic utility and to
eventually perform chemical synthesis under sunlight. Compared to other appli-
cations of CDs, there have been fewer studies in the usability of CDs as electro-
catalysts for ORR and OER. In-depth theoretical and experimental studies are
needed to delicately design CD-based electrocatalysts with desirable electrocat-
alytic activity and long-term operation stability. The combination of CD doping and
CD-based nanocomposites with other nanomaterials may open up new avenues to
systematically study the effect of structural parameters and chemical compositions
on the catalytic performance of the electrocatalysts, thus leading to fundamental
insights and practical applications. The potential of CDs in the storage and transport
of electrons impacted by light has yet to be exploited fully.

In the future, we expect the advent of more facile and robust synthetic routes and
creative applications to better realize the potential of the increasingly important
CDs materials. New properties and how to subtly tune these properties, such as
fresh phosphorescence and debatable up-converted PL, are also challengeable for
its nubilous luminescent mechanism. The amorphous to nearly crystalline internal
structure, nonquantitative surface structure and virtual size polydispersion may
block the clarification of the luminescence mechanism. This problem will be solved
through the accurate synthesis, careful analysis, and intelligent consideration. CDs
stand to have a huge impact in biotechnological and environmental applications
because of their potential as nontoxic alternates to traditional heavy-metal-based
QDs. In addition, the unique photoinduced electron transfer ability, as well as
excellent light harvesting capability, make CDs an exceptional candidate for pho-
tocatalytic and photovoltaic applications. Carefully designed C-dots composites
have the potential to expand the capabilities of next-generation energy-storage and
photovoltaic devices, photocatalysts and sensors. By surface and band gap modi-
fication of CDs via functionalization or semiconductors, we can expect to design
novel catalysts from CDs for green chemistry and energy issues.
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