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Abstract: Combination of metal matrix materials with
carbon quantum dots (CQDs) can not only optimize the
property of metal matrix materials, but also produce novel
material systemswith ultra-high performance or superior com-
prehensive performance. The excellent electrical, mechanical,
and thermal characteristics of CQDs can compensate for some
intrinsic defects of the metal matrices to improve the compo-
site properties. The various interfaces formed through the dif-
ferent degrees of CQDs dispersion in the metal matrices are
essential in the mechanism of the composite performance
improvement. In this review, the research progress and results
of CQDs in metal matrix composites are discussed and sum-
marized, including the recent preparation methods of CQDs
and carbon nanostructure-reinforced metal matrix materials,
as well as the influences of the preparation methods on the
material structures and properties. In addition, by focusing on
the interfaces between CQDs and metal matrices in composite
materials, the performance improvement and reinforcement
mechanisms of the CQD-modified metal matrix composites are
described from mechanical, electrical, and thermal aspects.
Further studies on CQDs in metal matrix composites are still
required to provide theoretical guidance for the preparation of
CQDs-reinforced metal matrix composites with intensity and
ductility above the average.

Keywords: carbon quantum dots, metal matrix composites,
material properties, preparation methods, strengthening
mechanisms

1 Introduction

Carbon quantum dots (CQDs) are a kind of zero-dimen-
sional nanoparticles (NPs) usually with quasi-spherical shape
and diameters less than 10 nm. They comprise carbon, oxygen,
and hydrogen elements, and typically have sp2 hybrid conju-
gated nanocrystalline nuclei with a big amount of the oxygen-
containing groups including carboxyl, hydroxyl, and carbonyl
groups on the surface, which allow CQDs to be dissolved in
water and some polar organic solvents [1–3]. As shown in
Figure 1, CQDs have been broadly applied in various fields
due to their unique structures and properties, such as upcon-
version fluorescence emission, excellent electron storage and
transfer, convenient surface modification, designability of sur-
face functional groups, as well as simple and diverse synthesis
methods [4–7]. CQDs have different structures with amor-
phous and crystalline as themost common ones [8,9]. Through
the combination or polymerization of CQDs and metal matrix
materials, the mechanical, friction, electrical, and thermal per-
formances of metal matrix materials can be optimized. To
continuously develop more advanced composite materials,
extensive studies have been conducted from different aspects.

Some drawbacks of traditional carbon nanomaterials,
such as poor mechanical properties and easy aggregation,
greatly limit their widespread application in various fields.
To address these problems, a large amount of research
work have been carried out worldwide. Niyogi et al. [10]
successfully improved the mechanical property of micro-
jet carbon nanomaterials by using ultrasound to break the
van der Waals force between the molecules in the material
and reduce their surface energy. Rashad et al. [11] prepared
fine powder of carbon/metal matrix composite with good
performance by mechanically dispersing carbon nanoma-
terials through themutual collision and shear force between
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the steel ball and the powder in the presence of alcohol and
other solvents to protect the structure of the material from
being damaged. Nam et al. [12] adopted a surface modifica-
tion procedure, including acidification, nitration, and sur-
face chemical reaction, to modify the surface properties
(such as water solubility) of carbon nanomaterials. By this
means, the compatibility of the material was improved.
Aiming at solving the poor wettability problem between
carbon and copper in the matrix composite, Chu et al. [13]
introduced new elements and Cr particles into the system,
which caused the formation of Cr7C3 NPs and Cu–Cr inter-
faces in the carbon nanomaterials/copper matrix, improving
the interface bonding strength. With the continuous inten-
sive research on carbon nanomaterials-reinforced metal
matrix composites, many new preparation methods have
been proposed, and various new types of carbon nanoma-
terials have been developed, which show high resistance to
particle agglomeration, easy dispersion, and good wett-
ability with metal matrices.

Although CQDs could ameliorate the mechanical per-
formances of metal matrix composites to some extent, the
research achievements often fail to meet the targets of
experimental design. This is mainly because CQDs have
strong agglomeration tendency under the van der Waals
force [14], resulting in irreversible negative effects on the
electrical, mechanical, and thermal performances of metal
matrix composites. Song et al. used an one-step “bottom-
up” strategy for in situ preparation of carboxylated CQDs at
ambient temperature, which were then applied to induce
the synthesis of 2D NiFe-MOF-NSs by expanding the NiFe-
MOF layer spacing, increasing the positive charges of the

active sites, and improving the oxygen evolution reaction
(OER) property of NiFe-MOF [15]. However, to achieve prac-
tical applications of CQDs in electrical and thermal fields,
many issues still need to be overcome. For example,
because of the low wettability between carbon and metal
matrix [16,17], it has high difficulty to form an effective
bonding interface between CQDs and metal matrix com-
posites, which restricts the performances of metal matrix
composites. Li et al. investigated the interfacial binding
effect between CQDs and Ru, where they identified a syner-
gistic effect. The powerful coordination interaction between
the Ru d orbitals and functional groups on the CQD surface
successfully immobilized Ru NPs and prevented them from
aggregation, facilitating the formation of the binding inter-
face between Ru NPs and CQD. In addition, many CQD mod-
ification techniques have been used to ameliorate the CQD
dispersion in composites and to strengthen the interface
bonding ability. However, these methods are not able to
completely eliminate the phenomenon of CQDs agglomera-
tion, and there are still unavoidable problems in practical
applications [15,18]. Therefore, further studies on the rele-
vant topics are still highly desired to ameliorate the com-
prehensive performance of CQDs-modified metal matrix
composites, and special focuses should be placed on inhi-
biting NP agglomeration, increasing wettability between
carbon and metal matrix, improving interface bonding
ability, and enhancing mechanical performance of com-
posite materials.

Modification of the metal matrix composite with CQDs
could greatly improve the mechanical, friction, electrical,
and thermal performances of the material. However, cur-
rently there are still some problems in the practicability of
the composites, and thereby a series of studies on these
issues have been conducted worldwide. It is necessary to
summarize the research progress of CQDs-modified metal
matrix composites to clarify the performance characteris-
tics of the composite materials. This will contribute to the
theoretical guidance for design and preparation of metal
matrix composites with superior performances, such as
excellent conductivity and heat transfer efficiency, strong
tensile properties, and high hardness, which can accelerate
the practical application of the metal matrix composites in
aerospace, microelectronics, optics, and new energy fields.

In this study, the research efforts for improving the com-
prehensive performances of CQDs-modified metal matrix
composites are systematically reviewed from mechanical,
electrical, and thermal aspects. First, several typical prepara-
tionmethods of CQDs and their reinforcedmetal matrices are
introduced. These preparation processes have critical impacts
on the various performances of the composite materials.
Second, the influences of CQDs on the interface of metal

Figure 1: The recent applications of CQDs in the field of optoelectronics
[4–7,19–21].
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matrix composites are evaluated and summarized. The appli-
cation and mechanism of the CQDs/metal interface in compo-
sites for improving mechanical properties, reducing electron
and phonon scattering are emphatically described. Besides,
the enhancement mechanism of the CQDs reinforcement
phase is analyzed. Finally, the developments of functional
and structural integrated high-performance metal matrix
composites are discussed and prospected from the points of
view of numerical simulation, AI, andmachine learning (ML).
Until now there are only very few publications about numer-
ical simulation, AI, and ML in CQDs-reinforced metal matrix
composites. Therefore, this topic is not specifically discussed
in this study; however, it is a research hotspot for the future.

2 Preparation method of CQDs-
reinforced metal matrix
composites

2.1 Preparation method of CQDs

There are many ways to prepare CQDs, among which the
two most commonly employed ones are the “top-down”
and “bottom-up”methods using carbonmaterials and organic
molecules as carbon source, respectively. “Top-down” refers
to cutting or splitting large blocks of materials with carbon
structure, e.g., nano diamonds, carbon nanotubes, graphene,
carbon black, graphite oxide, and activated carbon, into small
particles of CQDs through arc discharge, electrochemical oxida-
tion, laser ablation, etc. “Bottom-up” is to obtain CQDs from
precursors containing carbon atoms, such as citric acid, sugar,

polymer-silica nanocomposite, etc., through combustion/heat
treatment-assisted synthesis or microwave synthesis. The
selected synthesis method and carbon source material
usually determine the physical and chemical performances
of the as-prepared CQDs, including fluorescence characteris-
tics, quantum yield, biocompatibility, water dispersibility,
and oxygen/nitrogen content. Figure 2 lists several typical
preparation methods of CQDs [22].

2.1.1 Top-down method

The top-down method uses chemical or physical methods
to cut large carbon materials (graphite, carbon fiber, full-
erene, graphene oxide (GO), etc.) at nanometer scale to pre-
pare small size CQDs. As shown in Table 1 and Figure 3, laser
ablation method [23], electrochemical method [24,25], che-
mical oxidation method [26], and arc discharge method [27]
belong to the top-down methods. The CQDs prepared by top-
down procedure have advantages of abundant raw material,
simple production method, and cheap price. Therefore, they
can be made in huge scales. However, this method has not
achieved great success in synthesizing CQDs with uniform
diameters and well-controlled particle sizes.

2.1.1.1 Strong acid oxidation method
Strong acid oxidation method is one of the most widely
used methods for preparation of CQDs by utilizing strong
acid to chemically peel off carbon sources. This method can
generate more edge defects and is capable for the mass
production of CQDs. Although the acid oxidation stripping
method has the advantages of easy access to raw materials,

Figure 2: Schematic illustration of the preparation method of CQDs [22].
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low cost, and high yield, it also shows problems such as
harsh reaction condition, time-consuming process, and
complex post-treatment. Besides, the use of acidic oxidants
cannot meet the green preparation requirement due to the
induced environmental problems.

As shown in Figure 4, Kushwaha et al. [33] synthesized
CQDs through the application of strong acid oxidation. This
process involved the oxidation of MWCNTs at 350℃ using
concentrated H2SO4 and HNO3, resulting in CQDs with dia-
meters ranging from 5 to 10 nm. The synthesized CQDs were
characterized by a significant presence of oxygen-containing

functional groups on their surface, imparting excellent water
solubility. Besides, it was found that the photoluminescence
(PL) peak of CQDs synthesized by strong acid oxidation is
independent of the excitation wavelength in the visible light
range. Boruah et al. [46] synthesized CQDs by using waste
biomass bagasse and taro scalp as the precursors and H2O2

as the oxidant, in which the CQDs synthesized with taro scalp
showed the highest fluorescence quantum yield (26.2%). Hu
et al. [47] documented a new type of nitrogen (N)-doped CQDs
prepared by strong acid oxidation of coal tar pitch at medium
and low temperatures, which exhibited a quantum yield of
around 7.0%. This method could improve the water solubility
and the fluorescence characteristic of the as-prepared CQDs,
but it has high requirements for the reaction conditions.
Therefore, the strong acid oxidation method for CQDs pre-
paration is considered as a non-environmentally friendly
process due to its harsh reaction conditions and complex
post-treatment procedures.

