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nonmetallic and metallic atoms has received increasing attention from
researchers around the globe. Recently, metal ions doped-carbon dots (M-
CDs) have emerged as an important one of nanomaterials with numerous
phototherapy; applications. In this paper, we will summarize the state-of-the-art
optoelectronics. knowledge of M-CDs. The synthetic methods for M-CDs, the novel
physicochemical properties originating from the doping of metal ions, and
their applications in chemical sensing, biological imaging, phototherapy,
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will describe challenges in preparing M-CDs and an outlook for their
future development.
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1. Introduction

Photoluminescent carbon dots (CDs), which usually can be classified into carbon nanodots, carbon
guantum dots, and graphene quantum dots, have aroused much attention since they were accidentally
discovered during the electrophoretic fractionation of carbon nanotubes in 2004 [1]. Compared to
other photoluminescent materials as organic dyes or traditional semiconductor quantum dots (QDs),
novel CDs have the advantages of easy preparation and surface modification, good photostability,
water dispersibility, as well as tunable fluorescence properties, excellent biocompatibility, and low
cytotoxicity [2] — [3]. Typically, the core of CDs consists of crystalline sp? carbon, while the surface is
composed of functional groups such as carboxyl, amino, and hydroxyl [2] — [4]. This unique
nanostructure endows CDs with special physicochemical properties, enabling their extensive
applications in chemical sensing, biological imaging, phototherapy, optoelectronic devices, and so on
[5] - [11].

Chemical heteroatoms doping, which is convenient for large-scale synthesis, aims to change
chemical composition, electronic structures, and nanostructure by introducing non-metal atomic
impurities and metal ions into CDs that endow them with various intrinsic properties. Previous reports
show that most non-metallic heteroatoms doped-CDs can obtain via facile synthetic methods from raw
materials that have enhancement of quantum yields (QYs) of CDs, and the extension of their
applications due to the non-metallic heteroatoms doping [12] — [15]. Compared to non-metallic atoms,
metal ions have larger atomic radii, more electrons, and unoccupied orbitals. Therefore, after doping
CDs with metal ions, their electron density distribution and energy gap undergo drastic changes,
enabling the adjustment of the CDs’ physical and chemical properties [16] — [17].
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Although there are various review articles on the preparation and applications of heteroatom-doped
CDs, merely a few reviews focused on M-CDs [18] — [20]. However, research on M-CDs has
developed rapidly, and many synthesis approaches and applications have been reported recently.
Therefore, there is a desire to summarise these advanced materials and state-of-the-art techniques for
designing them. Furthermore, the relationship between the unique properties of M-CDs and metal
ions-doping needs to be analyzed in-depth.

In this paper, various synthetic routes adopted to prepare M-CDs, their specific physicochemical
properties derived from the different kinds of dopants, and applications of M-CDs will be covered and
discussed. More importantly, based on the available work on M-CDs, potential challenges and
obstacles encountered in the development of M-CDs will be comprehensively summarized and
perspectives for the further exploration of novel applications will be proposed in this review.

2. Synthetic approaches

The convenient synthetic routes for M-CDs focus on the chemical reaction between the relative
metallic compound and organic molecules under certain reaction conditions, which can be divided into
two main categories: one-step route and multi-step route. The one-step synthesis methods include the
hydrothermal method, solvothermal method, microwave method, pyrolysis method, and ultrasonic
chemical method. Besides, M-CDs can also be prepared through multi-step routes by exfoliating the
large metal ions doped carbonaceous materials, which are obtained through extra metal ions doping
step into the cleavage.

2.1. One-step synthetic routes
2.1.1. Solvothermal/hydrothermal method

The solvothermal method is the most widely adopted route for preparation of M-CDs due to its low
cost, high efficiency, and convenient implementation. This method usually refers to treating the
mixture of carbon sources and metallic salts with solvents at high temperatures for several hours. Up
to date, CDs doped with manganese (Mn) [21], magnesium (Mg) [22], zinc (Zn) [23], gadolinium
(Gd) [24], cobalt (Co) [25], and silver (Ag) [26] have been prepared with this method. For example, a
solvothermal method for the preparation of Co-CDs has been carried out by Zhang et al [25]. In their
work, Co-CDs were synthesized by using 1-(2-Pyridylazo)-2-naphthol (PAN) and CoCl; in the
presence of ethanol via a solvothermal process. The Co-CDs product was then applied for the
detection of Cr** ions by quenching effect (Fig. 1) [25].
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Fig. 1. Schematic illustration of the solvothermal synthesis of Co-CDs.

