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H I G H L I G H T S

• The synthetic methods of NMs/CDs
mainly include chemical reduction,
hydrothermal method and assembled
method.

• The combination of NMs and CDs sy-
nergizes their respective strengths for
enhanced performance.

• The electronic properties and up-con-
version ability of CDs, as well as LSPR
effect of NMs boost the catalytic per-
formance.

• Each NMs/CDs in different application
has its own characteristic depending
on the applied conditions.
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A B S T R A C T

Recently, hybrid architectures are extensively developed in environment and energy field with outstanding and
multifunctional property to make up the drawbacks of “less efficient” single-component nanomaterials.
Thereinto, noble metals (NMs) are rationally integrated with carbon-based dots (CDs) as one of the most
commonly pursued nanohybrids, which can synergize their respective strengths after combining properties such
as electronic property, up-conversion ability and localized surface plasmon resonance (LSPR) and exhibit en-
hanced features in the diverse applications. Herein, this review focuses on the synthetic methods, physico-
chemical characterizations and recent progress in applications of noble metal/carbon dots nanohybrids (NMs/
CDs). Specifically, (i) synthetic methods of NMs/CDs nanohybrids are concluded, which are different from the
synthetic methods of NMs or CDs single component and have not been systematically concluded. It can help
guide the NMs/CDs nanohybrids control synthesis for obtaining target materials accordingly. (ii) physico-
chemical characterizations of NMs/CDs nanohybrids are briefly summarized. (iii) applications of NMs/CDs
nanohybrids in environment field (pollutants detection and treatment) and energy field (water splitting, oxygen
reduction reaction and methanol oxidation reaction) are summarized. In particular, the mechanisms and sy-
nergistic effect between the two components in these applications are emphasized. Finally, the limitation and
prospects of NMs/CDs in remaining issues are proposed for further development of these nanohybrids.
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1. Introduction

The adverse environment and energy problems have attracted a lot
of attention, leading to an ever-increasing need to develop multi-
functional materials with enhanced and/or essential properties to ad-
dress these problems [1]. Noble metals (NMs) nanoparticles have
emerged as a class of materials in many applications on account of their
unique electronic and optical properties [2]. Especially, the NMs can be
applied in photocatalytsis field under visible light irradiation owing to
the localized surface plasmon resonance (LSPR) excitation, which is
caused by collective oscillations of free electrons driven by the elec-
tromagnetic field of incident light [3,4]. As is well known, the catalytic
activity of NMs is directly related to their particle size and dispersivity
[5,6]. As single-component nanostructures, NMs would suffer serious
aggregation on account of high surface energy, resulting in the change
of particle size and decrease of single-component NMs dispersivity. It
may cause NMs insufficient to maintain adequate catalytic efficiency in
environmental pollutants removal and energy conversion [4,7]. Hence,
various efforts have been attempted to impede the aggregation of NMs
and obtain better catalytic efficiency [8,9]. Among them, rational in-
tegration of NMs and other nanomaterials, such as immobilization of
NMs onto materials and confinement of NMs into materials forming
core–shell structure, has attracted research interest. It not only prevents
the aggregation of NMs, but also combines the properties of both NMs
and other nanomaterials with several advantages over single-compo-
nent materials [10].

Carbon-based nanomaterials including carbon nanotubes, graphene
family materials, and recently, emerging materials carbon-based dots
possess good properties of chemical stability, electrical conductivity
and availability [10-14], which have been used as ideal materials for
combining with NMs or transition metals, transition metal oxides et al
[15-18]. Especially, carbon-based dots (CDs) such as carbon dots (C-
dots) and carbon/graphene quantum dots (GQDs or CQDs) with abun-
dant functional groups, super conductivity and excellent photostability
have been used to integrate with NMs to effectively disperse NMs and
obtain multiple benefits [10,19-31]. Firstly, during synthesis of NMs/
CDs naohybrids, CDs with abundant oxygen-containing functional
groups, such as carboxyl and hydroxyl groups (–COOH and –OH), could
prevent NMs from aggregation and ensure the activity of NMs by en-
gineering the properties such as size of NMs [32-36], since the size of
NMs are crucial for activity in the design hybrids [37-40]. Secondly, the
hybridized NMs also facilitate the realization of high dispersivity of
CDs. Moreover, the tunable optoelectronic property and excellent up-
conversion ability of CDs, as well as LSPR excitation of NMs that display
LSPR bands located in visible and/or near-infrared (NIR) region, can
maximize utilization of solar energy in full spectrum and thereby
broaden the scope of NMs/CDs nanohybrids in many applications such
as plasmonic photocatalysis and plasmon-enhanced fluorescence [3,41-
45]. Most notably, the superior electronic properties of both CDs and
NMs can facilitate electron transfer, resulting in restricting charge
carrier recombination by ultrafast relaxation process of LSPR induced
hot electrons [5,11,46-49], which can boost the performances toward
more effective energy environmental sensing, pollutants treatment and
energy conversion [50]. Hence, integrating CDs with NMs plays an
active part in making the best of the excellent nature of the two com-
ponents, yielding a synergistic effect and exhibiting enhanced features
in the applications of sensing and catalysis [51-53].

In the past few years, many works have been done to hybridize NMs
with carbon-based materials to enhance their performance in various
applications. A number of reviews have reported NMs hybridized with
carbon-based materials (including graphene, carbon nanotube, and
carbon nitrides, and CDs) in their synthetic methods, properties and
applications [10,25-27,47,54]. For instance, Wang et al. have sum-
marized different carbon-based materials hybridized with metal/metal
oxide nanoparticles, and briefly introduces the synthetic methods and
how the carbon-based materials hybridized with metal/metal oxide

nanoparticles exhibit altered and emerging attributes and their appli-
cations in energy, water and the environment [10]. However, there are
few reviews focusing on NMs hybridized with CDs-based materials,
systematically summarizing the fabrication of NMs/CDs nanohybirds
and comparing the differences between the various methods. In addi-
tion, the applications in environment-related and energy-related fields
of NMs/CDs were rarely summed up. Hence, considering the integrating
CDs with NMs for new or enhanced properties has been extensively
studied in recent years, we summarize the synthetic methods, physi-
cochemical characterizations and the applications of NMs/CDs nano-
hybrids in environment-related field (pollutants detection and treat-
ment) and energy-related field (water splitting, oxygen reduction
reaction and methanol oxidation reaction). Thereinto, the synthetic
methods of NMs/CDs nanohybrids can help guide the NMs/CDs nano-
hybrids controlled synthesis for obtaining target materials accordingly,
which are different from the synthetic methods of NMs or CDs single
component and have not been systematically summarized. In addition,
the synergistic effect of NMs/CDs and how NMs/CDs can realize im-
proved properties in diverse applications are discussed to better reveal
the mechanism. The limitations and challenges are also indicated to
discriminate future research strategies for this category of nanohybrids.

2. Fabrication of NMs/CDs nanohybrids

According to the literatures, there are diverse synthetic methods for
NMs/CDs [55,56]. In this section, the detailed discussion of the avail-
able synthetic methods of NMs/CDs is summarized. In general, the
synthetic methods of NMs/CDs mainly include chemical reduction,
hydrothermal method and assembled method, each providing different
degrees of controlling for the size and distribution of NMs and CDs
(Table 1). Under a chemical reduction, NMs intend to grow onto CDs
surface owing to the abundant oxygen-containing groups of CDs, which
can promote the formation of NMs by chemical reduction pathways
(Fig. 1A) [57]. It may lead to a core–shell (CDs-NMs) structure. For
instance, a shell of Ag was formed on the surface of CDs via chemical
reduction pathways, which was confirmed by TEM (Fig. 1B). On the
contrary, under hydrothermal method and electrostatic assembled
method, CDs mostly prefer to deposit onto NMs surface, forming a “dot
on particles” structure (Fig. 1C and D) [39,58]. Commonly, NMs with
small diameter could be obtained by using hydrothermal method. The
comparison of these methods in terms of advantages, disadvantages and
synthesis processes has been summarized in Table 1.

2.1. Chemical reduction method

Chemical reduction is a conventional method for the synthesis of
NMs/CDs nanohybrids. Generally, the CDs are firstly synthesized via
“Top-Down” or “Bottom-Up” approaches before the chemical reduction
to prepare NMs/CDs [59,60]. Then, the as-prepared CDs, metal pre-
cursors and reduction agent are added into a solution to conduct che-
mical reduction. As for the reduction of metal precursors, various
chemical agents such as borohydride [61,62] and trisodium citrate
[39,63,64] serve as reduction agents in the synthesis of NMs/CDs.
Despite metal precursors could be easily reduced to metallic nano-
particles (NPs), this method requires hazardous chemicals and easily
introduces some by-products. For example, Tesfalidet Balcha et al.
synthesized AuPd core–shell structure by the sequential reduction
method using sodium borohydride and ascorbic acid (AA). However, in
order to remove the excess salts and AA, the NPs had to dialyze over-
night. Hence, a number of studies have been centered on the green and
facile chemical methods for NMs/CDs synthesis.