2.1.1.2 Electrolysis
Electrolysis conventionally employs carbon-based mate-
rials both as the working electrode and as the carbon pre-
cursor. Upon application of a voltage across the electrodes,
an oxidation reaction occurs at the anode, facilitating
the detachment of carbon material from the electrode sur-
face. This phenomenon results in the generation of CQDs.
Graphite rods, MWCNTs, graphite powder, carbon fibers,
and so on can be utilized as the carbon electrode material
[48]. Sodium hydroxide, phosphate buffer solution, tetra-
butylammonium perchlorate, potassium persulfate and
ultra-pure water can be used as electrolyte solutions [49].
In addition, the electrolyte could also be used as the carbon
source to realize the bottom-up electrochemical synthesis
of CQDs. This electrochemical method shows advantages
of easy access to equipment, simple operation, and high
purity of the CQDs products (Figure 5). Therefore, it is more
widely used than the other methods [32]. However, up to
now, electrochemical methods have succeeded only in
synthesis of CQDs emitting blue, green, and yellow fluor-
escence, and not in preparation of CQDs with longer wave-
length emission.

In 2016, Liu et al. [31] prepared CQDs with high crystal-
linity and average diameter of around 4.0 nm in NaOH-
containing ethanol solution by using a simple electrolysis
process with a graphite working electrode and a constant
potential for 3 h. The formed CQDs show a gradual color
change from colorless to bright yellow with the increase in
the temperature from 4℃ to the ambient temperature.
Moreover, the influence of the applied voltages on the pre-
paration of CQDs was also investigated. The results

Figure 3: Synthesis approaches of CQDs: (a) laser ablation method [30],
(b) microwave method [51], (c) electrochemical method [52], and (d)
oxidation method [53].

Review on strengthening mechanism of CQDs-reinforced Cu-matrix nanocomposites  5



indicate that higher voltage leads to the formation of CQDs
with larger sizes. Shinde and Pillai [50] used CNTs as the
precursor to synthesize CQDs with electrochemical method in
propylene carbonate solution containing high concentration

of lithium chlorate. This method is simple in operation and
the obtained CQDs are uniform in particle size; however, a
very low yield of 6.1% could only be achieved with this
method. Tian et al. [54] documented the fabrication of CQDs

Figure 4: Proposed mechanism for the generation of CQDs via high-temperature acidic oxidation of multiwalled carbon nanotubes (MWCNTs). (a) The
graphene layer on the surface wall of carbon nanotubes is oxidized by acid reagents, resulting in the formation of carbonyl, carboxylic, sulphur oxide
and nitro groups on MWCNTs' surface. (b) The increase in reaction time causes oxidation of the graphene layers underneath the surface wall,
resulting in nanotubes bending, buckling, and folding [33].

Figure 5: Schematic diagram of CQDs formation through electrochemical oxidation on graphite electrode.
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employing an electrolytic strategy, wherein inorganic salts
served as the electrolytes, and graphite rods were utilized
as electrodes for both the anode and cathode. They investi-
gated the impact of various electrolyte solutions on the prop-
erties of the synthesized CQDs. Their findings revealed that
CQDs synthesized using a nitrate-based electrolyte exhibited
desirable morphological characteristics and possessed an
average diameter of 3.15 nm. Generally, electrochemical
methods use conductive carbon materials such as gra-
phite rods, graphene, graphite paper, etc., as the working
electrode. By applying a voltage, the electrode is subjected
to anodic oxidation and ions from the electrolyte enter the
graphite layer. The large carbon materials are peeled off into
small carbon NPs, and the mixed solution obtained by elec-
trolysis is subsequently centrifuged to collect a suspension of
CQDs. After dialysis purification treatment, a pure solution of
the target product could be finally obtained. This electroche-
mical preparation has good reproducibility and the as-prepared
CQD products show high stability. In sum, the electrochemical
methods have no requirements for harsh reaction conditions.
They are simple and green process for CQDs preparation.

2.1.1.3 Laser ablation method
Laser beam with high energy is usually used in laser abla-
tion method for bombarding the carbon targets to peel off
the carbon nanosized particles, which are subsequently
passivated into CQDs. It is worthy to note that the employ-
ment of suitable carbon target materials or media in the
laser ablation technique enables the direct generation of
CQDs without necessitating an additional passivation step.
In addition, the morphology of CQDs can be controlled with
the pulse width, energy density, and wavelength of the laser
beam. As one of the earliest approaches for CQDs prepara-
tion, laser ablation has the advantage of operation simplicity
and the disadvantages of undesirable CQDs wave length,
expensive equipment, time-consuming process, and so on,
restricting its wide application.

Sun et al. [55] first synthesized CQDs using laser abla-
tion method in 2006. Under water vapor atmosphere, carbon
NPswithout fluorescence effectwere prepared by laser etching
of mixed carbon targets of the graphite powder and cement at
900℃ and 75 kPa using argon as the carrier gas. Afterwards,
the system was refluxed in nitric acid aqueous solution, passi-
vated with polyethylene glycol (PEG) 1500 (PEG1500N), and
finally treated with acid to obtain different CQDs (Figure 6)
with quantum yield of 4–10%. Li et al. [56] dissolved carbon
nanomaterials in organic reagents and used laser to prepare
and passivate CQDs in one step, simplifying the operation
process of laser etching method. In addition, by adjusting
the organic solvent, CQDs can be passivated by different
agents. Recently, Cui et al. [28] synthesized blue fluorescent
CQDs with low-cost carbon fiber cloth by using a self-made
double-beam pulsed laser ablation system. In the preparation
process, the laser beam was divided into two through a beam
splitter to improve the ablation rate and shorten the prepara-
tion time. Compared to the products of single pulse laser
ablation, the CQDs prepared by this double-beam method
have more uniform size, higher quantum yield of up to
35.4%, and good anti-interference performance, which can
be used for HeLa cell imaging research. The instruments
required for laser ablation preparation of CQDs are relatively
expensive, and the surface of the as-prepared CQDs usually
needs to be modified with organic solvents to produce fluores-
cence. Due to the addition of organic reagents, the subsequent
purification process of CQDs becomes relatively complicated.

In summary, the top-down methods are to peel and cut
bulk carbon black, graphite, graphene, or other carbon mate-
rials into nanosized CQDs through laser ablation, arc discharge,
acid oxidation, thermal decomposition, and electrochemical
processes. The carbon sources usually contain graphite micro-
crystals or a large number of sp2 conjugated microregions. The
top-down preparation methods show advantages of high yield,
easy functionalization, and simple operation, but they also
have the disadvantage of the high difficulty in CQDs size and
morphology control.

Figure 6: PEG1500N CQDs after passivation [55].

Review on strengthening mechanism of CQDs-reinforced Cu-matrix nanocomposites  7



2.1.2 Bottom-up method

The bottom-up method is to carbonize organic molecular
precursors (e.g., citric acid, ascorbic acid, ethylene glycol,
phenylenediamine, etc.) through heat treatment to prepare
CQDs. As shown in Table 1, pyrolysis [57], microwave-
assisted synthesis [37–40], and hydrothermal/solvothermal
synthesis [58] belong to bottom-up methods. The bottom-up
methods can effectively control the composition, size, mor-
phology and other characteristics of CQDs by using dif-
ferent precursors and carbonization conditions. Besides,
they could also improve the quantum yield of CQDs. How-
ever, these methods usually require complex multiple
synthesis steps and time-consuming subsequent purifica-
tion processes.

2.1.2.1 Pyrolytic method
The pyrolysis approach usually comprises the following
steps: The carbon source is carbonized at high tempera-
ture, and the CQDs are obtained after filtration, centrifu-
gation, dialysis, chromatographic separation, and other
post-treatment purification. In addition, different surface
passivators and precursors can be used to control the
hydrophilicity/hydrophobicity and atomic doping type of
CQDs. There are some advantages in the preparation of
CQDs by pyrolysis, like simple operation, low cost of carbon
source, and large-scale preparation. However, this method
is time- and energy-consuming, and it contains tedious post-
pyrolytic treatment and purification processes. In addition,
pyrolysis is not capable for preparation of long-wavelength
CQDs, which restricts the application of pyrolytic CQDs in
the biomedical field.

Xue et al. [59] reported the pyrolysis of organic pre-
cursor peanut shells to prepare fluorescent CQDs with low
cytotoxicity, which can be used for multi-color imaging of

living cells. By using a solid-state pyrolysis process with
citric acid as the carbon source, Soumen et al. [60] synthe-
sized CQDs with high water solubility, strong photostability,
and excellent dispersibility. This method can directly cleave
the carbon material in the absence of any solvents, simpli-
fying the preparation steps. As shown in Figure 7, Supchock-
soonthorn et al. [61] synthesized blue light CQDs using maleic
anhydride (MA) as raw material through one-pot thermal
decomposition. The typical synthesis process was reported
as follows: 30mL of MA solution (1.36mol/L) was added
into a crucible containing 20mL of HNO3 (2.5mol/L), and
then pyrolysis was conducted at 250℃ for 4 h. After purifica-
tion, a light-yellow solid was obtained with a yield of 54%. The
synthesized CQDs show good selectivity for pyrimidine in
bactericide- and metal ion-containing medium, and could
be successfully used for the detection of pyrimidine in food
and drinking water with a recovery rate of 98.6–107.1%. The
CQDs prepared by pyrolysis method has even size, and their
surfaces are usually functionalized with various organic
groups, including amino, carboxyl, and hydroxyl groups,
which make the CQDs soluble in water.

2.1.2.2 Microwave-assisted synthesis
The microwave-assisted preparation method uses the radia-
tion microwave as the heat source to provide energy for the
reaction. After absorbing the microwaves, the reactants con-
vert the electromagnetic radiation into internal energy, thus
initiating the synthesis process. Microwave heating is uni-
form and fast, which shortens the reaction time and improves
the yield of CQDs. Compared to other CQDs preparation
approaches, the microwave method is more convenient and
time-saving; therefore, it has the potential of industrialization
for large-scale production of CQDs. However, a disadvantage
of this method is the inhomogeneous particle size of the
resulted CQDs. Besides, the particles with larger sizes cannot
be separated by dialysis alone.

Figure 7: Preparation of CQDs by pyrolysis of MA and triethylenetetramine for detection of pyrimethanil [61].
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Zhu et al. [62] heat treated different amounts of PEG
and sugar solutions with a microwave oven until the solu-
tion transitioned from yellow to dark brown, resulting in
well-dispersed CQDs with high fluorescence intensity. By
utilizing flour as the carbon source, Qin et al. [63] prepared
CQDs with a particle size of 1–4 nm, demonstrating their
applicability in the detection of Hg2+. Wei et al. [64] synthe-
sized CQDs in a microwave-assisted quick reaction process
with glucose as the carbon precursor and PEG-200 for sur-
face passivation. In this specific process, 20 mL of PEG-200
was added to the mixture of 4 g glucose and 6mL of ultra-
pure water. Afterwards, the mixed system was heat treated
in a microwave reactor for 3 min, yielding CQDs. The
resulting CQDs exhibited good conductivity, and they can
be used to selectively detect ascorbic acid after electro-poly-
merization on the glassy carbon electrode (GCE). Besides,
Zhang et al. [65] synthesized CQDs with glucose precursor
using the microwave method under 150°C and 500W of
microwave power for 7–11min (Figure 8), and Architha
and Shobana [66] successfully prepared the blue fluorescent
CQDs with a maximum quantum yield of 17% through
microwave assisted reflux method with peppermint as the
precursor (Figure 8).