However, the solvothermal method has the disadvantage of employing organic solvents, which are
toxic, expensive, and may cause serious damage to human health. In contrast, water is green and cheap
solvent; thus, the hydrothermal method for preparing M-CDs has become favored by researchers. In
2019, Cr-CDs were prepared via the hydrothermal treatment of Tris(2,4-pentanedionato)chromium(lll)
and polyethyleneimine (PEI) at 200°C for 12 h by Jiang and colleagues [27]. Cr-CDs in an aqueous
solution exhibited blue-green color emission with a QY of 20% and were used as a fluorescence probe
for p-nitrophenol (p-NP) [27]. To date, single-doped M-CDs such as copper-doped CDs (Cu-CDs)
[28], and two kinds of heteroatoms co-doped CDs like magnesium and nitrogen co-doped CDs (Mg,
N-CDs) [29] have prepared with this method.
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2.1.2. Microwave method

The microwave method is an efficient route, which can be finished in a relatively short time,
around several minutes. As an example, Yang’s group has reported a simple process for preparing Fe,
N-CDs via the microwave method. In a typical procedure, L-tartaric acid, urea, and FeCI3.6H20 were
dissolved in oleic acid as the reaction solvent. The solution was heated to 200°C for 10 min, then
cooled down to room temperature. After removing the unreacted oleic acid and purifying via silica
column chromatography using a mixture of ethyl acetate and ethanol as the eluent, the product Fe, N-
CDs were finally re-dispersed into water (Fig. 2) [30]. The TEM image showed that the Fe, N-CDs
were distributed uniformly. Also, the lattice fringes of 0.22 nm on their surface indicated the [100]
facet of sp? graphitic carbon. In addition, the Gd-CDs, and Eu-CDs also have been obtained with the
microwave method [31] — [32].
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Fig. 2. Schematic illustration of the microwave synthesis of Fe, N-CDs.
2.1.3. Pyrolysis

Pyrolysis is a facile method commonly used for preparing M-CDs [20]. For example, using
Naz[Cu(EDTA)] as a precursor, Wu et al prepared Cu-CDs via the pyrolysis route (Fig. 3) [33]. After
heating the precursor at a high temperature for two hours, the product was dissolved in water. The
obtained solution was ultrasonicated, centrifuged, filtered, and then dialyzed to produce Cu-CDs. In
addition to Cu-CDs, many other M-CQDs also have been prepared via the pyrolysis route, such as Ce-
CDs [34], Tb-CDs [35], Ru-CDs [36], dual-metal doped CDs (Fe, Cu-CDs) [37], and so forth.
However, the M-CDs prepared with the pyrolysis process have disadvantages due to their relatively
large sizes as being poorly hydrophilic, difficult for further functionalization, and easy to accumulate.
Previous publications shown that larger materials could be easily broken down into smaller parts with
acidic oxidation; thus, treating the large products from pyrolysis with acidic oxidation could
effectively overcome the limitations of pyrolysis [18].
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Fig. 3. Schematic illustration of the pyrolysis synthesis of Fe, N-CDs.
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2.1.4. Ultrasonic method
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Fig. 4. Schematic illustration of the ultrasonic synthesis of Fe, N-CDs.

Ultrasound irradiation, which generates heat, has also been used to prepare M-CDs. It should be
noted that the ultrasound-assisted method is generally time-consuming. On the contrary, the
microwave-assisted method is time-saving and takes only a few minutes because microwave radiation
generates high heat rapidly to dehydrate and carbonize the carbon sources. For example, Bourlinos et
al used xylene, ethylbenzene, and FeCls as precursors to prepare Fe-CDs in a sonication bath for 24 h,
resulting in a deep brown suspension as shown in Fig. 4 [38]. This approach also has been used to
prepare numerous types of M-CDs, such as Gd-CDs [39], Au-CDs [40], Eu-CDs [41], Fe-CDs [42],
and Zn-CDs [43].

2.2. Multi-step synthetic routes

In some cases, multi-step synthesis routes are employed for the effective doping of metal ions into
CDs. For example, Chen et al found that when direct pyrolysis of Gd-diethylene triamine pentaacetic
acid (Gd-DTPA) in the air, the Gd-CDs were obtained with a broad size distribution [44]. To control
the Gd-CDs size for the bio application, they first prepared mesoporous silica nanoparticles of
different pore sizes via the cetyltrimethylammonium bromide-templated co-condensation method,
which were used as reactors to load Gd precursors. Gd-CDs were fabricated with the desired size via
the calcination process due to the limitation of the size of the silica cavity. In addition, Lin et al
synthesized the Eu-CDs by firstly preparing Eu-doped graphene oxide via the hydrothermal method,
then the obtained Eu-doped graphene oxide was treated with mixed strong concentrated acids of
H,SO, and HNO; to obtain Eu-CDs [45]. There were also other types of M-CDs prepared via this
multi-step such as Fe-CDs [46] and Th-CDs [47].