Considering the excellent electron donation ability, CDs could ac-
celerate the electron transfer rate to metal precursors and have pro-
mising potential to function as reduction agent [65-68]. Many studies
have used CDs as mild reduction agent to reduce metal precursors
without any additional reducing agent to realize a well dispersivity of
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MNPs [19,22,69-71]. The method proved as a green and facile method
for NMs/CDs synthesis [72]. For instance, Luo et al. constructed silver/
graphene quantum dots (Ag/CQDs) composites using CQDs as reduc-
tion agent [73]. They prepared amide and aldehyde-rich CQDs via
hydrothermal method firstly, and mixed the CQDs and AgNO3 under
the conditions of vigorous stirring at 90 °C. Li et al. synthesized GQDs
using an electrochemical method with abundant –OH, –COOH, and
-C=O groups on CDs surfaces. Then, the as-prepared GQDs were used
to reduce Ag+ to Ag NPs with ultraviolet (UV) irradiation [74]. Kirillov
et al. also used CDs as reduction agent to reduce Ag+ to Ag NPs onto the
surface of magnesium–aluminum layered double hydroxide support
doped with Ce (Mg-Al-Ce-LDH) matrix under UV irradiation [70]. Here,
CDs donated electrons under UV light irradiation, and the photo-in-
duced electrons rapidly facilitated the formation of Ag NPs. Further-
more, the abundant oxygen-containing functional groups (–OH,
–COOH, -C=O) on CDs surface is conducive to reduce Ag+ to Ag NPs
and enhance the stability of Ag NPs in a water-based environment.

In above reported methods, external energy such as heating, photon
or microwave irradiation is needed for CDs as a reduction agent [23,75-
79]. In order to simplify the synthesized method of NMs/CDs, direct
method without adding external energy by simply mixing CDs with
metal precursors has been proposed [80,81]. Zhang et al. constructed
CDs/Au NPs through simply mixing CDs and HAuCl4 at room tem-
perature [40,82]. This method involves the preparation of hydroxyl-
rich CDs via a one-pot electrochemical carbonization of ethylene glycol
firstly, and the CDs mixed with chloroauric acid (HAuCl4) followed by
incubated at room temperature for 20min without further processing
and external energy. Xiao et al. has reported a fast strategy for sur-
factant-free Au NPs synthesis using reductive CDs [68]. During the
preparation, Au NPs were rapidly formed only within 30 s at room
temperature, ascribed to the high reducibility of carbon dots (r-CDs).
According to the above-mentioned reports, it can be concluded that the
remarkable reduction property of CDs is related to electron donation
ability and the nature of surface functional groups, such as –OH,
–COOH, -C=O, confirmed by Liu et al [65]. They used KMnO4 to
oxidize hydroxyl groups on CDs surface and found that the HAuCl4
could not be reduced by the treated CDs with KMnO4, thereby

illustrating that the functional groups on CDs play an important part in
the reducibility [22,51,73,74].

2.2. Hydrothermal method

Hydrothermal synthesis method can be considered as an environ-
ment friendly method with simple operations and is used to synthesize
NMs/CDs nanohybrids [55,83,84]. For instance, Li et al. synthesized Au
and N co-doped CQDs (Au/N-CQDs) using a one-step hydrothermal
method at 180 °C for 12 h, with folic acid as carbon and nitrogen
source, glycerol as carbon source and HAuCl4 as gold source [85]. The
average diameter of as-prepared Au/N-CQDs was 4.01 ± 1 nm. Simi-
larly, a well-dispersed N-doped GQDs-supported Pd (N-GQDs/Pd) was
also synthesized via facile hydrothermal method, in which the diameter
of Pd was 4.8 ± 0.2 nm [58]. Recently, Liu et al. used two-step hy-
drothermal method to synthesize Ru@CQDs [86]. CQDs were firstly
synthesized by a typical hydrothermal method, and then mixed with
RuCl3 using hydrothermal method at 200 °C for 8 h to synthesize
Ru@CQDs. The Ru NPs with a diameter of 3.28 nm were well dispersed
in the CQDs matrix.

2.3. Assembled method

Assembled method takes advantages of the interaction of materials
with complementary functional groups such as electrostatic interaction,
hydrogen bonding or other intermolecular interactions [39,56,87]. For
instance, Shan et al. assembled CQDs/Au nanoclusters (CQDs/Au NCs)
via a carbodiimide-activated coupling reaction [88]. They firstly syn-
thesized CQDs by a modified hydrothermal method followed by coating
with (3-aminopropyl)triethoxysilane (APTES), and then synthesized Au
NCs capped by 11-mercaptoundecanoic acid (MUA) by a chemical re-
duction. The –NH2 groups on CQDs surface and –COOH on Au NCs
surface would interact via carbodiimide-activated coupling reaction,
resulting the assembly of CQDs and Au NCs. Recently, Zeng et al. de-
signed a layer-by-layer assembly method to directly assemble the as-
prepared positively-charged CQDs and negatively-charged Au, Ag or Pt
NCs [39]. This assembled method was based on pronounced

Fig. 1. Reported synthetic methods of NMs/CDs nanohybrids: (A) Chemical reduction method. Reprinted from Ref. [57] with permission from Nature. (B) TEM and
HRTEM images of Ag/N-GQDs/g-C3N4. Reprinted from Ref. [52] with permission from American Chemical Society. (C) Hydrothermal method. Reprinted from Ref.
[58] with permission from Elsevier. (D) Assembled method. Reprinted from Ref. [39] with permission from Royal Society of Chemistry.

Y. Fu, et al.



Fig. 2. (A) XPS survey spectrum and deconvoluted high-resolution XPS images of (B) Pd 3d, (C) C 1 s, and (D) O 1 s of Pd@RCD nanohybrid. Reprinted from Ref. [89]
with permission from American Chemical Society. (E) XRD patterns and (F) HRTEM of Au NPs@NCDS@Ag NPs. Reprinted from Ref. [92] with permission from
Electrochemical Society, Inc. (G) HRTEM and (H) XRD patterns of Ag@CD NPs. Reprinted from Ref. [91] with permission from American Chemical Society.

Y. Fu, et al.



electrostatic attractive interaction, which simplified the synthesized
process and provided more intimate interfacial contact among CQDs
and NMs [56].

3. Physicochemical characterization of NMs/CDs nanohybrids

3.1. Surface chemistry characterization

X-ray photoelectron spectroscopy (XPS) is often used as a laboratory
tool in material characterization. As for NMs/CDs hybrids, XPS analysis
can provide some information about the composition of the elements
and the character of functional groups. For instance, as displayed in the
XPS analysis of Pd@reduced carbon dots (Pd@RCD) nanohybrid
(Fig. 2A), the surface survey spectrum displayed the three peaks cor-
responding to C 1 s, Pd 3d and O 1 s, ascertaining the presence of these
elements in Pd@RCD [89]. As shown in Fig. 2B, the deconvoluted high-
resolution of Pd 3d showed two sets of doublets, confirming the pre-
sence of Pd0 and Pd2+. The deconvoluted high-resolution of C 1 s and O
1 s (Fig. 2C and D) revealed the abundant oxygeneous surface func-
tional groups in RCD. In another work, XPS analysis was employed to
investigate the interaction between Au NPs and the functional groups
on the poly(N-isopropylacrylamide) (PNIPAM) functionalized carbon
dots (CD@P) [90,91]. They found that a tiny shift occurred in the Au
4f7/2 and Au 4f5/2 to higher energy, ascribed to efficient electrons
transfer from the CD/CD@P to the Au NPs.

The crystalline structure of NMs/CDs nanohybrids have been in-
vestigated by X-Ray diffraction spectroscopy (XRD) and high-resolution
transmission electron microscopy (HRTEM). As for Au NPs@NCDS@Ag
NPs composites, Au NPs and Ag NPs in the composites displayed
characteristic diffraction peaks in XRD patterns, corresponding to spe-
cific lattice plane (Fig. 2E), and displayed a distance of 0.245 nm with
(1 1 1) plane of Au NPs, as reflected in HRTEM images (Fig. 2F) [92].
And CDs in the composites displayed a broad peak near 25° in XRD
pattern attributed to the graphite (0 0 2) plane, which was also reflected
in HRTEM images. It can be found that after hybridizing NMs with CDs,
there was no considerable change in the crystal structure of each
component [93]. In Song et al. report [91], the HRTEM of Ag@CDs NPs
showed clear fringe spacing of CDs and a face-centered-cubic (fcc)
polycrystalline structured Ag NPs (Fig. 2G). They found that in XRD
patterns, the carbon characteristic peak of CDs at 25° was so weak that
it could not be observed, and only characteristic peaks of Ag occurred
(Fig. 2H). The additional peaks at 33.5° and 55.7° were attributed to the
O=C-O-Ag due to the large number of carboxyl groups on the CDs.

3.2. Microscopy characterization

Transmission electron microscopy (TEM) of NMs/CDs is usually
employed to provide information about morphologies, particle sizes,
properties of distribution and morphological parameters. In the system
of surfactant-free Au NPs/reduced-CDs (sf-Au NPs/r-CDs), the mor-
phology of Au NPs and CDs was characterized by TEM [68]. As dis-
played in Fig. 3A, the CDs with an average size of 3.5 nm and the sf-Au
NPs/r-CDs with an average size of 15 nm were dispersed well, in which
the lattice fringe of 0.235 nm could be ascribed to the spacing of the
(1 1 1) planed in face-centered cubic Au NPs. Also, r-CDs were en-
compassed on the surface of Au NPs, confirming the morphology
structure of the nanohybrids. In the case of Ag/N-GQDs/g-C3N4 (AGCN-
4) [52], the morphology of N-GQDs and Ag NPs could be clearly ob-
served in the TEM and HRTEM images (Fig. 3B), indicating the co-ex-
istence N-GQDs and Ag NPs on g-C3N4 nanosheet. It can be seen that Ag
NPs and N-GQDs stuck together and firmly contacted with g-C3N4, in-
dicating that during depositing Ag NPs on N-GQDs/g-C3N4, the elec-
trons tended to transport and accumulate on the surface of N-GQDs and
thereby reduced Ag+ to form Ag.