2.1.2.3 Hydrothermal/solvothermal method
Hydrothermal/solvothermal method is to disperse small
molecular reactants into water or other organic solvents,
and then polymerize and carbonize them at elevated tem-
perature and pressure in closed system to produce CQDs. The
solvothermal process, an evolution of the hydrothermal
method, distinguishes itself by employing organic solvents

instead of water. The hydrothermal or solvothermal method
has gained widespread adoption for synthesizing CQDs owing
to its straightforward operation, cost-effectiveness of the
required apparatus, convenient subsequent processing, and
wide range of carbon sources (such as the cheap and ready-
made carbon materials of banana peels, hair fibers, grass,
and leaves) (Figure 9).

Lu et al. [67] prepared nitrogen-doped CQDs (N-CQDs)
with 1,2,4-triaminobenzene (TAB) as the carbon source
using the solvothermal approach. In this synthesis process,
100 mg 1,2,4-TAB precursor was first added to 10 mL of
formamide. The system was subsequently heated to 120℃
and sustained for 12 h, and through centrifugation large
particles were removed. Afterwards, purification of the
obtained solution was conducted using column chromato-
graphy with silica gel adsorbents and mixed dichloro-
methane and methanol (volume ratio of 2:8) as eluent.
Finally, the as-resulted mixture was concentrated with a
rotary evaporator to collect the purified product N-CQDs.
The obtained yellow-green fluorescent N-CQDs have a
quantum yield of 5.11% and high photostability. They can
be applied to detect trace amount of Ag+ in the food packa-
ging materials.

Xu et al. [68] utilized citric acid as a precursor in the
hydrothermal synthesis of CQDs, and then prepared metal
matrix composites CDs@MOF-253. The carbon dots (CDs)
synthesized by this method show good morphology and
structure with uniform particle size of 1–5 nm, and without
obvious particle aggregation. The Transmission Electron
Microscopy (TEM) images (Figure 10) show that most of
the CDs are amorphous carbon particles. This is further
confirmed by the wide peak around 25° (0.34 nm) in the

Figure 8: (a) A schematic of the experiment installing (1) the coolant system, (2) the drainage control system, (3) the reaction solution, and (4) the
microwave work box. (b) A schematic illustration of the synthesis process of CQDs [65].
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Figure 9: Synthesis procedure of CQD derived from Mexican mint [66].

Figure 10: (a) TEM image with 10 nm scale bar, (b) XRD pattern of as-synthesized CQDs, (c) XRD patterns of MOF-253, CDs@MOF-253, and Eu3+/
CDs@MOF-253, (d) TEM image of CDs@MOF-253 with a 50 nm scale bar, and (e) TEM image of Eu3+/CDs@MOF-253 [68].
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X-ray diffraction (XRD) pattern of CDs. The CDs@MOF-253
composite material was synthesized by hydrothermal treat-
ment of a mixture containing the CQDs and metal-organic
framework (MOF) precursors. The results of XRD and TEM
measurements show that the MOF framework and nano-
plate morphology maintain their integrity after the reinfor-
cement of the metal matrix material with CDs.

In addition, Bourlinos et al. [69] used the hydrothermal
method to treat ammonium citrate at 300℃ and obtained
soluble and fluorescent CQDs. As shown in Figure 11, Xu
et al. [70] prepared water-soluble CQDs with strong blue
fluorescence using this method and potatoes as the organic
precursor. The results suggest that CQDs prepared by
hydrothermal method usually have good water solubility.

Until now, many hydrothermal methods for prepara-
tion of CQDs have been developed, mainly due to their
low preparation cost and easy access to a variety of carbon
sources. In addition, compared to other preparation methods,
the hydrothermal process is more environmental friendly.
The disadvantage of the hydrothermal method is the low
efficiency of CQDs production.

2.2 Preparation of CQDs-reinforced metal
matrix composites

This review focuses on the reinforcement of metal matrix
with CQDs, and the studies on the use of CNTs within metal
matrix composites are not included. However, similar to
the case of CQDs, it is crucial to achieve an even dispersion
of the carbon nanomaterial in the CNTs-reinforced metal
matrix systems [71]. CNTs also have a tendency for
agglomeration, which negatively affects the properties
of the composites. Therefore, the methodologies developed
for suppression of CQDs from agglomeration can also provide
insights into the preparation of metal matrix composites-rein-
forced with uniformly dispersed CNTs [72,73]. By optimizing
the techniques for preparation of CQDs and control of their
dispersion in the metal matrices, the unique properties of
CQDs can be leveraged to improve the mechanical, electrical,
and thermal performances of the resulting composites.

When combining CQDs with metal matrix materials,
the CQDs are very easy to agglomerate due to their poor
dispersion in the system, resulting in irreversible negative

Figure 11: (a) Reaction conditions for hydrothermal synthesis of CQDs from potato (including images of the sample taken with a 365 nm UV laser and
in natural light), (b) PL excitation and emission spectra, and (c) the CQDs’ UV-Vis absorption spectrum [70].
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effects on the as-prepared metal matrix composites, and
reducing the performances of the composites from various
aspects, including mechanical properties, electrical and
thermal conductivities, etc. Therefore, the preparation/
combination processes play a crucial role in optimizing
metal matrix composites. Taking copper-based materials as
an example, the common preparation techniques include
flake powder metallurgy [74], molecular blending method
[75], spray pyrolysis (SP) [76] and thermal spraying method
[77], as listed in Table 2.

2.2.1 Flake powder metallurgy method

Flake powder metallurgy process uses ball milling to sup-
press the agglomeration and promote uniform distribution
of CQDs within metal matrix composites. By properly
adjusting the rotation speed, milling time, and weight ratio
of balls to composite precursors, grinding CQDs andmetal-based
powderswith steel balls of different diameters canmechanically
incorporate CQDs into the metal matrix, increasing the combi-
nation between metal and CQDs [78,79]. This process involves
frequent cold welding, fracture and re-welding of powder par-
ticles [80]. During the preparation, the metallic particles are
ground first into 2D slices, and their geometric shape is
more in line with 1D CNTs [81]. This flake powder metallurgy
technique can keep the intact structure and homogeneous
distribution of carbon nanomaterials in the metal frame-
work, and reduce the degree of work hardening of metal
matrix composite powder, leading to the formation of metal
matrix composites with high toughness. The flaky powder
metallurgy method can also refine grains [82] and use the
unique properties of carbon nanomaterials to produce ultra-
fine grainedmetal matrix composites. For example, Akbarpour
et al. [83] successfully prepared ultrafine Al-CNT composite
(2 and 4 vol.%) using sheet powder metallurgy method com-
bined with hot pressing process. They conducted a compre-
hensive examination of the microstructural features and
tribological behaviors of the resultant composite material
(Figure 12). The results reveal undamaged structure and
homogenous distribution of CNTs throughout the composite,
alongside a reduction in both the friction coefficient and
wear rate of aluminum, attributed to the reinforcement of
the ultrafine grain matrix.

2.2.2 MLM

MLM was first used by Korean researcher Cha et al. for
preparation of CNTs/copper matrix composites [84,85]. In
that process, a mixture of sulfuric acid and nitric acid was Ta
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used to treat the carbon nanomaterial to generate surface
defects and introduce oxygen-containing surface functional
groups (e.g., hydroxyl, carboxyl, nitro, etc). Afterwards, the
modified carbonmaterial was added to a copper salt solution,
where copper or cuprous oxide (Cu2O) particles were pro-
duced subsequently under certain conditions. After reduction
of the system in hydrogen atmosphere, CNTs/copper matrix
composite powder was finally obtained. The preparation of
metal matrix composites by molecular blending method can
greatly improve the dispersion degree of carbon nanomater-
ials in metal matrices. SEM measurements show that CNTs
interpenetrate in the Cu2O structure and have strong inter-
face bonding with the metal matrix. Hwang et al. [88] pro-
posed aMLMprocess and a spark plasma sintering procedure
for preparation of graphene-modified copper matrix nano-
composites. They studied the strengthening effect of graphene
on thematerial. The preparation process is illustrated in Figure
13. The results demonstrate that using molecular level blending
method can prevent the thermal damage of graphene sheets
and improve their dispersion during the nanocomposite pre-
paration process. Kim et al. [89] prepared CNTs-reinforced Cu

matrix nanocomposite with molecular blending method, and
found that the thermal conductivity of the CNT/Cu composite
decreased as the volume fraction of CNT increased from 5 to
10%, indicating that the CNT/metal interface formed by incor-
poration of CNTs can act as a thermal barrier to strengthen the
metal matrix composite. Using MLMmethod to prepare CQDs/
metal-based composites can reduce the heat loss of the mate-
rials and enhance their hardness. However, the drawbacks of
MLM are low yield and cumbersome processes.

2.2.3 SP

SP refers to the process of spraying the solution of metal
salt precursor into the SP furnace with low temperature
heating in the atomizer to evaporate the precursor solu-
tion, and then decomposing the metal salt in the high tem-
perature environment of the SP furnace to obtain the metal
matrix composite powder precipitated from the precursor
solution due to supersaturation [90]. Alternatively, the pre-
cursor solution is sprayed into a SP furnace for drying in a

Figure 12: The flake powder metallurgy technology used to prepare ultrafine grained Al-CNT composites and their microstructure and tribological
performance [83].
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high-temperature atmosphere, and then heat treated to
form the powder product. In this synthesis, composite
powder samples with different particle sizes and uniform
dispersion can be easily obtained by adjusting the process
parameters. Yang et al. [91] synthesized CoTe2-C composite
microspheres by SP (Figure 14). Because of the convenient
direct incorporation of Te into the composite microstruc-
ture, only a simple one-step post-treatment process was
required to produce the CoTe2-C microspheres with pure
phase and uniform composition. CQDs-reinforced Co matrix
composites were also prepared by SP, which improved the
cycle stability and magnification properties of the compo-
sites. Zhang et al. [92] synthesized CNT-tungsten (W) compo-
site powder with an interconnected structure by SP, and
further prepared CNT-W/Cu composites. Characterization
results show a uniform dispersion of the W-containing
CNTs in Cumatrix. Besides, it was found that the W particles
are used to “pin” the CNTs. Based on the analyses of the CNT-
W/Cu composite materials with respect to their interface

microstructure, mechanical properties, and conductivity,
enhanced UTS and conductivity were observed for CNT-
strengthened Cu-based materials. Therefore, the main advan-
tages of the SP method in preparation of CQDs strengthened
metal matrix composite are simple processes from precursor
solution preparation to powder generation, and high synth-
esis capacity, which can meet the needs of large-scale
production.