3. Physicochemical properties

Previous publications have shown that adding metal ions to CDs could change their pristine
electronic structure of them, thus affecting the optical properties of M-CDs. In addition, not only the
changing of optical properties occurred but also new physicochemical properties of M-CDs such as
cytotoxicity have been detected so far.

3.1. Optical properties

Previous studies revealed that common CDs possess unique optical properties such as absorption,
fluorescence (FL), chemiluminescence (CL), electrochemiluminescence (ECL), and up conversion
luminescence. However, the study of M-CDs is still in a preliminary phase, that is only focused on the
absorption and fluorescence properties of M-CDs. Although M-CDs differ from each other in the
dopants and the detailed structures, M-CDs still share some similar optical properties. Most of the M-
CDs have a strong and broad absorption band located between 200 nm and 600 nm (Fig. 5) [13].
While some of them possess a characteristic peak at nearly 225 nm [45,48], which is related to the 7-
n* transition of the sp? domains, others show no obvious peak [49]. Because the existence of metallic
dopants derives from the metal ions-to-graphite charge-transfer absorption, the absorbance of M-CDs
is much higher than that of CDs in the visible region at the same concentration.

JTE, Issue 73, December 2022 57


https://jte.hcmute.edu.vn/index.php/jte/index
mailto:jte@hcmute.edu.vn

JTE JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Education

HCMUTE Website: https://jte.ncmute.edu.vn/index.php/jte/index
ISSN: 2615-9740 Email: jte@hcmute.edu.vn

3.0

— MCDs
257 ——PCDs

2.0

Absorbance

0.5+

0.0

35 400 450 500 550 600
Wavelength (nm)
Fig. 5. Absorption spectra of pure CDs (PCDs) and Mn-CDs (MCDs).

Moreover, the obtained M-CDs can exhibit different color emission under 365 nm UV light
including ultraviolet [46], blue [35] — [48], blue-green [51], green [31], yellow [13] and so on. The
fluorescence emission peak of M-CDs is usually red-shift [13,45] and most M-CDs show excitation-
dependent FL behavior compared with CDs [29]. As the excitation wavelength red-shifts, the emission
peaks of M-CDs continuously shift to longer wavelengths with the intensity decreasing [52].

In addition, with various types and levels of metallic dopants, the QYs of M-CDs will be changed.
Besides, the lifetime of M-CDs illustrated that the photoluminescence of M-CDs may induce by the
radiative recombination of the carbon particle surface-trapped electrons and holes [50]. Therefore,
doping metal ions on the surface-trapped electrons and structural properties of CDs, which disordered
the carbon rings, improved electrons, and holes purging resulting from the newly produced emission
energy traps will enhance the QYs of M-CDs [23,31].

3.2. Cytotoxicity

Because of the metal ions doping, the QYs of M-CDs will be enhanced obviously and considerably
making M-CDs more feasible in bioimaging. However, the doping of metal ions also causes the
problem of biotoxicity that should be noticed carefully when M-CDs are applied in bio-related fields.
In the cytotoxicity study, cell counting kit-8 tests were conducted on human HeLa cells to evaluate the
cytotoxicity of Gd-CDs and the results revealed that cell viability was comparable at a Gd-CDs
concentration lower than 80 mg.mL* meaning M-CDs had low toxicity (Fig. 6) [53]. Moreover, Xu et
al reported that no tissue pathological damage was derived from the intravenous injection of Gd-CDs
solution by tail vein into the mice [54].
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Fig. 6. Viability of HeLa cells incubated with various concentrations of Gd-CDs for 24 h.
4. Applications
4.1. Optical sensors

Optical sensors based on M-CDs have been applied because of their excellent photostability and
rich binding sites [55]. The sensing mechanisms are mainly attributed to photo-induced electron
transfer (PET), fluorescence resonance energy transfer (FRET), charge transfer, and the inner filter
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effect (IFE) [56]. For example, Liu and co-workers synthesized germanium-doped CDs (Ge-CDs)
using CA and Ge-132 as precursors via the pyrolysis method obtained Ge-CDs, which exhibited blue
fluorescence with a QYs of 8.9%. The high QYs of the as-prepared Ge-CDs applied in sensing Hg?*
due to the strong coordination interactions of Hg?* with -OH and ~COOH groups on the surface of the
Ge-CDs, thus quenching their FL [50]. In addition, M-CDs were also used for biomolecule detection.
In a typical process, Hu et al prepared blue color emission Gd-CDs via the hydrothermal route using
tryptophan, GdCls;, and glucose. Because of the strong m-m stacking interaction between the
CMPs@GOx and the Gd-CDs, the FL of the Gd-CDs was quenched by the carbon complex of
microparticle glucose oxidase (CMP-GOXx) under the mechanism of FRET (Fig. 7) [57].
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Fig. 7. The detection mechanism based on FRET between the Gd-Cdots and CMPs@GOXx for glucose.
4.2. Bioimaging