3.3. Optical and photochemical properties

To investigate the optical and photochemical properties of NMs/
CDs, UV–visible-near-infrared (UV–vis-NIR) diffuse reflectance spec-
troscopy (DRS), transient photocurrent response, and electrochemical
impedance spectroscopy (EIS) and photoluminescence (PL) spectra are
routine characterization tools [91,94]. Single component NMs is not a
semiconductor for photocatalytic processes, but NMs/CDs nanohybrids
combined with other suitable semiconductors can serve as effective
photocatalysts. From DRS reflectance spectrum comparison between
different composite samples g-C3N4, N-GQDs/g-C3N4 (GCN-3), and Ag/
g-C3N4, and Ag/N-GQDs/g-C3N4 (AGCN-4) (Fig. 3C), AGCN-4 exhibited
higher light absorption ability than others from visible light region to
NIR light region [52]. The emerging peaks in the range of 450–550 nm
could be ascribed to the LSPR effect of Ag NPs. In addition, transient
photocurrent response and EIS were employed to study the charge
transfer and separation of NMs/CDs [41,52,74,95]. As displayed in
Fig. 3D and E, AGCN-4 exhibited highest photocurrent density in both
visible light region and NIR light region, and presented best electronic
conductivity, in which the smaller diameter indicates the weaker im-
pedance and more efficient charge transfer. These results indicated that
the synergistic effect of N-GQDs and Ag NPs could effectively separate
the photogenerated electron-hole pairs. From the PL spectra in Fig. 3F,
the AGCN-4 displayed lowest PL intensity, illustrating that the re-
combination process of the charges was effectively suppressed.

4. Environment-Related applications

The broad range of chemical pollutants produced in production and
daily life including heavy metals and organic pollutants et al., have
threaten the environmental security and human health [96]. The effi-
cient degradation and detection of various toxic chemical pollutants are
important for preventing and controlling the pollutants [97]. Each
NMs/CDs in different application has its own characteristic depending
on the applied conditions. For example, the fluorescence resonance
energy transfer (FRET) from CDs to NMs was utilized to construct a
ratiometric fluorescent sensor for pollutants detection, while in pho-
tocatalytic application, the FRET occurred when the distance between
CDs and NMs was too close, adversely quenching the photogenerated
charge carriers [10].

In this section, firstly, the recent applications of NMs/CDs hybrids in
catalytic reduction and photocatalytic degradation and its character-
istic in different applied conditions were reviewed. Then, various NMs/
CDs nanohybrids for the construction of sensors/biosensors were sum-
marized in some recent studies. Catalytic reduction using NMs/CDs
involves hydrogenation reactions, such as hydrodeoxygenation, hy-
drodehalogenation and hydrogenolysis, in which pollutants are reduced
to less toxic and more readily biodegradable products, rather than di-
rectly mineralized into CO2 and H2O [98,99]. While in photocatalytic
degradation of pollutants, NMs/CDs are excited by light irradiation to
produce electron-hole pairs, in which electrons in conduction band
react with O2 to produce superoxide radical, and holes with strong
oxidation ability directly react with pollutants or H2O to produce hy-
droxyl radical, which can both mineralize pollutants [100].

4.1. Catalytic reduction

The catalytic reduction in treating water has been extensively stu-
died in the laboratory, and its applications also demonstrated satisfying
results on actual wastewater, which could yield products with sub-
stantially less toxic and more readily biodegradable products [7]. For
instance, NMs/CDs composites have been employed in the simple re-
duction of nitro aromatic compounds to the corresponding amino aro-
matic compounds by using NaBH4 as reductant, which can reduce the
toxicity of pollutants and is a convenient method to convert organics to
value added intermediates [62,72,90,101]. In these NMs/CDs
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composites for nitro aromatic compounds reduction, NMs are main
catalytic active centers and CDs behave as stabilizers or enhancers for
NMs to promote electron transfer, representing a simple synergy be-
tween NMs and CDs. In detail, the synergistic effect of CDs and NMs
plays a significant role on the enhanced catalytic activity in these re-
duction reactions: (i) The surface groups of CDs guarantee the dis-
persivity and stability of NMs with large number of exposed metal
atoms, exhibiting high catalytic activity, (ii) The abundant surface
groups of CDs adsorb more reactants and thereby facilitate catalytic
reaction [75,101], and (iii) The good electronic properties of NMs and
CDs can boost the electron transfer for catalytic reactions.

For instance, Zheng et al. synthesized surfactant-free Au NPs/r-CDs
composites for 4-nitrophenol (4-NP) reduction. The Au NPs with sur-
factant-free property exhibited high catalytic activity and r-CDs with
excellent electronic properties greatly accelerated the electron transfer,
improving the catalytic activity [68]. Recently, an immobilized (Au/
GQDs)10 multilayer thin film on fluorine-doped tin oxide substrates was
synthesized by Xiao et al., which exhibited remarkable catalytic per-
formance in the 4-NP reduction and were significant for practical ap-
plications since no separation of catalyst is needed [39]. As shown in
Fig. 4A-C, a characteristic peak at 400 nm ascribed to 4-NP weakened
by degrees, while the peak at 300 nm ascribed to 4-AP increased cor-
respondingly, indicating the reduction of 4-NP. The catalytic activity of
(Au/GQDs)10 films was almost 4 and 12 times higher than that of Au NP
s and (GQDs)10 counterpart films, respectively (Fig. 4D-F). To reveal the

high catalytic activity, they probed the electronic properties of (Au/
GQDs)10 films by conducive atomic force microscopy (c-AFM) in the
applied imaging mode, and the dark current measurements (Fig. 4G and
H) exhibited an image-average current of 171.3 pA for the (Au/GQDs)10
films, which was over 30 times higher than that of the (Au)10 films of
5.6 pA. The high average current of (Au/GQDs)10 was revealed by the
bright area (high-current) among the whole scanned area. This ob-
servation implied a continuous electron transfer network in (Au/
GQDs)10 films, thereby resulting in effective electron transfer, re-
markable current density and boosted catalytic activity. Hence, the
enhanced catalytic performance of (Au/GQDs)10 films were ascribed to
the efficient electron transfer between GQDs and Au NPs. Besides, the
integrative roles of GQDs in preventing the Au NPs aggregation could
guarantee the activity of Au NPs [70]. In addition, the zero-dimension
GQDs possessed abundant active sites in the zigzag edges of GQDs,
which interplayed with the terminal O atoms of 4-NP and thus effi-
ciently weaken the N−O bonds, thus triggering 4-NP reduction reac-
tions (Fig. 4I). Recently, a thermos-sensitive copolymers (catechol-ter-
minated thermo-responsive copolymer) functionalized Fe3O4 supported
CDs@Pd NPs were constructed for effective catalytic reduction [102].
The high catalytic efficiency was ascribed to the accelerated electron
transfer and well-dispersed Pd NPs caused by CDs. Additionally, the
modified hydrophilic polymer could help immobilize Pd NPs to guar-
antee the active sites [89].

NMs/heteroatoms doped CDs composites are also developed to

Fig. 3. (A) TEM images of r-CDs, size distribution of the synthesized sf-AuNPs/r-CDs and HRTEM images of sf-AuNPs/r-CDs. Reprinted from Ref. [65] with per-
mission from The Royal Society of Chemistry. (B) TEM and HRTEM images of AGCN-4. (C) UV–vis-NIR diffuse reflectance spectra, (D) Transient photocurrent
responses, and (E) EIS Nyquist plots, and (F) PL spectra of g-C3N4, GCN-3, and Ag/g-C3N4, and AGCN-4. Reprinted from Ref. [49] with permission from American
Chemical Society.
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attune the catalytic property. The heteroatoms doped in CDs further
enhance the interaction between CDs and NMs. Chen et al. synthesized
Au NPs on GQDs doped with N atoms [103]. The XPS spectra showed
that compared to the XPS peak of Au0 at 87.4 eV, the peak of Au0 in Au
NPs-NGQDs shifted to 87.8 eV, ascribed to the interaction between Au
and N atoms. It illustrates that the doped N atoms provided abundant
active sites for Au NPs anchoring and made Au NPs well disperse,
thereby guaranteeing the reusability and producing high catalytic ac-
tivity with rate constant of 1.17×10-2 s−1. Amita et al. synthesized N,
S doped CDs-Au NCs composites, which exhibited excellent activity
with rate constant of 1.37× 10-1 s−1 [93]. The superior catalytic

activity was ascribed to the well-dispersed Au NPs on N, S co-doped CDs
and the accelerated electron transfer in the catalytic system.