2.2.4 Thermal spraying method

Thermal spraying is a technique to protect and strengthen
the surface of metal matrix composites [93]. In a typical
process, the coating material is heated to a (semi-) molten
state by a heating source (e.g., combustion flame, plasma
arc, etc.), and then sprayed onto the pretreated metal
matrix surface with the help of the power of flame flow
or the impact of high-speed inert gas flow. By this means, a

Figure 13: Schematic representation of the fabrication process for RGO/Cu nanocomposite. (a) Initial graphite material. (b) Graphene oxide
synthesized using the Hummers method. (c) Homogeneous dispersion of Cu salt in graphene oxide solution. (d) Conversion of Cu ions to Cu-oxide on
the surface of graphene oxide. (e) Reduction process involving both Cu-oxide and graphene oxide. (f) Formation of sintered powders comprising RGO/
Cu nanocomposite materials [88].

Figure 14: The synthesis process of CoTe2-C composite [91].
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solid covering layer of the coating material on the metal
substrate is formed, and special functions of the composite
material could be expected [94]. The advantages of the
thermal spraying process are its simplicity, flexibility,
and high efficiency. Besides, it was reported that the
wear resistance of the metal matrix composites prepared
by this method was improved by 200–400% [95]. However,
this process is limited to small quantity sample prepara-
tion, and not capable for large-scale production of the com-
posite materials.

2.2.5 Other methods

In addition, some researchers mixed CQDs and metal
oxides under sonication to prepare CQDs-reinforced metal
matrix composites. As shown in Figure 15, Elugoke et al.
[96] prepared CuO NPs by chemical precipitation method
and combined them with CQDs, which were synthesized
via pencil graphite carbonization in accordance with the
Hummer approach used by Algarra et al. [97]. In the synth-
esis process of CQDs/CuO nanocomposites, CuO NPs and
CQDs (each of 4 mg) were added into a glass container
with 0.2 mL of dimethylformamide. Then, perform ultra-
sonic treatment on the mixing system in a water bath at
25°C. The resulting paste was used to modify GCE by drop-
ping. The sensitivity of CQDmodified GCE is ten-fold higher
than the corresponding value of the bare GCE. Huang et al.
[98] synthesized composite materials of CQDs and chitosan

(CS) under intense sonication and found that CQDs and CS
were uniformly mixed in the composite materials. The com-
posite modified GCE (CDs CS/GCE) exhibits good response to
DA with a detection limit of 11.2 nM.

In summary, there are many preparation methods for
CQDs and their reinforced metal matrix composites, and
each has its advantages and disadvantages. Therefore,
when preparing the abovementioned materials, the appro-
priate methods should be selected according to their char-
acteristics and the product requirements. The commonly
used organic precursors for preparing CQDs are citric acid
and sugar. The commonly adopted preparation methods
include hydrothermal method, microwave assisted synth-
esis, and thermal cracking method, while the arc discharge
method is rarely used because its products have complex
composition and they are difficult for separation and
purification, resulting in low yield of this method. Due to
the cumbersome process, the laser ablation method also
has very limited application. Both the precursor material
and the preparation method have significant influences
on the structural characteristics and practical perfor-
mances of the as-obtained CQDs. There is very limited
research on the correlation between the structures and
properties of CQDs. Future research work should focus on
design of novel preparation routes using organic precur-
sors and advanced technologies, as well as investigation
of the correlation between preparation conditions, struc-
tural characteristics, and practical performances of CQDs
(Figure 16).

Figure 15: Preparation of CQDs/CuO nanocomposites from pencil graphite precursor [96].
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2.3 Dispersion of CQDs in metal matrix
composites

Metal matrix composites-reinforced with CQDs are gar-
nering significant interest due to their superior comprehen-
sive performances. The degree of dispersion of CQDs in the
metal matrices is a critical determinant of the extent to which
the properties of the composites are improved [99,100]. Espe-
cially, it strongly influences the mechanical properties of
metal matrix composites. Well-dispersed CQDs are more likely
to exert a reinforcement effect on the composite material.

The methods for dispersion of CQDs into metal matrix
composite materials can be divided into physical disper-
sion methods, chemical dispersion methods, and so on. The
effect of different dispersionmethods on the structural char-
acteristics of CQDs varies, and the method selection should
be based on the requirements of actual applications.

2.3.1 Physical dispersion methods

The physical dispersion methods mainly apply mechanical
equipment to disperse agglomerated CQDs through phy-
sical interactions. They have the advantages of simple pro-
cess, convenient operation, and the avoidance of impurity
introduction. The relevant techniques include ultrasonic
dispersion, high-energy ball milling, and post-treatment
technology. The ultrasonic method is often used for pre-
dispersion of CQDs. In a typical process, CQDs are mixed
with organic solvents and treated under ultrasonication to
break the CQD agglomerates before processing in the next
step of treatment or application. Wang et al. [101] used the
ultrasonic dispersion method to prepare a suspension of
CQDs by mixing CQDs, anhydrous ethanol, and wetting

dispersant under ultrasonication. Afterwards, aluminum
sheets were immersed in the suspension and subjected to
both ultrasonication and heat treatments until anhydrous
ethanol completely evaporated, resulting in a uniformly
dispersed CNTs on the aluminum substrate. Besides, high-
strength carbon nanomaterial-reinforced metal matrix com-
posites have also been prepared by cumulative rolling
welding. The high-energy ball milling method is widely
used for dispersion of CQDs. Through the collisions between
powders, grinding balls, and milling tanks, the CQD agglom-
erates can be crushed into fine powders and dispersed into
other media. Chen et al. [102] used high-energy ball milling
to mix carbon nanomaterials and aluminum powder, and
successfully achieved uniform dispersion of the carbon
nanomaterials on the surface of aluminum powder. After
high-energy ball milling for 48 h, the tensile strength of the
resulting Al-1% composite-reinforced by carbon nanomater-
ials reached 368MPa.

In addition to the above dispersion methods of CQDs in
mixed powder, appropriate post-treatment techniques can
also effectively improve the dispersion of carbon nanoma-
terials. For example, post-processing technologies such as
high-pressure torsion, hot extrusion, and equal diameter
angular extrusion can refine and homogenize the micro-
structure of composite materials under strong external
forces, and use shear force to break the CQD aggregates,
fully leveraging the strengthening effect of carbon nano-
materials. Tan et al. [103] synthesized N-doped CQDs using
isophorone diisocyanate as a single carbon source under
microwave radiation. In addition, the obtained N-doped
CQDs can be uniformly dispersed in various organic mono-
mers in the absence of organic dispersants, resulting in a
polyurethane composite material loaded with well-dis-
persed CQDs.

Figure 16: CuSx NPs: (a) TEM image and (b) size distribution diagram. [104].
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2.3.2 Chemical dispersion methods

The chemical dispersion methods mainly break down the
CQD agglomerates through chemical reactions, which can
ensure the structural integrity of CQDs. They mainly include
the in situ synthesis methods, PVP pyrolysis methods, sur-
face modification methods, etc. The in situ synthesis method
is the direct formation of CQDs on the surface of metal
powder or metal matrix through chemical reactions. The
in situ synthesized CQDs usually show good adhesion with
the metal matrices and uniform dispersion in the compo-
sites. As the most mature method of in situ synthesis, che-
mical vapor deposition is widely used in the preparation of
well-dispersed CQD systems.

The polymer pyrolysis method is the decomposition of
a polymer mixed with CQDs and metal powder under heat
treatment to prepare CQDs/metal composite powder. The
commonly used polymers are poly butyl acetate (PBA),
polyvinyl alcohol (PVA), and PEG. Huang et al. [104] pre-
pared CQDs/CuSx NPs using thermal dodecyl mercaptan
pyrolysis method and investigated the role of CQDs in the
preparation process. The results indicate that CQDs can
effectively improve the dispersion of CuSx particles and
reduce the size of CQDs/CuSx composites. This may be due
to the structural characteristics of the small size and good
dispersion of CQDs, leading to the formation of many crystal

nucleuses in the initial reaction stage. On the one hand, the
small size of CQDs means a high specific surface area,
making them extremely reactive in chemical reactions,
thus promoting the formation of crystal nucleuses. On the
other hand, the good dispersion makes theCQDs show a non-
uniform distribution in space, forming many small local
regions, which is easier to promote the formation of crystal
nucleuses during the reaction process, and further increases
the number of crystal nucleuses. The formation and evolu-
tion of these crystal nucleuses are of great significance
for the preparation of CQDs materials with excellent
properties.

The inherent poor wettability of CQDs with metal sub-
strates presents challenges in achieving strong CQD–metal
bonding and high CQDs dispersion within the metal matrix
using conventional methods. Surface coating and modifica-
tion of CQDs can significantly improve their wettability
with the metal matrix, thereby enhancing CQD dispersion.
Li et al. [105] prepared ruthenium-based composite mate-
rials reinforced with CQDs by loading ruthenium NPs onto
CQDs (Ru@CQDs). Characterization results show that the
strong coordination interaction between the d-orbitals of
Ru and the functional groups on the surface of CQDs suc-
cessfully anchored Ru NPs on the surface of CQDs, which
prevents CQDs from aggregation, resulting in highly dis-
persed Ru@CQDs composite NPs (Figure 17).

Figure 17: (a) TEM, (b) HRTEM, and (c) HAADF-STEM images of Ru@CQDs with corresponding EDX elemental mapping of (d) C, (e) N, and (f) Ru [105].
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3 Effect of CQDs as reinforcement
phase on the interface of metal
matrix composites

3.1 Wettability of CQDs/metal interface

The interface is an important microstructure of composite
materials, and the improvement in the composite material
performances can only be achieved by enhancing the inter-
face bonding states between reinforcement agents and
matrices. The strength of this interfacial bond is crucial
in determining the ultimate performance of CQDs-rein-
forced metal matrix composites. Furthermore, the wett-
ability between CQDs and metal is a fundamental factor
influencing the interfacial bonding strength within these
composites. Therefore, by regulating the wettability of the
reinforcement agent and matrix, the comprehensive per-
formance of the composite material can be improved. At
present, the main problem lowering the performance of
CQDs-reinforced metal matrix composites is the poor wett-
ability of the CQDs/metal interface, resulting in weak inter-
facial bonding strength.

Wettability refers to the ability of a liquid to automa-
tically spread on the surface of a solid due to surface ten-
sion difference. For example, if droplets aggregate into
spherical shapes on a solid surface without spreading,
this phenomenon is called poor wettability or non-wetting.
On the contrary, the phenomenon that droplets spread on
a solid surface without maintaining spherical shrinkage is
called wetting [106,107]. Wettability corresponds to a capil-
lary system, where the wetting of the inner wall of the solid
phase by liquid is the contact angle between the capillary
rising and the solid-liquid interface. A contact angle below
90° indicates that the solid-liquid phases are wet, and the
liquid can spontaneously penetrate into the pores under the
driving force of capillary action. Generally speaking, smaller
contact angle suggests better wettability, and better interfa-
cial bonding between the two phases [108].

For metal matrix composite reinforced by CQDs, the
interfacial wettability between CQDs and metals is the core
factor in improving their performance. Based on whether the
metal melt reacts with the CQDs matrix, reactive and non-
reactive wettings could be determined. Non-reactive wetting
is mainly caused by Van der Waals force between metal melt
and CQDs matrix, which belongs to physical combination, so
the binding force is very weak. In the reactive wetting system,
the metal melt undergoes dissolution, diffusion, and chemical
reactions with the CQDsmatrix, leading to complex spreading
kinetics. The generation of new compounds at the metal/

CQDs interface results in complex structures and compositions
of the composite material. The chemical reactions at the inter-
face could improve the wettability of the system, which is
because the generated interface reaction layer is usually
more metallic and has better compatibility with metals.
Moreover, the chemical reaction process can also reduce
surface energy at interface and promote the system wett-
ability [109].

Therefore, improvement in the wettability between
reinforcement agent and metal matrix is an efficient route
to prepare CQDs-reinforced metal matrix composite with
excellent performances. Currently, there are two effective
ways to improve the wettability between CQDs and metal
matrix.

1) Active metal alloying method. By introducing ele-
ments that can be alloyed with the matrix and simulta-
neously have good wettability with the reinforcement
agent, the compatibility between the different components
can be significantly improved. Mao et al. [110] studied the
wettability of copper and titanium at different positions
with C at 1,373 K, and found that the system Cu/Ti/C has
best wettability than Ti/Cu/C, and Cu–Ti/C shows the lowest
wetting ability. This is due to the different contact areas
between liquid phase Cu–Ti and C matrix in the heating
process. Figure 18 shows the microstructure of the inter-
face layers at three different placement positions. For all
three systems, continuous reaction layers are formed at the
metal/carbon matrix interface, and their thickness varies
at different placement states. The thickness at placement
positions b and c is larger than that at placement position a.
The difference in thickness indicates that the larger the con-
tact area between Ti and the carbon matrix, the more
intense the interface reaction. Mortimer and Nicholas [111]
investigated the wettability of Cu alloys on amorphous
carbon surfaces with relatively low Cr content. The results
showed that at Cr content of 0.1 mol%, the equilibrium con-
tact angle was 128°, which decreased to 45° with the increase
in the Cr content, indicating that the wettability of carbon/
copper system could be effectively improved by increasing
the Cr content.

Wan et al. [112] studied the alloying effect on the inter-
face state between carbon and copper, and also found that
higher Fe/Ni content in Cu alloys results in larger contact
area between them and carbon materials, i.e., smaller con-
tact angle. Kishkoparov et al. [113] found that after thermal
treatment of the system at 1,523–1,823 K, a large amount of
CoC formed at the interface of Cu–Co/C systems. The results
indicate that the carbide interface promotes the wetting.
The same finding was also reported by Naidich and Koles-
nichenko in 1968 [114]. Yang et al. [115] found that
increasing the Cr content in the alloy could improve
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the wettability, which can be attributed to the transfor-
mation of Cr3C2 at the interface to a more wettable
metalloid Cr7C3 (Figure 19).

2) Reinforcement surface modification method. It is a
widely used technique based on the principle of changing
the interface energy of the solid phase. Metals have good
compatibility between each other, and if liquid metals
have a certain solubility with active metals or form inter-
metallic compounds, their wettability can be effectively
improved. Therefore, synthesis of a metallic coating layer
at the surface of solid reinforcement agent can promote the
liquid to penetrate into the reinforcement agent. Zhang
et al. [116] carried out the chemical synthesis of carbides

of Co and W with different Ru additions on the carbon
phase surface to enhance the interface connection of Co/
C, and found that Ru could inhibit the abnormal growth of
WC grains and the mean grain size of WC grains decreases,
improving mechanical properties and cutting performance
of WC-8Co.

Yang et al. [117] used W as a coating material and
produced a thin WC intermediate layer on the C surface
(Figure 20). The unmodified C showed poor wettability
with copper particles, and the copper particles contracted
into spherical bodies, which could not be spread on the C
surface. After modifying C with W element, copper parti-
cles achieved good spreading on the C, indicating that the

Figure 18: Cross-section micrographs of Cu-10 mass percent Ti alloy/graphite in three kinds of placement states after 1 h at 1,373 K (1,100°C) (the Cu–Ti
alloy is above, and the graphite substrate is below): (a) placement state A; (b) placement state B; and (c) placement state C [110].

Figure 19: Back-scattered electron images of the microstructures at the triple junctions of the wetted Cu–Cr/C samples at 1,373 K: (a) 0.5 at.% Cr for
∼40min; (b) 1.0 at.% Cr for ∼30 min, and (c) 2.0 at.% Cr for ∼40min [115].
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introduction of WC intermediate layer can indeed change
the wettability of carbon/copper and increase the interfa-
cial adhesion between carbon and copper.

CQDs are a type of zero-dimensional carbon nanomater-
ials with ultrafine quasi-spherical particles below 10 nm. They
are usually composed of amorphous and crystalline carbon
with different oxygen-containing functional groups on the sur-
face, such as hydroxyl and carboxyl groups. Many researchers
claim that CQDs contain sp2 crystalline carbon, but the crystal-
linity is poor. There are many defects at the edges of CQDs,
while the core has a crystalline structure similar to graphene.
Previous studies have shown different core structure models
of CQDs, such as diamond-like structure, graphite oxide like
material, and amorphous carbon [118,119]. In addition, CQDs
frequently undergo n → π* and π → π* electronic transitions.
The π state of CQDs is generated by sp2 hybridized carbon
atoms in the carbon nucleus. In the π state, the band gap
gradually decreases with the increase in aromatic rings,
which only occurs in π conjugated organic molecules. The n-
state of CQDs is generated by lone pair electrons in oxygen-
containing functional groups. If lone pair electrons exist in
oxygen-containing functional groups, their orbitals will con-
jugate with sp2 hybridized carbon atoms, and electrons will
transfer from the n-state in oxygen-containing functional
groups to the π* state in aromatic rings [120]. Due to the above
structural characteristics of CQDs, CQDs-reinforced metal
matrix composites usually show higher wettability and
better alloying process compared to metal matrices rein-
forced by other carbon nanomaterials.

3.2 Interface bonding strength

The performance breakthrough of CQDs-reinforcedmetal matrix
composite mainly faces three challenges: (1) Achieving uni-
form dispersion of CQDs; (2) improving the interface effect

between CQDs and metal substrates; and (3) ensuring the
structural stability of CQDs. The bonding interface between
CQDs and metal matrix plays a crucial role in the perfor-
mances of the composite materials. Aiming at improving the
interface effect between CQDs and the metal substrate, sur-
face modification, surface coating treatment, alloy ele-
ment catalysis, and preparation process optimization
can be conducted.

To achieve the above target, the interface bonding
strength needs to be determined. Chu et al. [13] introduced
a method to calculate the interface bonding strength
through the interfacial shear mechanism. The formula
is shown below.

( )= + − <σ τ pf σ f p p
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2
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where σc and σm represent the tensile strength, τISS repre-
sents the interfacial shear strength, which can be consid-
ered as the interface bonding strength in this condition. fg
represents the volume percentage of CQDs, p represents
the aspect ratio of CQDs, and pc represents the critical
aspect ratio of CQDs. This formula can be converted into
the following form for calculation of the interface bonding
strength:
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Hwang et al. [88] proposed a MLM method to prepare
copper/graphene composites, conducting tensile tests with
an Instron Model 8848 microforce testing system. By adding
functional groups onto the graphene surface, they success-
fully solved the dispersion issue of graphene within the Cu
matrix, bolstering the interfacial bonding strength between
graphene and Cu. Sayyad et al. [121] first modified the
reduced graphite oxide (rGO) using Ag NPs by in situ che-
mical reduction. Ag NPs were uniformly spread over rGO

Figure 20: Cu coating dehumidification or spheroidization: (a) raw graphite and (b) W pre-coating [117].
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surface acting as a spacer, which induced a transition of the
graphene from a stacked state to a stripped state, effectively
preventing the graphene nanosheets from agglomeration. The
Ag NPs in the Ag/rGO reinforcement phase enhance the inter-
facial adhesion and react with the Cu matrix to form Cu–Ag
bonds, thereby strengthening the composite material.

Furthermore, Ye et al. [122] prepared CQDs with diphe-
nylamine structure attached to the surface by one-step
pyrolysis method, and used them for strengthening steel
to form metal matrix composite. Polar CQDs can be deposits
on the interface as bearing balls to form an uneven protec-
tive film. CQDs have a good bonding interface with themetal
matrix, demonstrating their excellent performance for fric-
tion reduction. Kong et al. [123] explored how carbon-based
nanomaterials impact the thermal conductivity of Cu/Cr
alloys. The results frommicrostructure and thermal conduc-
tivity characterizations showed that Cr2C3 was generated at
the interface between carbon and the metal matrix, which
improved the C/metal-matrix interface bonding, leading to
an enhanced thermal conductivity of this composite mate-
rial. Cho et al. [124] introduced carbon nanomaterials
into copper matrix as reinforcement components through
powder metallurgy to prepare CNT-Cu composites with
good thermal conductivity. The thermal conductivity test
and microstructure characterization of the composite mate-
rial indicated that the homogeneous dispersion and strong
interfacial bonding of carbon nanomaterials within the
copper matrix play crucial roles in improving its thermal
conductivity.

3.3 Functionalization of the reinforcement

CQDs are usually 2–10 nm sized carbon nanomaterials
composed of sp2 hybrid graphite cores with polar oxygen
groups. Because the carbon point surface contains a huge
quantity of the oxygen-containing functional groups (such
as amino, carboxyl, hydroxyl, etc.), it shows excellent water
solubility and, in most cases, it is in a uniformly dispersed
status, which also provides the possibility for different
types of surface functionalization. Because carbon atoms
are in a disordered state, they often show amorphous
structure [125]. Generally, the carbon point contains che-
mical bonds including C–H, C]O, C]C, –OH, and may also
have C–N, N–H, and C–S bonds. The Raman spectrum of
CQDs shows three main peaks (Figure 21), in which the D
and G peaks are mainly correlated with the strength and
defect degree of the prepared carbon point. They are cen-
tered at 1,350 and 1,580 cm−1, respectively, while the 2D
peak is around 2,700 cm−1. The intensity ratio of the D

and G peaks is ca. 0.32. The X-ray Photoelectron Spectro-
scopy (XPS) spectrum in Figure 22a presents three distinct
peaks at 285, 400, and 530 eV, corresponding to C1s, N1s,
and O1s, respectively. The four peaks on high-resolution
C1s spectrum (Figure 22b) indicate the presence of C–C,
C–N, C–O, and C]O bonds. The two peaks on N1s spectrum
(Figure 22c) demonstrate the existence of C–N–C and N–H
bonds. The FTIR spectrum in Figure 22d showcases char-
acteristic bands for –O–H and –N–H stretching vibrations
in the region of 3,200–3,400 cm−1. The 1,656 cm−1 peak is tied to
carbonyl stretching, and the one around 1,340 cm−1 is linked to
C–N stretching vibration. Peaks at 1,618 and 1,533 cm−1 are
associated with C]C stretching in polycyclic aromatic hydro-
carbons, indicating the presence of sp2 hybridization. Addi-
tionally, peaks at 1,124 and 1,050 cm−1 are derived from C-O
bonds vibration in the carboxyl group. These findings indicate
that the CQDs contain various functional groups including
–OH, –COOH and –NH, which significantly enhance their
water solubility. The effects of CQDs on the interface of the
metal matrix composites are mainly reflected in the interface
morphology, functional groups, phase structure, potential, and
so on.