Except the Au and Ag, a representative example indicated the im-
portance of electron transfer and interaction strength between the NMs
and CDs was reported in the Pd@N, S-CQDs materials by Lu and his
coworkers [104]. They investigated the catalytic activity and selectivity
of N, S-CQDs-Pd in hydrogenation of p-chloronitrobenzene (p-CNB),
and the surface interaction among N, S-CQDs and Pd. Under the cata-
lysis of Pd NPs, N, S-CQDs specially targeted Pd particles due to the
surface reactions between C-S/C-N groups of N, S-CQDs and C-O groups
of carbon matrix. The C-N groups of N, S-CQDs fixed N, S-CQDs on

Fig. 4. Time-dependent UV–Vis absorption spectra of 4-NP reduction over the (A) (GQDs)10, (B) (Au)10, and (C) (Au/GQDs)10 films. Plots of ln(Ct/C0) versus reaction
time for the reduction of 4-NP over the (D) (GQDs)10, (E) (Au)10, and (F) (Au/GQDs)10 films. c-AFM dark current images of (G) (Au)10 films and (H) (Au/GQDs)10
films with 10mV bias potential. (I) The catalytic mechanism of (Au/GQDs)10 films for 4-NP degradation. Reprinted from Ref. [39] with permission from The Royal
Society of Chemistry.
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carbon support, and the transformation of S-containing groups of N, S-
CQDs into C-S-C over the Pd particles contributed a strong interaction
between Pd and S, thereby making strong interaction between Pd, N, S-
CQDs and carbon matrix. It would guarantee excellent structure stabi-
lity of Pd@N, S-CQDs. In addition, they found binding energies (BE) of
N-containing groups maintained no changed between N,S-CQDs and
Pd@N, S-CQDs (Fig. 5A), while BE of S-containing groups of Pd@N, S-
CQDs displayed significant negative shift (Fig. 5B) and BE of Pd0 had
positive shift (Fig. 5C). It verified the electrons transferred from Pd to S
groups while no electrons transferred between Pd and N. In hydro-
genation of halonitrobenzene, electrons on Pd transferring to S played a
part as a reservoir and gathered most dissociated hydrogen due to the
hydrogen spillover (Fig. 5D). The dissociated hydrogen with negative
charge due to the electron rich properties of S groups, resulted in a

superior conversion and selectivity of Pd@N,S-CQDs for hydrogenation
of halonitrobenzene. In addition to monometallic NPs/CDs composites,
bimetallic NPs/CDs were also developed for the catalytic reduction of 4-
NP [65,105,106]. For instance, AuxAgy@C-dots with a size range of
1.9–3.4 nm were synthesized by Baker et al [105]. Compared with
monometallic Au or Ag/CDs composites, the catalytic activity was
significantly enhanced. Moreover, the catalyst displayed an excellent
stability and completely preserved the apparent rate constants for 4-NP
reduction, owing to the minor NMs aggregation.

4.2. Photocatalytic degradation of pollutants

Photocatalytic degradation of pollutant is an important and ex-
tensive issue of concern to the scientific community [107-109]. On

Fig. 5. (A) XPS spectra of N 1 s, (B) XPS spectra of S 2p, and (C) XPS spectra of Pd 3d of Pd/AC and N,S-CQDs. (D) The catalytic mechanism of Pd@N,S-CQDs for
halonitrobenzene hydrogenation. Reprinted from Ref. [104] with permission from American Chemical Society.
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account of its high efficiency and low energy consumption, photo-
catalysis has been demonstrated to be a promising environmental
purification technology [110-112]. NMs possess unique electronic
properties and strong absorption of visible light owing to SPR effect
[3,22,91]. CDs with unique electronic and light-absorbing properties
are a promising alternative to semiconductor QDs and molecular dyes
in photocatalytic applications [43,113]. Hence, many heterojunction
photocatalytic materials composed of NMs and CDs have been devel-
oped [41,52]. In the above discussion of synergistic effect between NMs
and CDs in catalytic reduction, the catalytic activity almost comes from
NMs, and CDs rarely exhibits their catalytic behavior. For photo-
catalytic degradation, the catalytic activity can come from both NMs
and CDs. They both can function as catalytic center, providing a plat-
form for excited electrons to reduce O2 to produce •O2

– and even ser-
ving as an electron bridge for better charge carriers separation. In
general, NMs integrated with CDs can accomplish the following tasks:
(i) promoting charge separation via heterojunctions, (ii) exciting elec-
trons to a higher state and mediate electron transfer by SPR effect, and
(iii) up-converting long wavelengths to shorter wavelengths, thereby
expanding the light utilization.

Among NMs, Au and Ag stand for the most investigated metals ex-
hibiting LSPR effect in visible region, which were integrated with CDs
for photocatalytic applications. For example, Li et al. synthesized a
ternary photocatalyst Ag-GQDs-ZnO for Rhodamine B (RhB) degrada-
tion under visible light irradiation [74]. After 8 h reaction, the removal
efficiency of RhB for pristine ZnO film, GQDs-ZnO film, Ag-ZnO film,
and Ag-GQDs-ZnO film was 23.43%, 32.30%, 48.59%, and 57.49%,
respectively. The enhanced RhB degradation efficiency of Ag-GQDs-
ZnO film was attributed to the synergistic effect between Ag NPs and
GQDs (Fig. 6A). To further improve the degradation efficiency of RhB
and study the role of Ag NPs and GQDs, the same research group later
synthesized GQDs-Ag composites by using GQDs as reduction agent and
found that 4 μg/mL of RhB was degraded completely by GQDs-Ag in 9 h
[19]. In these catalytic system, SPR effect of Ag NPs was exploited to

excite electrons below the Fermi level to surface plasmon states by
visible light irradiation. GQDs would impede charge-carriers re-
combination and serve as electron sink, in which the trapped electrons
continued to reduce O2 to produce •O2

–.
In some cases, benefiting from the superior electronic properties,

high ability of light absorption and low recombination rate of charge-
carriers, NMs and CDs were used to construct multi-steps charge
transfer channel in full-spectrum, which could greatly improve the
photocatalytic efficiency of pollutants degradation. In a study, ternary
plasmonic CQDs/Ag/Ag2O was synthesized by a homogeneous pre-
cipitation method, which was carried out for photocatalytic degrada-
tion of MB under UV, visible and NIR light irradiation [41]. As show in
Fig. 6B and C, Ag/Ag2O exhibited a broader background absorption
compared to Ag2O, demonstrating the SPR effect of Ag NPs facilitated
the light absorption. And CQDs/Ag2O and CQDs/Ag/Ag2O displayed
strong absorption in the light range of 250–2500 nm compared to Ag/
Ag2O, indicating that CQDs can adsorb NIR light and then convert it to
a shorter wavelength light. The results showed degradation efficiency
of MB over CQDs (30mL)/Ag (0.40 wt%)/Ag2O under UV light irra-
diation was 95% within 80min, and under visible light irradiation al-
most 100% within 120min, which were higher to the Ag2O, Ag/Ag2O
and CQDs/Ag2O counterparts (Fig. 6D). Additionally, the photo-
catalytic performance of CQDs (30mL)/Ag (0.40 wt%)/Ag2O displayed
the most excellent catalytic activity among all the catalysts under
150min NIR light irradiation, indicating the ternary CQDs (30mL)/Ag
(0.40 wt%)/Ag2O exhibit excellent catalytic activity in full-spectrum.
The accelerated catalytic activity is due to the superior light absorption
efficiency of CQDs/Ag/Ag2O, originated from the SPR effect of Ag NPs
and up-conversion property of CQDs, which were demonstrated by the
optical absorption spectra and UV–vis-NIR DRS. Benefiting from the
electron bridge of CQDs, the efficient multi-steps electrons transfer
channel Ag2O→ CQDs→Ag was constructed, in which the holes on
Ag2O could directly react with pollutant, and electrons would further
transfer to CQDs and Ag, then reducing O2 to •O2

– (Fig. 6E). Similarly,

Fig. 6. (A) The catalytic mechanism of Ag-GQDs-ZnO ternary composite film for RhB degradation. Reprinted from Ref. [74] with permission from Royal Society of
Chemistry. (B) Optical absorption spectroscopy and (C) UV–Vis-NIR DRS reflectance spectra of Ag2O, Ag/Ag2O, CQDs/Ag2O and CQDs/Ag/Ag2O. (D) The de-
gradation efficiency of MB by Ag2O, Ag/Ag2O, CQDs/Ag2O and CQDs/Ag/Ag2O composites under UV irradiation. (E) The degradation mechanism of MB by CQDs/
Ag/Ag2O. Reprinted from Ref. [41] with permission from Elsevier.
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Ag NPs and N-GQDs co-modified g-C3N4 was synthesized by Tang et al
[52], which presented a 90.11% of tetracycline degradation efficiency
in 60min. The high photocatalytic activity of Ag (2.0 wt%)/N-GQDs
(0.5 wt%)/g-C3N4 for antibiotic tetracycline degradation was due to the
synergistic effect of Ag NPs, GQDs and g-C3N4, which could enhance
light absorption and accelerate charge carrier migration [84]. Further,
a single atom-dispersed Ag and CQDs co-loaded ultrathin g-C3N4

(SDAg-CQDs/UCN) was developed, which showed excellent catalytic
activity with a 87.5% degradation of naproxen (NPX) in 25min [114].