He et al. [126] successfully constructed a novel ternary
nanocomposite material MIL-53 (Fe)/CQDs/metal nanopar-
ticles (MNPs) (MNPs = Ag, Pd, Au) through a simple two-
step procedure containing the self-assembly and the in situ
photoreduction. It was observed that the composite mate-
rial has excellent photocatalytic activity, possibly because
of the improved light absorption intensity and excellent
conductivity of CQD, as well as surface plasmon resonance
effects of Au. The results from XRD, FT-IR, UV-vis, and

Figure 21: Raman spectrum of CQDs. The D bands are involved with the
defected carbons, and the G bands come from the graphitic in-plane
vibrations of ideal sp2 carbons [125].
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potential analyses show that after the reinforcement of
metal matrix materials with CQDs, MIL-53 (Fe) still main-
tain good integrity with undamaged structure (Figure 23).
However, the reinforcement phase of CQDs affects the
interfacial bonding of metal matrix composites, and the
functional groups (such as OH, COOH, etc.) on the CQDs
surface contribute to the better electrical and mechanical
properties of the composites. Fan et al. [127] used CQDs to
activate MOFs and applied them for detection of Fe3+ and
Cu2+ (Figure 24). Analysis results reveal a hydrogen bond
interaction between CQDs and MOFs in the composite, sug-
gesting that CQDs/MOFs composites are not a simple phy-
sical mixture of CQDs and MOFs. Due to the abundant
functional groups on the CQDs surface, the mechanical,
thermal, and electrical characteristics of the composite
interface have been affected.

The organic functional groups (e.g., –OH, –COOH, –NH2,
etc.) on the CQDs surface can provide more active sites and

binding sites for preparation of multicomponent and high-
performance metal matrix composites [64,128,129]. More
importantly, heteroatoms doped with multicomponent
CQDs (N, S, P, B, etc.) can also promote electron transfer
through internal interactions, thereby improving the elec-
trical properties of composite materials [130]. In addition,
strong interfacial interactions within multicomponent nano-
composites can further promote intermolecular electron
transfer, which is highly important for optimizing the elec-
trical properties of metal matrix composites [131]. Most of
the previous studies on CQDs-modified composite materials
aimed at improving their photocatalytic and biosensory
properties, while the research work focusing on the elec-
trical, mechanical, and thermal performances of the compo-
site materials was very limited. Recently, CQDs have begun
to be widely used for enhancing electrical performance in
the fields such as metal air batteries, fuel cells, and water
cracking [132–134].

Figure 22: XPS and FTIR spectra of CQDs. (a) XPS wide scan; (b) C1s spectrum; (c) N1s spectrum; and (d) FTIR spectrum [125].
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Except for high electron transfer capability and superior
conductivity, CQDs are also broadly used for fabricating mul-
ticomponent materials because their abundant functional
groups (e.g., –OH, –NH2, –COOH, etc.) provide a wealth of
advantageous sites [135]. Usually, these functional groups on
the CQDs surface could efficiently coordinate with the metal
ions containing vacant d orbitals to form stable CQD/metal
coordination complexes [105]. More importantly, CQDs in
metal matrix composites can limit metal NPs to form stable
nanocrystals, preventing their aggregation and further
growths [136]. Therefore, combination of metal NPs and
CQDs is a promising way to design and develop stable
metal matrix nanocomposites. Based on this strategy, a
microwave assisted synthesis method with simple process
was developed for the first time by our group and used to
prepare flower-shaped MnO2 nanoscale catalysts sup-
ported on N-CQDs [20]. The addition of N-CQDs improves
the catalyst conductivity, and also efficiently enhances the
MnO2 specific surface area (SSA) by splitting the MnO2

nanoflowers into smaller ones with increased surface
roughness. In addition, the influence of CQDs on the inter-
face of metal matrix composites is also reflected in the PL
intensity increase and the surfacemorphology change. Raikwar
[137] synthesized CQDs using aloe biomass through a simple
carbonization process, and found that the as-prepared CQDs
can be applied in biological imaging of the plant cells and in
safe printing with the CQDs ink. In addition, they also prepared

CQDs@LaPO4 Eu3+ nanocomposites. The strengthening effect of
CQDs enhanced the PL intensity of the metal matrix composite
interface, which could be explained by the Förster resonance
energy transfer from the CQDs to Eu3+. Jing et al. [138] prepared
Mn3O4 composite materials (Mn3O4/Cdots) coated with CQDs
through green AC voltage electrochemical methods for the first
time (Figure 25). Interestingly, the Mn3O4 particles within the
compositematerial show an octahedralmorphology (Figure 25b
and c). In the aspect of performance, theMn3O4/Cdots composites
exhibit excellent electrochemical properties (Figure 25e).

4 Properties of CQDs-reinforced
metal matrix composites

4.1 Mechanical properties and its
reinforcement mechanisms

Some drawbacks of the metal matrices, such as low thermal
conductivity and mechanical performance, can be compen-
sated by doping carbon nanomaterials. Navidfar et al. [139]
synthesized CQDs and nitrogen-enriched CQDs (N: CQD)
using domestic microwave ovens. They applied these to
enhance the interface bonding between carbon nanofillers
and metal matrices. Their findings showed that the

Figure 23: (a) The flow fabrication diagram of MIL-53(Fe)/CQDs/MNPs (MNPs = Ag, Pd, Au) samples, (b) FTIR spectra, (c) XRD patterns of MIL-53(Fe),
MIL-53(Fe)/CQDs, MIL-53(Fe)/CQDs/MNPs, and (d) XRD patterns of MIL-53(Fe)/CQDs/Au with different contents of Au [126].
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combination of CQD with graphene and CNT significantly
enhanced the dispersibility of the carbon material in metal
matrix, resulting in better mechanical performance and
thermal stability of the composite. However, due to the dif-
ferent preparation processes of the composite materials, the
dispersion degree of carbon nanostructures in the metal
matrices is different, leading to the generation of different
degrees of interface between carbon and metal phases,
which also results in different strengthening mechanisms.
Latif et al. [140] demonstrated that, in contrast to nano-rein-
forcements, the use of dispersing agents and/or surfacemod-
ifications is not imperative for CQDs. Furthermore, the
exceptionally high surface area of CQDs affords an extensive
interface for stress dissipation, thereby correlating with
improved mechanical properties.

During the past more than half a century of studies on
metal matrix composites reinforced with carbon nanoma-
terials, four main strengthening mechanisms have been
proposed for carbon nanomaterials within these compo-
sites: (1) Grain refinement; (2) load transfer strengthening;
(3) thermal mismatch-dislocation strengthening; and (4)
Orowan reinforcement. These mechanisms are considered
to occur simultaneously (Figure 26) [141].

4.1.1 Load transfer strengthening mechanism of CQDs-
reinforced metal matrix composites

It is widely considered that the load transfer mechanism is
crucial in enhancing the strength of metal matrix composites

Figure 24: (a) Synthetic route for CQDs/MOFs and Cu(II) induction turn-off sensor based on the CQDs/MOFs, (b) XRD patterns, and (c) FT-IR
patterns [127].
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reinforced with carbon nanomaterials [142]. The basis theory
is that when the metal matrix composite is loaded, it pro-
duces a relative displacement to the carbon nanomaterial
along the stress direction, thus transferring the shear stress
frommetal matrix to reinforcement component through the
interface [143]. Huang et al. [72] found that the interfacial
bonding strength between metal matrix and reinforcing
agent affects the efficiency of load transfer, and then further
influences the composite material’s structural integrity and
conductivity (Figure 27).

Additionally, the load transfer efficiency is also influ-
enced by some other parameters, such as the structure type
and dispersion degree of reinforcement component, as well
as the interaction area between the metal matrix and rein-
forcement component [144,145]. Based on the shear lag
model introduced by Kelly et al. [145], the increment in
tensile strength in load transfer of discontinuous fiber rein-
forced metal matrix composites could be determined with
the following equations:
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where σΔ LT represents the increment in tensile strength of
the composite under load transfer strengthening, and Vf

represents the volume fraction of reinforcement agent in
metal matrix. σf and lc represent the tensile strength and
critical length of reinforcement agent, respectively. d and l
represent the diameter and length of reinforcement agent,
respectively. σm represents the tensile strength of metal
matrix, and τy represents the YS of metal matrix. By gen-
erating a strong interface bonding, the metal matrix com-
posite can transfer most of the stress to the reinforcement
agent when it is subjected to external loading, thus

Figure 25: (a) Preparation of Mn3O4 and Mn3O4/Cdots composite, (b) 3D geometrical model image of Mn3O4 octahedron. (a) Simulation model, (b)
Micrograph, (c) TEM images of Mn3O4 and Mn3O4/Cdots composite. (a) TEM images of Mn3O4. (b) TEM images of Mn3O4/Cdots composite. (d) XRD
patterns of pure Mn3O4 and Mn3O4/Cdots composite, and (e) cycling performances and Coulombic efficiencies of the pure Mn3O4 and Mn3O4/Cdots
composite at a current density of 100mA g−1 [138].
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Figure 26: (a) and (b) HRTEM images of RGO-CuCr interface, (c) engineering stress–strain curves of RGO/Cu and RGO/CuCr composites with
unreinforced Cu and CuCr, (d) reinforcement contributions (left part) and interface shear strength (right part) of RGO/CuCr and RGO/Cu composites,
and (e) the possible carbide formation/evolution mechanism in RGO/CuCr composite [13].
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significantly improving the distribution of shear stress and
the tensile strength of the composite material.

4.1.2 Thermal mismatch strengthening mechanism of
CQDs-reinforced metal matrix composites

Thermal mismatch strengthening mechanism of the metal
matrix composites is related to the high-density dislocation
caused by the significant disparity in thermal expansion
coefficients between the metal matrix and reinforcement
agent [146]. In CQDs-reinforced copper matrix composite,
the metal matrix has higher thermal expansion coefficient
than the carbon material. During heat treatment and
plastic deformation, the large SSA of CQDs will result in
the formation of dislocation accumulation near the inter-
face, thus hindering the movement of grain boundaries. In
particular, with the continuous increase in the sintering

temperature, the mismatch stress in the interface area
and the dislocation also increases, contributing to the
enhancement of the mechanical properties of CQDs/metal
matrix composites. There are many methods to calculate the
tensile strength of the carbon material reinforced metal
matrix composites under thermal mismatch strengthening.
For example, Elomari et al. [147] calculated the increment in
tensile strength by using the following modified model:
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where ΔσTM represents the increment in tensile strength of
the composite under thermal mismatch strengthening, a is
a constant, G and b represent the shear modulus and the
Bernoulli vector of metal matrix, respectively. Vf repre-
sents the volume fraction of reinforcement agent in metal
matrix, ΔCTE indicates the variation in thermal expansion
coefficients between metal matrix and reinforcement agent,

Figure 27: (a) Atomic interface structures, (a) Graphene and Cu; (b) Carbon nanotube and Cu; (c) CQD and Cu grain (Cu, O, N and C atoms are
represented by pink, red, blue and black balls, respectively). (b) fracture morphology of CQD/Cu composites under tensile test, (a) The range is 20
micron. (b) the range is 5 micron. (c) relative density and electrical conductivity of Cu and CQD/Cu composites [72].
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ΔT represents the maximum difference in temperature
during thermal processing, and dp represents the diameter
of the reinforcement agent.