The comparison of NMs/CDs performance in catalytic reduction and
photocatalytic degradation of pollutants is listed in Table 2. In brief, the
catalytic reduction with NMs/CDs nanohybrids applies to dyes and
refractory organic pollutants with toxic groups such as –NO2, -N=N-,
and halogenated group (-Cl, -Br), which can decolorize the color of dyes
and convert the high toxicity of pollutants to low toxicity in the pre-
sence of reductant such as NaBH4. Considering it exhibits high catalytic
efficiency, the catalytic reduction with NMs/CDs applies to pre-
liminarily treat wastewater. However, the mineralization rate in the
catalytic reduction is relatively low, which often needs advanced
treatment to mineralize pollutants. In contrast, the photocatalytic de-
gradation exhibits relatively low photocatalytic efficiency. But it has
high mineralization rate, and the produced radicals during photo-
catalytic reaction have no selection on pollutants. Hence, the photo-
catalytic degradation with NMs/CDs has extensive adaptability and
applies to treat kinds of refractory organic pollutants. However, the
photocatalytic degradation needs light irradiation, resulting that it is
not suitable for treating the dyeing wastewater with color depth.
Overall, a comparative ideal method for the pollutants removal in
wastewater is to combine the catalytic reduction and photocatalytic
degradation. Specifically, the catalytic reduction is firstly used to de-
colorize the dyes and then photocatalytic degradation is used for fur-
ther advanced treatment to improve the mineralization rate of pollu-
tants [115,116].

4.3. Detection of environmental pollutants

It has been widely reported that the applications of NMs/CDs na-
nohybrids in detection are highly sensitive and rapid response
[69,117]. In this section, we mainly focus on the various NMs/CDs
nanohybrids for the construction of sensors/biosensors by employing
some typical examples. The comparison of NMs/CDs hybrids on various
targets in different detection systems are listed in Table 3.

4.3.1. Fluorescent detection
In recent years, CDs and NMs (especially Au and Ag NPs) have come

to the fore as two new class of fluorescent nanomaterials due to their
particular fluorescence properties and stability [87]. Hence, NMs/CDs
nanohybrids are generally chosen as metal ion sensors to determine the
ion concentration by fluorescent detection [63,66]. Among them, CDs
serve as fluorescence reporter because it is efficient energy donors,
thereby realizing pollutant detection by color change [63]. Moreover,
the design routes are based on the interaction effect between fluores-
cence property of CDs and plasmonic activity of single NMs, namely,
the NMs could induce the fluorescence enhancement of the CDs, rea-
lizing a typical metal-enhanced fluorescence (MEF) technology
[20,118]. It was shown in an study reported by Ma et al. with a
fluorescence enhanced sensing method for detecting heavy metal-
copper ions (Cu2+) [119]. In their study, the sensing system containing
propiolic acid-tagged CDs and 4-azidobenzoic acid-tagged Au@SiO2

was utilized to measure Cu2+ by the reducing Cu2+ into Cu+. And as
the Cu+ concentration increased, the fluorescence signal was con-
tinuously enhanced (released by CDs and further magnified by Au core
via commanding the distance between CDs and Au NPs), thereby rea-
lizing the high-efficient detection.

Furthermore, the “dual-emission” ratiometric fluorescent sensors
were constructed [81]. For instance, Shan et al. [88] established anTa
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efficient CQDs/Au NCs nanohybrid as a ratiometric fluorescent probe
for cadmium ions (Cd2+) and AA detection. Upon the additional of
Cd2+, the cubic aggregation would be formed owing to electrostatic
and metal–ligand coordination. This would result in the fluorescence
quenching of Au NCs. However, the fluorescence of CQDs almost re-
mained unchanged, thereby achieving a ratiometric strategy for de-
tecting Cd2+. Similarly, Kang et al. reported a dual-emission CDs-Au
nanoclusters (C-Au NCs) functionalized with dithiothreitol (DTT) for
detecting Hg2+ [120]. Owing to the robust metallophilic interaction
between Hg2+ and Au+, most Hg2+ could be interacted to C-Au NCs
surface modified with DTT. Then, the orange-red fluorescence ascribed
to Au NCs emission was quenched, while blue fluorescence ascribed to
CQDs emission was almost invariably to achieve the detection of Hg2+.
The detection system showed a lower detection limit of 8.7 nM and a

wide linear range of 50–1000 nM. Furthermore, the CQD/Au NC na-
nohybrids as a dual-signal ratiometric fluorescent sensor were devel-
oped for Ag+ and L-cysteine (Cys) detection, which was reported by He
et al. (Fig. 7A) [87]. Ag+ would enhance the orange fluorescence of Au
NCs, but Cys could completely quench the fluorescence of Au NCs
owing to the high affinity of coordination interaction for Cys and Ag+.
On the contrary, the blue fluorescence of CQDs was not affected and
changed (Fig. 7B and C), which could be distinctly recognized by the
naked eye, thus realizing a paper-based visual detection (Fig. 7D).
These works used dual-emission in detection, which surpassed the
single-emission probe. The ratiometric fluorescent sensors could pro-
vide more distinct color change under UV light and accurate mea-
surement without the interference from complicated environment
[87,121]. It was attributed to their built-in correction by comparison of

Table 3
The detection performance of NMs/CDs hybrids on various targets in different detection systems.

Detection systems Hybrids Targets Detection limit Linear response range Ref.

Fluorescent detection CQDs/Au NCs Cd2+ 32.5 nM 0.15 to 15mM [88]
C-Au NCs modified with DTT Hg2+ 8.7 nM 50 to 1000 nM [120]
Au NCs-CDs Hg2+; Cr6+ 1.85 nM; 5.34 nM 1 to 100 nM; 50 to 10 μM [121]
Au NPs/CQDs Organophosphorus pesticides 0.18 nM 0.18 to 180 nM [125]
Au NPs/N, P-doped carbon quantum dots Carbendazim 0.002 μM 0.005 to 0.16 μM [126]
N-CQDs/AuNCs Carbendazim 0.83 μM; 37.25 μM 1–100 μM; 150–1000 μM [170]

Colorimetric detection CDs-Ag NPs Cu2+ 0.037 μM 0.3 to 8 μM [61]
Au@g-CNQDs Cd2+ 10 nM 0.01–3.0 μM [171]
Ag/CQDs Hg2+ 85 nM 0.5 to 50 μM [73]
AuNP/CDs Hg2+ 7.5 nM 10 to 300 nM [128]

Electrochemical detection Au NPs@NCDS@Ag NPs Metobromuron 0.0002 nM 0.001 to 2 nM [92]
Ag@CQDs Cl- 0.33 nM 0.99 to 450 nM [135]
Ag-C-dot S2- 0.027 μM 0.05 to 100 μM [136]

Electrochemilumin-escence detection Pd@Au HOHs/N-CDs Pb2+ 0.33 ng/mL 1.0 to 1375.0 ng/mL [139]

Fig. 7. (A) Schematic illustration of the dual-emission system of CQDs and Au NCs. Fluorescence spectra of the system (B) in the presence of Ag+ and (C) in the
presence of Ag+ and different concentrations of Cys. (D) The photographs of the paper sensors under daylight (left) and a 365 nm UV lamp (right). Reprinted from
Ref. [87] with permission from Royal Society of Chemistry. (E) The fluorescence spectra of CQDs in presence of Au NPs. (F) The quenching percentages (FQ/FQ0) by
the different Au NPs concentrations. Inset: the linear relationship with Au NPs logarithmic concentration. (G) The mechanism of FRET-based sensing system for OPs
detection. Reprinted from Ref. [125] with permission from Elsevier.
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two emission intensity ratios between CDs and NMs (one fluorophore as
a signal probe and the other as the reference), instead of using absolute
intensity from a single emission intensity [122,123].

In addition, the coupling of NMs with CDs could lead to the
quenching of CDs fluorescence due to FRET from CDs to NMs in ra-
tiometric fluorescent sensors. The FRET-based sensing system generally
consists of a fluorophore probe and a nano quencher that function as
the acceptor–donor pair. The emission spectrum of a donor overlap
with the absorption spectra of an acceptor may give rise to FRET [124].
Du and co-workers developed an FRET-based sensor for detecting or-
ganophosphate pesticides (OPs), which comprised of tunable fluores-
cence emission CQDs (donor) and Au NPs (acceptor), respectively
[125]. The fluorescence of CQDs was effectively quenched by Au NPs
via FRET (Fig. 7E and F), owing to the complementary overlap between
the emission spectrum of CQDs and absorption spectrum of Au NPs, as
well as the electrostatic interaction between electronegative Au NPs
and electropositive CQDs. After additional of acetylthiocholine (ATC)
and butyrylcholinesterase (BChE) into the sensing system, the thio-
choline was generated from ATC catalyzed by BChE, resulting in ag-
gregation of Au NPs and corresponding recovery of CQDs fluorescence
emission. For OPs detecting, OPs would irreversibly restrain the cata-
lytic activity of BChE, which would not result in the Au NPs aggrega-
tion. Thereby, the recovery efficiency of fluorescence emission of CQDs
was reduced, realizing the detection of OPs (Fig. 7G). Subsequently, to
enhance the e fluorescence emission, a substantial improvement in the
quantum yield was later realized by replacing the CQDs with N, P-
doped CQDs. Ma et al. employed the FRET sensing system based on N,
P-doped CQDs and Au NPs for detecting toxic carbendazim (methyl-1H-
benzo[d]imidazol-2-ylcarbamate) [126]. As a result of FRET, the
fluorescence of the N, P-CQDs was obviously quenched by Au NPs. In
this sensing system, CQDs doping with heteroatoms N and P enhanced
the quantum yield by modulating the band gap and electron density of
CQDs, and improved the sensing performance [127].