Orowan strengthening mechanism of CQDs-reinforced
metal matrix composites is also important. Orowan strength-
eningmeans that when the dislocation encounters the obstruc-
tion and accumulation of the reinforcement agent, it moves
forward by bypassing the reinforcement agent and forms a
dislocation ring around the reinforcement agent, resulting in
an elevation of lattice distortion energy and resistance to dis-
locations, improving the strength of metal matrix composites
[148]. According to Orowan-Ashby equation [149] as shown
below, the increment in tensile strength of the carbon nano-
materials reinforced metal matrix composites under Orowan
strengthening can be predicted.
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where σΔ Orowan represents the increment in tensile strength
of the composite under Orowan strengthening, G and b
represent the shear modulus and the Bernoulli vector of
metal matrix, respectively. λ represents the effective plane
spacing between reinforcements (λ = dpπ/2fv), dp represents
the reinforcement component diameter. The Orowan model
is more suitable to explain the strengthening mechanism of
reinforced composites with smaller size.

Wen et al. [150] strengthened high-quality CH3NH3PbI3
(MAPbI3) films with CQDs (Figure 28) and found that CQDs

with a proper concentration of 0.04 mgmL−1 passivated the
imperfections in the crystal structure of MAPbI3 films
through Orowan strengthening mechanism, which could aug-
ment the size of the grains and crystallinity, and decrease the
presence of grain boundaries. Guan et al. [151] used CQDs as
dopants to preparemetal composite materials CsPbBr3@CQDs,
and explored the strengthening mechanism of the metal
matrix composite with CQDs. The results reveal that the intro-
duction of CQDs could passivate the surface lattice defects on
CsPbBr3 based on the Orowan strengthening mechanism,
which enhances the tensile strength of CsPbBr3@CQDs,
resulting in good water stability and photoinduced charge
transfer performance of the composite. Huang et al. [72]
investigated the strengthening effects of CQD nanomaterial
reinforcement CQD/Cu composite. The results show that the
tensile strength and YSs of CQD/Cu exceed those observed in
pure copper samples. Moreover, the tensile strength of the
CQD/Cu composite gradually increases with the CQD con-
tent. However, a consequent reduction in elongation was
observed for the material.

4.1.3 Fine grain strengthening mechanism of CQDs-
reinforced metal matrix composites

Fine grain strengthening refers to reinforcing the metal
matrix composites by refining the grain size within the
composites [152]. In the reinforced composite systems,

Figure 28: (a) The PSC, (b) energy band diagram, (c) cross-sectional SEM image of the PSC (0.04 mgmL–1 CQDs additive), and (d) cross-sectional SEM
of MAPbI3 film [150].
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when carbon nanomaterials are added, due to the pinning
effect, the carbon nanomaterials reinforced phase becomes
the substrate of metal heterogeneous nucleation, thus
improving its nucleation rate, hindering the movement
of grain boundaries, and inhibiting the growth of grains
[153] (Figure 29). The increase in grain nucleation rate can
enhance the quantity of grain boundaries, thus suppressing
the movement of dislocations when deformation occurs,
causing the formation of dislocation pile-up at the grain
boundaries, thus achieving the effect of fine grain strength-
ening. The evolution from plastic deformation to ductile
fracture is a process from crack generation to crack propa-
gation when the composite material is subjected to external
force. Finer grain size of metal matrix composite leads to
higher concentrated stress and energy required for crack
generation and propagation, i.e., the larger tensile strength
of the metal matrix composite. He et al. [154] added N-CQDs
to MoS2 nanofluids and investigated their tribological and
mechanical performances. The analysis results show that
the strengthening effect of CQDs contributes to the forma-
tion of ultrafine crystalline NPs in the metal matrix compo-
site. Besides, the interaction of the steel surface with S atoms
in MoS2 and the organic functional groups on N-CQDs surface
enhances the strength and stability of the composite. This
further protects the metal surface from friction and wearing.
Yin et al. [155] compared, under the same conditions, the

CQDs@HG and HG’s compressive stresses and they were
found to be 1.65 and 1.17MPa (under 90% strain). The reason
why CQDs@HG’s compressive stresses is higher is that
hydrogen bonds between the CQDs and hydrogel matrix
absorb some of the compressive energy when they prefer-
entially break.

4.2 Electrical properties

CQDs with different surface passivation structures could
efficiently induce crystal growth. They could act as a
“design additive” to change the morphologies and surface
structures of the composites [156]. Recently, many studies
have underscored the utility of CQDs as a conductive addi-
tive in the realm of electrochemical energy storage. As the
electrode material of supercapacitors, CQD-modified RuO2

shows an elevated specific capacitance of 460 F g−1 at cur-
rent density of 50 A g−1 [157]. As the anode material of
lithium-ion batteries, Nb2O5/CQDs nanocomposite exhibits
a capacity of 385 mA h g−1 after 100 cycles at a current
density of 0.1 A g−1. It is a promising topic to develop novel
composite electrodes for sodium ion batteries (SIB) by com-
bining active materials and CQDs to achieve distinctive
structures and properties. Liu et al. [158] synthesized

Figure 29: Characterization of the CQDs@NiCoP composite. (a) and (b) Low magnification TEM images. (c) and (d) High magnification TEM images. (e)
SAED pattern of CQDs@NiCoP [153].
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Sb@CQDs composite material using a simple one-step reduc-
tion method at 25℃ and used it for high performance SIB.
The inclusion of residual CQDs within the Sb@CQDs compo-
site was found to augment the electronic conductivity of the
material. Thanks to the CQD modification, the composite
material showcased an impressive specific capacity of 635
and 334mAh g−1 at current densities of 0.1 and 2 A g−1,
respectively.

As a new type of carbon nanomaterials with ultra-high
conductivity in electrochemical reactions, CQDs have demon-
strated significant potential for application in electrocatalysis
with the purpose of rapid electron transfer [159]. Zhao et al.
[160] constructed CQDs/SnO2-Co3O4 nanocomposites via a
simple hydrothermal process. It was observed that CQDs
improved the material conductivity, and promoted the elec-
tron transfer between the catalyst active sites and electronic
surfaces, resulting in a significantly enhanced electrocata-
lytic performance of the composite material for water oxi-
dation. Yang et al. [161] synthesized Co and Fe co-doped CQD
(CoFeCQD) using a simple one-pot hydrothermal approach
and found that CQDs substantially enhanced material’s con-
ductivity and facilitated electron transfer in the electrocata-
lytic reaction. This led to an obvious enhancement in both
the performance and durability of the composite electroca-
talyst for OER.

In addition, it has also been proven that CQDs can
improve the stability of metal matrix composite catalysts
due to their high degree of surface functionality and excel-
lent chemical stability in a variety of media. In composites
of CQDs and metal or metal oxide, CQDs can act as barriers
to inhibit metal or metal oxide nanostructures from aggre-
gation, thus dramatically improving the composite’s cata-
lytic activity. Conversely, the electrostatic stability of CQDs
offers the material high stability in aqueous solutions.
Besides, the strong electrostatic interaction between CQDs
and metal substrate in the composite also significantly
improves the material’s stability. For example, Tang et al.
[162] synthesized CQD/NiFe-LDH composite materials and
studied their electrochemical properties. The robust electro-
static interaction among CQDs, NiFe-LDH, and the resulting
C-O-Ni/Fe bonds contribute greatly to enhancing the electro-
chemical stability of CQD/NiFe-LDH composites for OER.
Therefore, CQDs play a crucial role in improving the elec-
trocatalytic properties of metal matrix composites. Their
effects include enhancing conductivity, varying morpholo-
gical characteristic and crystal phase, optimizing electronic
structure, providing new active and defect sites, as well as
improving stability. Han et al. [163] prepared CQDs using
Xylan and incorporated them into Ag NPs and rGO to pro-
duce composite materials. High sensitivity for detection of
DA was achieved by using this composite modified GCE,

which could be explained by the high catalytic activity
and conductivity of the modified electrode.

The CQDs prepared by Huang et al. [164] via sucrose
carbonization was mixed with Cu2O NPs under ultrasonic
treatment in the presence of Nafion (as adhesive) to pre-
pare the strengthened metal matrix composite CQD@Cu2O.
Test results show that the GCE modified by CQD@Cu2O has
good sensing performance, which is mainly due to the high
conductivity of Cu2O NPs and electrostatic attraction
between CQDs (and Nafion) and DA at physiological pH.
Elugoke et al. [96] compared the electrode surface areas
and electrical properties of different GCEs with and without
CuO and CQD. The results showed that the electrode surface
areas of bare GCE, GCE/CuO, GCE/CQD, and GCE/CQD/CuO
were 0.25, 0.10, 0.07, and 0.54 cm2, respectively. The current
response to oxidation in the nanocomposite modified GCE/
CQD/CuO electrode was also significantly higher than that of
other electrodes. The reason might be the larger value of
effective surface area in GCE/CQD/CuO, as well as other pos-
sible factors, e.g., the synergistic interaction of CuO and CQD
in the composite. Moreover, in comparison with other elec-
trodes, the redox reaction on the GCE/CQD/CuO electrode
occurs at lower potential (Figure 30).

Moreover, Chen et al. [165] synthesized N-CQDs mod-
ified SnO2 NPs (SnO2/NCQDs) using simple hydrothermal pro-
cess. The introduction of N-CQDs can improve the efficiency
of electron and hole separation, thereby accelerating electron
transfer. Tamal et al. [166] prepared metal matrix composites
strengthened with Fe3O4 NPs and CQDs (CQD@Fe3O4 NPs) by
wet chemical coprecipitation method. The insertion of CQDs
into the surface of Fe3O4 NPs leads to change in interface
properties and reduction in electron scattering.

Figure 30: Cyclic voltammogram of bare GCE, GCE/CQDs, GCE/CuO, and
GCE/CQDs/CuO in 10 mM [Fe(CN)6]3−/4− redox probe in PBS (pH 7.0) at a
scan rate of 25 mV s−1 [96].
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In summary, the electrical characteristics of metal
matrix composites reinforced with CQDs are primarily
influenced by their electronic structure, geometric mor-
phology, and conductivity. Based on the diminutive size,
extensive surface area, elevated conductivity, and easy
access to surface functions of CQDs, their impact on the
electrical properties of CQD-based composites can be sum-
marized to the following aspects: (1) CQDs could effectively
improve the conductivity and electron transfer rate of
metal matrix composites; (2) CQDs can efficiently modify
the morphological feature and crystal structure, including
generating additional surface active sites and improving
the intrinsic activities of the sites; (3) The charge distribu-
tion and electronic structure of CQDs-based composites can
be adjusted to promote the adsorption/desorption of the
intermediates, thereby significantly improving the electro-
catalytic properties; (4) The large surface areas of CQDs can
offer a big amount of electrocatalytically active edges and
defects for reactions; (5) The strong electrostatic interaction
between CQDs and catalytic materials could also improve
the electrochemical stability of metal matrix composites.