In addition to FRET, nanometal surface energy transfer (NSET) may
also occur between CDs and NMs. According to the Perrson theory,
NSET involves an interband electron transition rather than a resonant
interaction between the electrons, which possesses longer energy
transfer distance than FRET. Safavi et al. prepared a Au0.4Ag0.6@C-dots
ensemble for Cl- assays via a dual read-out pathway (colorimetric
pathway and fluorescent route) [117]. In the fluorescent route, C-dots
as donors and alloyed bimetallic Au-Ag nanoparticles as acceptors were
used to construct an energy transfer pair through NSET pathway. The
emission band of C-dots overlapped with absorption band of alloy bi-
metals, leading to the fluorescent quenching of C-dots. In the presence
of Cl-, the Ag in alloy bimetals would be removed. Hence, the absorp-
tion band of alloy bimetals was red shifted, consequently reducing the
overlapping between donor and acceptor pairs and recovering the
fluorescence signal of C-dots.

4.3.2. Colorimetric detection
Another application of NMs/CDs nanohybrids in sensing is relied on

the change in the SPR absorption of NMs, thereby realizing a colori-
metric detection. In these sensing systems, the principle was related to
the aggregation or re-dispersion of NMs, accompanied by a shift of SPR
adsorption of noble metal NP and the change of color. According to
previous reports, it can be found that the interaction of functionalized
CDs and target pollutants could lead to the aggregation of NMs, which
results in a shift of SPR adsorption and the change of color [128,129].
For instance, Safavi et al. established core–shell system Au NPs@S-C-
dots for the colorimetric assaying of heavy metal Hg2+ [129]. As a
functionalized material, C-dots doping with S atoms would induce the
target Hg2+ interact with S-C-dots, promoting the shedding of S-C-dots
from the Au NPs surface and thus leading to the aggregation of Au NPs
accompanied with solution color change from red to blue. Similarly, a
colorimetric system CDs-Ag NPs for Cu2+ detection was subsequently
established by Beiraghi et al [61], which was also based on the

interaction of Cu2+ and functionalized CDs with –NH2 and –COOH,
resulting in the aggregation of Ag NPs (Fig. 8A). In addition, the in-
teraction of NMs and target pollutants also lead to aggregation of NMs
[73,82,130]. Luo et al. have fabricated a stable Ag NPs/CQDs compo-
site, providing a sensing platform for colorimetric method for Hg2+

detection [73]. The target pollutants Hg2+ interacted with Ag, forming
Ag-Hg amalgam and resulting in a decrease in absorbance and shift of
SPR band of Ag/CQDs composite accompanied with the color change,
which was suitable for colorimetric detection for determination of
pollutants.

4.3.3. Electrochemical detection
Recently, the modified electrode with NMs/CDs nanohybrids has

become as an effective and versatile electrochemical sensor based on
excellent electrocatalytic activity [131,132], which has been applied to
detect the pollutants successfully. As for anions, such as NO2

– and SO3
2-,

the detection mechanism is usually based on the catalytic oxidation of
anions by NMs/CDs nanohybrids. For instance, Liu and coworkers have
reported an electrochemical platform for NO2

– detection based on Ag/
CDs modified on glassy carbon electrode (GCE) [131]. They in-
vestigated the electrochemical oxidation of NaNO2 at Ag/CDs modified
on GCE by cyclic voltammetry, and found the oxidation peak intensity
was obvious in comparison of the bare GCE, indicating that Ag/CDs/
GCE displayed well electrocatalytic for NO2

– oxidation. Hence, the sy-
nergistic effect of Ag/CDs made the appearance of oxidation peak,
realizing the detection of NO2

–. Similarly, Zhuang et al. fabricated an
electrochemical platform based on CD/Au nanohybrids modified GCE
[133]. It showed a higher sensitivity toward the detection of NO2

– with
a linear range from 0.1 to 2000 μM and a low detection limit of
0.06 μM. The enhancement of the electrochemical activities for de-
tecting NO2

– could be attributed to well electron transfer and sy-
nergistic effect of Au and CDs. Hence, benefiting from the good con-
ductivity and excellent catalytic performance, the modified electrode
with NMs/CDs showed a suitable platform for pollutants detection.

Furthermore, the electrochemiluminescence (ECL) sensors based on
NMs/CDs for pollutants detection also have been reported successively
[64,134], which are smart combination of electrochemistry and che-
miluminescence and show low background noise and wide response
range [135-137]. For instance, Wang et al. have fabricated a highly
sensitive ECL sensor based on the Ag@CQDs composite in aqueous
media with K2S2O8 as a coreactant [135]. The mechanism was due to
electron transfer annihilation between a quantum dot radical (R•-) and
the electrogenerated SO4•-, which was induced by Ag@CQDs. Upon
polarization by a negative potential, Ag@CQDs- was formed by the
reduction of Ag@CQDs on electrode, while the strong oxidant SO4•- was
formed by the reduction of coreactant S2O8

2-. Then, the formed SO4•-

reacted with electronegative Ag@CQDs- via electron transfer to gen-
erate the exited state Ag@CQDs*, thus emitting the light. When de-
tecting Cl-, Cl- would interact with Ag+ to form AgCl on the Ag@CQDs.
It would weaken the bonding of Ag@CQDs and decrease the con-
ductivity, hence decreasing the ECL intensity of Ag@CQDs (Fig. 8B and
C). The critical points in taking NMs/CDs as effective signal probes in
an ECL system may lie in how to enhance the ECL intensity and im-
mobilize the NMs/CDs well. Hence, heteroatoms can be doped in CDs to
promote the ECL intensity and enhance the interaction between NMs/
CDs and electrode [138]. Chai et al. has reported an ECL biosensor
serving N-CDs as luminophores and bimetallic Pd-Au hexoctahedrons
(Pd@Au HOHs) as enhancers for detecting Pb2+ with K2S2O8 as a
coreactant [139], which not only displayed high sensitivity and accu-
racy for the detection of Pb2+, but also promoted the ECL signal of N-
CDs. As discussed above in 3.1.1, most NMs (Ag and Au) have a pow-
erful quenching effect on CDs fluorescence owing to energy transfer
between them, while the NMs in these works greatly promoted the ECL
intensity of CDs. A reason for this may be that the absorption spectrum
of NMs does not overlap well with the ECL spectrum of CDs, which
might not cause obvious energy transfer between NMs and CDs. Hence,
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the ECL signal would not be quenched. In turn, NMs in these works not
only promoted the electron transfer, but also effectively catalyzed the
oxidation reaction of S2O8

2- to generate SO4
•-, leading to the obvious

ECL signal of CDs. When detecting corresponding pollutants, the ECL
signal would be quenched by these pollutants.

5. Energy-Related applications

5.1. Photocatalytic hydrogen evolution and CO2 reduction

Hydrogen (H2), as the simplest and most attractive fuel for pro-
duction, possesses high energy density of 140MJ kg−1 [140]. The
photocatalytic water splitting into H2 and oxygen (O2) is a direct solar-
to-chemical energy conversion technology and has become research
hotspot in global [141]. Photocatalytic H2 production usually goes
through a route that photoexcited electrons reduce the protons in so-
lution to hydrogen atom chemisorbed on catalyst surface and then
desorbed into H2 [142,143]. At present, NMs/CDs have been used as
photocatalysts in energy conversion. In general, noble metal Pt is
usually employed as co-catalysts to enhance photocatalytic

performance of CDs [144]. In NMs/CDs, CDs play an important role in
harvesting light, which absorb solar photons, facilitate them change
into energetic electrons, and transfer electrons. Then, the electrons
transferred onto the Pt clusters to reduce H+ to H2 (Fig. 9A). In a study
by Yu et al., photocatalytic H2 production was investigated under
visible light irradiation using triethanolamine as sacrificial donor by
ZnIn2S4 microspheres (ZIS MSs) co-decorated with CQDs and Pt (Pt/C-
ZIS) [145]. Compared to pristine ZIS, Pt loaded ZIS, and CQDs-deco-
rated ZIS, a significant improvement in H2 production rate was high-
lighted in Pt/C-ZIS composite, which is 1032.2 μmol·h−1

· g−1. The re-
sults displayed that the main influence factors of the H2 production rate
of Pt/C-ZIS were the optical nature, crystal phase and electronic nature.
CQDs and Pt NPs in Pt/C-ZIS can facilitate the light adsorption and
enhance the crystallinity of Pt/C-ZIS, resulting in less crystal defects
and enhanced electrical conductivity. In addition, the vectorial elec-
trons transfer (ZIS→ CQDs→ Pt) also contributes to the high H2 pro-
duction rate. Xu and his co-workers synthesized catalysts through
loading Pt clusters onto surface-reduced CDs (r-CDs/Pt) for solar H2

production [23]. Furthermore, heteroatoms doped (such as S, N, P)
could effectively modify the electronic and surface property of CDs

Fig. 8. (A) The detection mechanism of Cu2+ by colorimetric system CDs-Ag NPs. Reprinted from Ref. [61] with permission from Elsevier. (B) The ECL intensity of
Ag@CQDs/GCE. (C) The ECL emission and detection mechanism for Cl- by Ag@CQDs. Reprinted from Ref. [135] with permission from Elsevier.
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[93,103]. For example, the N doped in CDs is prone to donate its lone-
pair electrons to conjugate with the aromatic π-orbital electrons on
CDs, thus promoting the delocalization of the photogenerated charges
and prolonging the lifetime [146]. As to S doping on CDs, S tends to
interact with oxygen functional groups during sulfurization, thus pas-
sivating charge recombination sites. Teng et al. synthesized surface
intact N-doped graphene oxide quantum dots (iNGO-QDs) for Pt de-
positing, and the photocatalytic activity for H2 production of the
composites was satisfying under visible light irradiation [147], which
was excelled to that of g-C3N4 and most metal-containing photo-
catalysts. The N doping in iGO-QDs repaired the vacancy-type defects
and brought n-type conductivity to compensate for the unbalanced
charges on p-type CDs (Fig. 9B), thereby making full use of photo-
generated charges [144]. Under UV light irradiation, the iNGO-QDs
displayed an enhanced signal of EPR than that of iGO-QDs, indicating

the high efficiency of the iNGO-QDs towards charges separation, which
was demonstrated by the EPR spectra (Fig. 9C). In the process of pho-
tocatalytic H2 evolution, the iNGO-QDs were much more active than
iGO-QDs after Pt deposition, confirming the impact of N doping in
iNGO-QDs. Besides, they synthesized the S and N co-doped GQDs (A-
SNGODs) and then deposited Pt on A-SNGODs, which exhibited en-
hanced H2 production efficiency [146].

Zeng and his co-workers deposited Ag NPs on CQDs/g-C3N4 by
chemical reduction method to employ photocatalytic H2 generation
[148]. The Ag/CQDs/g-C3N4 displayed enhanced catalytic activity in
H2 evolution (626.93 μmol g-1h−1) using triethanolamine as sacrificial
agent in contrast to pristine g-C3N4 with the feeble H2 generation
(94.23 μmol g-1h−1). And the apparent quantum efficiency achieved
4.8% under monochromatic lights (λ=400 nm). The investigation
concluded that the main influence factor for visible-light-driven protons

Fig. 9. (A) The mechanism of photocatalytic H2 evolution by r-CD/Pt catalyst. Reprinted from Ref. [23] with permission from Wiley. (B) The mechanism (energy
level) of iNGO-QDs with p- and n-type conductivities compared to the potentials for water reduction and oxidation. (C) EPR spectra of the iNGO-QDs and iGO-QDs
under the dark and under UV irradiation. Reprinted from Ref. [147] with permission from Elsevier. (D) Mechanism of CO2 conversion over Au-doped CDs. Reprinted
from Ref. [149] with permission from American Chemical Society. UV–vis-NIR diffuse reflectance spectra of (E) Ag (inset: the calculation of bandgap) and (F) Ag and
Ag/CDs (inset: the calculation of bandgap). (G) The mechanisms of formation and CO2 reduction of Ag/CDs. Reprinted from Ref. [94] with permission from Wiley.
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reduction was the synergistic effect of CQDs, Ag NPs and g-C3N4.
Namely, the Ag NPs and CQDs captured photons with wavelength
shorter 550 nm and longer 550 nm, respectively, thereby promoting the
generation of photoexcited charge carriers under broad spectrum range.
Afterwards, the formed electromagnetic fields and Mott-Schottky
junction promoted photogenerated electron transfer, resulting in out-
standing protons reduction capacity.

In addition to the photocatalytic H2 production, NMs/CDs have also
been used to catalyze CO2 reduction to short chain hydrocarbons,
which is regarded as a challenging but promising application for energy
conversion to settle the energy crisis and climate change. The first ex-
ample was that poly(ethyleneglycol)diamine (PEG)-passivated CDs
coated with noble metals Au or Pt NPs catalyzed CO2 reduction to form
formic acid using isopropanol as the sacrificial agent [78]. CDs were
synthesized by oxidation of carbon powders followed by functionali-
zation with PEG, and then coated with Au or Pt NPs via photoreduction.
CDs were directly used to absorb solar photons to trigger the photo-
catalytic reduction reaction, and Au or Pt NPs were used as an electron
sink to soak upsurface-confined electrons and impede the charges
combination. After the pioneering study, the same group further syn-
thesized better-controlled Au coated CDs as catalysts for a closer in-
vestigation of the CO2 reduction [149,150]. The photocatalytic CO2

reduction over Au-doped carbon dots was employed at ambient tem-
perature with high pressure. As shown in Fig. 9D, the photoexcitation of
CDs lead to efficient charge separation, generating electrons at CDs
surface and thus helping the reductive formation of Au3+. Most

importantly, the formed Au NPs could obviously gather and collect the
photogenerated electrons in the CDs, thus enhancing the photocatalytic
activities. More recently, Ag NPs/CDs composites were fabricated to
catalyze the reduction of CO2 to CH3OH [94]. As shown in Fig. 9E and
F, the optical absorption range of Ag NPs/CD composites was broa-
dened and the bandgap decreased in comparison to single Ag, which
improved the photoresponse and promoted generating more electron-
hole pairs. Compared to pure Ag or CDs, Ag NPs/CDs composites ex-
hibited almost 3-fold yield of CH3OH under 10 h visible light irradia-
tion. The good catalytic activity was because Ag played an important
role in extending absorption spectra and CDs possessed excellent elec-
tron transfer ability, impeding the combination of charge carriers
(Fig. 9G) [1,94].

5.2. Electrocatalytic water splitting, oxygen reduction reaction and
methanol oxidation reaction

Electrochemical water splitting including oxygen evolution reaction
(OER)/hydrogen evolution reaction (HER), and oxygen reduction re-
action (ORR) are vital processes for directly converting electric power
to chemical energy. Noble metal catalysts (Pt, Ru etc.) were usually
used to overcome the intrinsic high kinetic barriers in electrocatalytic
reaction. However, the development of electrocatalysis for pure noble
metal catalysts are usually impeded by their scarcity and high cost. In
view of this, noble metal catalysts have been combined with CDs to
develop efficient electrocatalysts [38,58,151].

Fig. 10. (A) Faradaic efficiency for electrocatalytic conversion of CO2 to CO over SC Au with or without NGQD coating. Reprinted from Ref. [55] with permission
from American Chemical Society. (B) Raman spectra of Pt/GQD prepared under different temperatures. (C) ORR kinetic current density under+0.85 and+0.90 V
with GQD defects. Reprinted from Ref. [53] with permission from American Chemical Society. (D) TEM and (E) HRTEM images of Pt/XC-72-CQDs. (F) The
mechanism of CQDs for H2O activation and chemisorbed CO oxidation. Reprinted from Ref. [151] with permission from Elsevier. (G) On-off transient photocurrent
responses and (H) Linear-sweep voltammograms of (Au)10, (GQDs)10 and (Au/GQDs)10 films. (I) PEC water splitting mechanisms of the (Au/GQDs)n films. Reprinted
from Ref. [39] with permission from Royal Society of Chemistry.
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As discussed above, the combination of NMs and CDs could provide
well-dispersivity of NMs and promote electron transfer, which played
vital roles in catalytic reaction. Luo et al. designed an electrocatalyst by
synergistic coupling of Au and GQDs with a core–shell structure (GQDs-
Au) [152], which showed much higher electrocatalytic activity than
pristine Au NPs or GQDs and high durability for 1000 cycles. It could be
ascribed to the strong interactions between Au NPs and GQDs, in which
CQDs coated on Au surface could prevent Au NPs from aggregating and
facilitate the electron transfer. Recently, Yang et al. prepared ruthe-
nium nanoparticles/carbon dots (Ru@CQDs) catalysts via pyrolysis
method [86]. The catalysts exhibited a boosted HER catalytic activity in
alkaline condition, and the onset overpotential was 0mV. The density
functional theory (DFT) calculations indicated a synergistic effect be-
tween Ru and N-doped CQDs to facilitate H2O adsorption and dis-
sociation. The integration of Ru and CQDs made the charge density
redistribute, which was conducive to the electrons transfer from Ru to
CQDs. It would make electron enriched in CQDs and hole enriched in
Ru and enhance the charge separation [153]. In another report, Li et al.
prepared N-doped GQDs-wrapped single crystalline Au NPs (NGQDs-
SCAu NPs) for converting CO2 to CO [55]. The onset potential reached
as low as 0.15 V (vs.RHE), corresponding to a significantly improved
overpotential of only 0.04 V (Fig. 10A).

Fuel cells are efficient tools to transform chemical energy to elec-
trical energy. The key to improve the conversion efficiency is to over-
come the sluggish electron-transfer kinetics of ORR at fuel cell cathode
[154,155]. One of the methods is to design the oxygenated defects in
GQDs. For examples, Chen's groups fabricated GQDs with oxygenated
defectes-supported platinum nanoparticles (Pt/G) for ORR, which
showed marked catalytic activity with an onset potential of+ 1.05 V.
This was about 70mV more positive than that of commercial Pt/C
nanoparticles [156]. The same group further developed GQDs-sup-
ported palladium NPs (Pd/GQD) [154]. These studies reported the
enhanced activity for ORR activity over GQD-supported Pt and the
synergistic effect between two components [53,156,157]. As shown in
Fig. 10B and C, the ORR activity changed with GQD defect concentra-
tion with volcanic shaped form. Hence, the high activity was related to
the manipulation of oxygenated defects of GQD. GQD defects could not
only promote the charge transfer from NMs to GQDs, thereby lowering
the activation energy for O2 dissociation, but also decreased the energy
barrier by weakening the binding oxygen intermediate, thereby accel-
erating the ORR reaction [158]. It could also provide natural sites for
noble metal anchoring, improving the dispersivity of NMs and allowing
for intimate interaction between NMs and supports [53,71,159]. In
addition to design oxygenated defects in GQDs, another approach was
that heteroatoms could be doped into GQDs to enhance the electro-
chemical activity [83,160-163]. In their following study, N-doped
GQDs were prepared for supporting palladium nanoparticles (Pd/
NGQDs), which exhibited apparent electrocatalytic activity for ORR
[164].