4.3 Thermal properties

The metal matrix composites strengthened by CQDs also
show clear changes in their thermal properties, mainly due
to two reasons. On the one hand, CQDs enhance the
bonding interface of the composite, and the strong bonding
interface limits the formation of electronic potential bar-
rier, electronic scattering and phonon scattering, which
improves the thermal properties of the composite [167].
On the other hand, CQDs start to burn at 510℃, which
destroys their strengthening effect on composites. Chen
et al. [165] synthesized SnO2 and SnO2/NCQDs composites
and compared their thermal properties. It can be seen
from the TGA curve (Figure 31) that SnO2/NCQDs has a
higher weight loss than SnO2 at a temperature from 100
to 600°C, mainly due to the surface dihydroxylation and
partial combustion of NCQDs. These results show that the
introduction of NCQDs can enhance the capability of SnO2

for adsorbing surface hydroxyl groups.
Liu et al. [158] explored the impact of synthesis tem-

perature on the structure of Sb@CQDs composite. The tem-
perature was raised from ambient temperature to 800°C at
a rate of 10°C/min during the composite synthesis process.
The TGA curve in Figure 32b shows that the weight of the
composite increases at temperatures of around 318.6 and
568.2°C, which might be related to the oxidation of Sb to
Sb2O3 and the subsequent further oxidation to Sb2O4,

respectively. The exothermic peak and weight reduction
at 513.2°C can be attributed to the combustion of CQDs.
Drawing from this reaction mechanism, it can be induced
that Sb@CQDs-H has a carbon content of 12.54 wt%.

Jing et al. [138] analyzed the thermal properties of
Mn3O4/Cdots composites by TGA, and found that CQDs could
strongly influence the thermal stability of the composite.
The CQDs started to burn at ca. 510℃, leading to an
unstable status of the composite material. Besides, a CQD
content of 13.8% in the Mn3O4/Cdots composite was detected.

5 Prospect

By virtue of the superior mechanical, electrical, thermal,
and friction properties of CQDs, the combination of CQDs
with metal matrix materials has improved the perfor-
mances of metal matrix materials to some extent, pointing
out a new pathway for exploring novel material systems
with ultra-high performance or strong comprehensive
performance.

It is meaningful to mention that the enhancement of
strategies for high-purity, high-yield, and large-scale pro-
duction of CQDs, along with the comprehensive investiga-
tion into their mechanisms of action in various emerging
engineering applications, will significantly propel the tran-
sition of CNTs from fundamental research to industrial appli-
cations. Zhu et al. [168] introduced a magnetic hyperthermia
method for producing fluorescent CQDs with up to 60% yield,
showcasing a non-contact approach that enhances tempera-
ture stability and safety. In biomedical fields, CQDs are
exploited for drug delivery, tissue engineering, and cellular

Figure 31: TGA curves of SnO2 and SnO2/NCQDs composites [165].
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imaging due to their small size and biocompatibility, improving
treatment efficacy and reducing side effects [169]. Research by
Mancini et al. [170] demonstrated the use of CQDs derived from
food industry by-products for luminescent cellular probes,
while Deepika et al. [171] highlighted their application in
creating innovative, biodegradable food packaging materials
with enhanced properties.

Further, CQDs find applications in optoelectronics,
water treatment, and energy sectors by improving electro-
chemical performance and facilitating the development of
efficient devices. Franco et al. [172] underscored CQDs’
potential as a non-toxic tracer in the oil industry, offering
advantages over traditional tracers in field trials. Palani-
muthu et al. [173] utilized CQDs synthesized from spirulina
for effective photocatalytic degradation of pollutants under
sunlight, and Berdimurodov et al. [174] explored their use
as corrosion inhibitors in the oil and gas industries.

In display technology, CQDs are crucial for developing
LED displays and televisions, with Urushihara et al. [175]
discovering electroluminescent properties in CQDs synthe-
sized from fenugreek seeds, marking significant strides in
LED device manufacturing. The ongoing development of
new technologies for the rapid, cost-effective production
of CQDs holds substantial importance for their widespread
industrial application.

However, by reviewing the research progress of CQDs
in metal matrix composites, it is found that this material
system is still facing issues such as inadequate dispersion
of CQDs and weak CQD/metal interface bonding. The pos-
sible mechanisms for these issues and the effects of CQDs in
the composite materials are described as follows. First, the
surface of CQDs is enriched with a substantial quantity of
organic functional groups, e.g., hydroxyl, amino, carboxyl,
and so on, which could efficiently enhance the wettability

between metal matrix and CQDs. However, this improve-
ment effect derived from CQDs is very limited due to the
small proportion of sp2 and sp3 in CQDs as well as the low
content of CQDs in the composite. Therefore, the depen-
dence of the composite on the interface can be improved
by increasing the load and electron transfer efficiency of the
composite, thus improving the dispersion and interface
bonding ability of the composite. Second, due to the reactive
inertia between carbon and metal, it is difficult to directly
generate interfacial carbides at the carbon–metal interface
in the composite, resulting in poor wettability between CQDs
and metal matrix. The next research action should focus on
the combination of CQDs with suitable second phase ele-
ments to effectively solve the above problems. Composites
prepared by methods of matrix alloying with improved inter-
face bonding and optimized mechanical property have been
reported, e.g., MWCNT/CuCr [176], carbon fiber/CuCr [177],
and carbon nanofiber/CuTi (Zr) [178]. On the other hand,
the current studies on CQDs-modified metal matrix compo-
sites focus mainly on the performances of the materials for
electrochemical sensors and photocatalysis applications, while
the work related to theoretical analysis and mechanism inves-
tigation are very limited.

CQDs-reinforced metal matrix composites show great
potential for application from the perspective of their elec-
trical properties, especially the electrocatalytic properties.
However, to get more insight into the effects of CQDs on the
electrocatalytic properties and to establish theoretical basis
for designing novel electrocatalysts, several issues and chal-
lenges need to be overcome. First, more effective techniques
for characterizing the electronic structures of CQDs-modi-
fied metal matrix composites are required. Catalysts with
modified electronic structures can generally promote elec-
tron transfer and adsorption/desorption of reaction

Figure 32: (a) XRD patterns of Sb@CQDs-H, Sb@CQDs-L, and Sb. (b) TGA and DSC curves of Sb@CQDs-H in air [158].
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intermediates, thus improving the electrocatalytic proper-
ties. However, the catalyst’s electronic configuration during
reaction might be different from that during characteriza-
tion. Therefore, sophisticated characterization methods,
such as utilizing synchrotron radiation XAS and so on, are
needed to deeply understand the electronic structure of
CQDs-reinforced metal matrix composites. Second, during
the preparation of CQDs-modified metal matrix composites,
the organic groups at CQD surface provide active sites for
coordination with metal ions. Nevertheless, information on
the coordination between the CQDs and the metal ions are
currently very limited due to the lack of effective character-
ization techniques. Therefore, to reveal detailed reaction
processes and provide theoretical guidance for fabricating
CQDs-based composites with improved electrical properties,
more advanced analysis methods are required, for example,
in situ FTIR, in situ EXAS, in situ Raman spectroscopy, and
synchrotron radiation. Both themetallic compounds and the
CQDs could be involved in the electrocatalytic reactions as
active centers. Determination of the role of different active
sites in the reactions and the dominant electrical properties
of the composite materials has important guiding signifi-
cance for design of more effective electrocatalysts.

Introduction of numerical simulation, ML, and artificial
intelligence (AI) in the design of metal matrix composites will
be an important development direction to theoretically
solve the problems of weak interface bonding, poormechan-
ical properties, and unstable electrical properties [179–181].
Although the structure-performance dependence of metal
matrix composites is not linear, prediction heuristics (such
as ligand field theory) can provide a basis for improving the
performance of metal matrix composites, and prove that the
structure-property correlation is a task suitable for ML.
While it is difficult to predict the comprehensive properties
of the metal matrix composites using first principles and
physical based models (such as density functional theory
[DFT]), building predictive artificial neural network (ANN)
models to predict the properties of the metal matrix compo-
sites, such as spin splitting energy, redox potential, and
metal bond length, will be an important research subject.
Once a suitable numerical simulationmodel is established, it
can be extended to tasks such as predicting computational
results, catalytic activity, or gas absorption in MOFs. Cur-
rently, there is a lack of suitable characterization methods
for the electronic structure of the interface in metal matrix
composites, and it is currently not possible to directly
observe the vast space of the interface. However, computa-
tional chemistry can easily traverse this space using effec-
tive methods (e.g., SQM and MM), and more rigorous first
principles (e.g., DFT and wave function theory) can conduct
accurate analysis of the chemical properties of metal matrix

materials. The reason is partly that the direct mapping between
structure and functionality paves the way for impressive ML
model performance.

In addition, AI can be used not only to predict the struc-
tures and properties of composite materials, but also to
analyze all data related to the overall safety of CQDs. ML
algorithms can utilize all known data related to different
components, properties, and behaviors of metal matrix com-
posites (and any materials associated therewith) to predict
the characteristics of composite materials. By accessing
historical data and analyzing metal matrix composites of
current interest, AI algorithms can execute highly accurate
predictions that can be used in conjunction with physical
characterization results. This is typically accomplished
by comparing structural similarity to composite materials
with known properties. Having all the data related to all the
different chemical characteristics available is almost impos-
sible for humans to accomplish, but AI algorithms can access
(and understand) the data by inferring from scientific litera-
ture. AI can then directly predict the characteristics of CQDs
and metal matrix composites of interest based on their
structure and physicochemical properties.

6 Conclusion

Incorporation of CQDs with excellent properties into metal
matrix materials can comprehensively improve the perfor-
mance of the materials, which is a key to progress of this
composite material to meet the requirements of mechan-
ical and physical properties. Previous studies indicate the
formation of an effective mechanical lock between CQDs
and Cu, which improves the performance of the composite
material. The reinforcement of metal matrix composites by
CQDs is mainly reflected in three aspects, i.e., mechanical
property, electrical conductivity, and thermal conductivity.
Until now, many research works have been conducted on
the CQDs-reinforced copper matrix composites, but there
still remains an obstacle in the practical application of this
material. The focus of the future studies in this area should
be placed on the subsequent aspects: (1) Mechanisms of the
interfacial bonding between CQDs and Cu matrices; (2)
further optimized material preparation methods with pro-
cesses that are highly efficient, cost-effective, and environ-
mentally friendly; (3) integration of the research area with
other subjects such as numerical simulation, ML, and AI.

It is worth mentioning that numerical simulations
such as ANN models can be used to predict the perfor-
mance of metal matrix composites based on their structure
and physicochemical properties. AI can directly select the
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appropriate metal matrix composites with the required
mechanical, electrical, and thermal properties for different
practical applications. The future work should be targeted
at development of CQDs-reinforced copper matrix compo-
sites meeting both the performance and environmental
requirements of various fields to promote the large-scale
application of the promising material.
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