The kinetic rate of methanol oxidation reaction (MOR) in fuel cell
anode is also important for converting chemical energy to electric en-
ergy [58,165,166]. Li et al. prepared Pt/N-doped CQDs (Pt/N-CQDs)
through a simple chemical method using rice husk-based carbon de-
rived N-CQDs [157]. N-CQDs with a large specific surface area and a
certain amounts of defects could provide more active sites to facilitate
Pt uniformly anchoring, resulting in high utilization of Pt. In another
report, Pt assisted by CQDs (Pt/XC-72-CQDs) hybrids were also syn-
thesized through a simple chemical reduction, which showed superior
activity and stability for the MOR due to the synergistic effect of Pt and
CQDs [151]. Herein, CQDs not only facilitated Pt uniformly anchoring
(Fig. 10D and E), but also provided a rapid route to activate water, thus
promoting the conversion rate of intermediates CO to CO2, which
prevented Pt from poison by CO (Fig. 10F). Recently, Au-GQDs@Pt
core–shell nanodendrites were synthesized for MOR by Zhou et al [95],
which exhibited high electrocatalysis and anti-CO poisoning ability.
They found the mole ratios of Au and Pt would affect the Pt shell

thickness, which would further influence the catalytic activity.

5.3. Photoelectrochemical catalytic reaction

Benefiting from SPR effect and high activity of NMs as well as up-
conversion and unique electron properties of CDs, NMs/CDs are also
employed in photoelectrochemical (PEC) water splitting and MOR
[153]. The mechanism of NMs/CDs in PEC water splitting was detailed
by Zeng's group [39,56]. They prepared (Au/GQDs)10 films for PEC
water splitting, exhibiting remarkable catalytic performance. The
photocurrent of (Au/GQDs)10 films was much higher than that of (Au)10
films and (GQDs)10 films (Fig. 10G). No photocurrent was detected in
(Au)10 films, but photocurrent was detected in (Au/GQDs)10 films with
almost 3-fold higher than that of (GQDs)10 films. Similar trends were
also found in the linear-sweep voltammograms results in the different
multilayer films (Fig. 10H). It exhibited a more effective separation of
photogenerated charge carriers over (Au/GQDs)10 films, in which GQDs
mainly produced the photogenerated electron-hole pairs during light
irradiation and employed as a semiconductor for band-gap photo-
excitation, and Au NPs mainly played double roles of SPR photo-
sensitizer for producing hot electrons and electrons sink for capturing
photogenerated electrons from GQDs (Fig. 10I). Hence, the cooperative
synergy of Au and GQDs for photocurrent generation and enhancement
was confirmed. In addition, Dolui et al. also designed a CDs sensitized
TiO2 supported Pt catalyst for photoelectrocatalytic MOR [167]. Ben-
efitting from the up-conversion property of CDs and high electro-
catalytic activity of Pt, the catalyst exhibited high catalytic activity,
well CO poison tolerance and stability.

6. Conclusions and challenges

In summary, the NMs/CDs hybrids have been studied in many fields
owing to their enhanced properties. Herein, we have presented an
overview of NMs/CDs hybrids, focusing on their synthetic methods,
physicochemical characterizations, environment-related (detection and
treatment) and energy-related applications (water splitting, ORR and
MOR), as well as the mechanism in their synergistic effect. Generally,
the NMs/CDs can be synthesized via chemical reduction, hydrothermal
method and assembled method. And the physicochemical character-
izations mainly involve optical properties, photochemistry, and surface
chemistry characterization, and microscopy characterization. The de-
tection performance and catalytic activity of NMs/CDs are all greatly
enhanced due to the synergistic effect. For the NMs/CDs in detection
applications, the unique optical, electronic, and fluorescence properties
of NMs/CDs create the conditions for constructing multiple detection
systems. For instance, NMs could enhance the fluorescence of CDs via a
metal-enhanced fluorescence technology to promote the sensitive of
NMs/CDs based fluorescent detection systems. In addition, NMs com-
bined with CDs could construct the “dual-emission” ratiometric fluor-
escent sensors owing to the fluorescence of NMs. It provided more
distinct color change and accurate measurement without the inter-
ference from complicated environment, which surpassed the single-
emission probe of CDs. For the NMs/CDs in catalysis applications,
commonly, their electron transfer ability is magnified after hybridiza-
tion, further promoting simultaneous and rapid catalytic degradation of
various pollutants or energy conversion. In the photocatalysis, the un-
ique up-conversion of CDs play an important role in harvesting light,
which can absorb lower energy photons and facilitate them changing
into higher energetic electrons. Then NMs act as electron sink and
plasmonic cocatalysts mediated by LSPR, which endow NMs/CDs with
enhanced light utilization ability in full spectrum and thereby pro-
moting photocatalytic activity.

Despite the great progress of NMs/CDs in environment-related and
energy-related applications, it is believed that there are still at early
stages in terms of hybrids synthesis and performance, which remains
low for widespread applications. Herein, several important issues are
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highlighted to overcome some challenges for future research.
(i) Realizing stable and rapid synthetic methods for NMs/CDs na-

nohybrids is important. As shown in Table 1, the variety of synthetic
methods (top-down and bottom-up methods) of CDs makes strong dis-
tinctions on its types and numbers of surface functional groups, thereby
making the various particle sizes of NMs and difficult to guarantee the
reproducibility of synthetic NMs/CDs composites. Hence, fully under-
standing the mechanism of synthetic methods and figuring out the
impact of some factors (functional groups of CDs, synthetic period and
reaction temperature) on synthetic process can help guide the synthesis
of NMs/CDs.

(ii) As for NMs/CDs in photocatalysis applications, the roles of NMs
and CDs in the hybrids have been illustrated in some examples. But in
the photocatalytic materials composed of NMs and CDs (when NMs/
CDs combined with other semiconductors), the working mechanism
and electron transfer pathway should be further understood. For ex-
ample, the interface between noble metals and semiconductors may
form Schottky barrier. When this process happens, the electron transfer
pathway will have some changes. In addition, the LSPR effect of plas-
monic noble metals is related to the size, shape and other parameters,
which may also influence electron transfer. Hence, it is imperative to
investigate the mechanism in detail. Some powerful characterization
techniques combined with theoretical calculations could be used to
reveal the NMs/CDs and clarify the reaction mechanism, such as ion
scattering, photoluminescence spectroscopy, DFT and total density of
states calculations.

(iii) To further enhance practicality and accessibility of NMs/CDs in
detection pollutants applications, the detection systems using NMs/CDs
can be fabricated to portable and miniaturized systems. For example,
fabricating NMs/CDs hybrids probes on substrates such as paper strips
are expected to be developed for convenient and sensitive in situ de-
tection of pollutants.

(iv) Recovery of NMs/CDs nanohybrids to separate from aqueous
solution is another challenge. Magnetic nanomaterials can be combined
with the nanohybrids for improving their separation in water treat-
ment, which deserve further study. At present, there have been some
studies about the NMs/CDs combined with magnetic materials. But it
should be noticed that the stability and dispersivity of NMs and CDs on
the surface of magnetic materials are extremely important, which
would affect the performance of NMs/CDs.

(v) High price and low abundance of NMs limit the practical ap-
plication of NMs/CDs. Hence, further boosting the performance of
NMs/CDs and reducing dosage of NMs in NMs/CDs could be considered
to reduce the cost. On one hand, the performance and stability of NMs/
CDs can be further enhanced by rational designing the structure of
NMs/CDs or combining NMs/CDs with other nanomaterials, thereby
reducing the cost. For instance, anisotropic NMs with sharp edges and
corners display better catalytic activity, which is superior to NMs with
circular shape. Hence, rational designing the anisotropic NMs with CDs
may greatly enhance the performance of NMs/CDs. On the other hand,
NMs could combine or even be replaced with suitable base metals to
reduce the dosage of NMs. In addition, single-atom NMs with higher
activity may be used to reduce the dosage of NMs. However, the single-
atom deposition technique is far from mature. But it is an orientation to
develop for maximizing the utilization efficiency of scarce precious
NMs, and more effort need to exploit for the technique development.
We believe that there will be suitable cost and technical maturity of
single-atom deposition technique with researchers’ continuous ex-
ploration.

(vi) Compared with other carbon-based nanohybrids, the energy-
related application of NMs/CDs nanohybrids is less promising. Hence,
for practical application, people may pursue other more effective na-
nohybrids rather than the CDs based nanohybrids. So, more efforts and
study need to exploit for further revealing their mechanism and thereby
improving the performance and practical applications of NMs/CDs
nanohybrids.

Although multifunctional NMs/CDs nanohybrids exhibit well per-
formance in various applications, the obtained NMs/CDs nanohybrids
are still far from suitable for practical applications. Overall, persistent
studies toward NMs/CDs in synthesis, characterization and mechanistic
understanding are needed to fully exploit and effectively apply NMs/
CDs in catalysis and detection applications. The efforts made on the
exploration of NMs/CDs can bring some breakthroughs in the under-
standing of the mechanism behind on the hybrids, and help develop
more combinations of nanomaterials.
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