CDs have been considered promising candidates in the field of fluorescent imaging (FLI),
photoacoustic imaging (PAI) and magnetic resonance imaging (MRI) because of their outstanding FL
stability, low toxicity, the absence of fluorescence blinking, adjustable excitation wavelength, good
biocompatibility, as well as tunable emission wavelength [13]. Moreover, M-CDs have been employed
as imaging and labeling agents for tracking molecular targets in living cells, tissues, and other
biological systems [22] — [58]. For example, Sahu et al prepared orange fluorescent Mn-CDs with
excellent cell penetration ability and low toxicity. The research results proved that the Mn-CDs is an
ideal bioimaging reagent and have excellent biocompatibility, giving opportunities for intracellular
and cell FLI [59]. In another process, Du et al prepared gadolinium-doped carbon dots (Gd-CDs) by a
facile one-pot hydrothermal route designed for (MRI). The applications of Gd-CDs in bioimaging
demonstrated that they have a relatively long circulation time (around 6h), and achieve efficient
passive tumor targeting as they accumulate in the kidneys and can clear the bladder from the body.
These experimental results have verified that Gd-CDs are favorable biocompatibility and possess great
promise for MRI-guided radiotherapy of tumors (Fig. 8) [60].
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Fig. 8. Schematic illustrating the Synthesis of Gd-CDs and application in imaging.
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4.3. Phototherapy

Phototherapy is a non-invasive cancer treatment in which phototherapy agents are used to convert
light energy into reactive oxygen species (OH, 1O,) or heat, leading to the local death of cancer cells.
Phototherapy can be divided into photodynamic therapy (PDT) and photothermal therapy (PTT) [61].
Because of their unique optical properties, high water solubility, and photostability, M-CDs have been
used as phototherapy agents [62]. For example, Guo and co-workers prepared Cu, N-CDs as a new
class of NIR light-triggered therapeutic agents via a facile hydrothermal treatment of EDTA.2Na and
CuCla. It is believed that the N-Cu-N bonds enhanced the absorbance of the prepared Cu, N-CDs in
the NIR region and promoted electron transfer during the photooxidation. Therefore, the Cu, N-CDs
could generate *O and heat under NIR laser irradiation, thus acting as FLI and thermal imaging agents
to enable the in vitro and in vivo PDT treatment processes (Fig. 9) [63].
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Fig. 9. Schematic illustrating the synthesis and the applications of Cu, N-CDs.

4.4. Optoelectronic devices

Light-emitting diode (LED) is an ideal light source because of its high efficiency, long lifetime,
and low power consumption [64]. QDs have been considered a potential replacement for LEDs;
however, their complex synthesis process and precursors are mostly toxic heavy metal ions that have
restricted their practical application [65]. Interestingly, CDs possess fluorescence tunability, high
photostability, low toxicity, environmental friendliness, and high electron mobility. These excellent
properties make them a more suitable candidate for LED. Recently, researchers have focused on M-
CDs with enhanced carrier recombination in the trap states on the surface of the novel M-CDs to
improve the LED performance, ensure high QYs, and the ability to emit solid-state light in contrast to
pure CDs. For instance, Cheng and co-workers prepared yellow color emission Zn-CDs with a high
QYs of 51.2% using ZnCl, and CA as precursors. Due to the rapid radiative recombination of the
electrons and holes trapped on the Zn-CDs, the Zn-CDs exhibited high QYs. The obtained Zn-CDs
were successfully embedded into a white light-emitting diode (WLED). Furthermore, the Zn-CDs
solution was used to create fluorescent patterns using inkjet printing resulting yellow fluorescence
patterns as expected (Fig. 10) [66].
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Fig. 10. Schematic illustrating the synthesis and the applications of the Zn-CDs.
5. Summary and perspectives

In this paper, the recent progress of M-CDs from the aspects of synthesis methods, novel
physicochemical properties, and their applications have been discussed. More importantly, the as-
prepared M-CDs not only exhibit high QYs but also endow excellent properties, which promises their
potential applications in various fields including sensors, bioimaging, phototherapy, and beyond.
However, there are several aspects that remain to be debated because the research on M-CDs is still at
its early stage.

First of all, the physicochemical properties of M-CDs are related to their structure, composition,
surface chemistry, and the available synthetic routes of M-CDs. Therefore, it is urgent to improve
synthetic methods for the preparation of M-CDs via varying the kinds and dosage of metallic dopants
and carbon sources, as well as combining two or more synthetic methods under different conditions.
Secondly, the detailed photoluminescence mechanism and the relationship between the doping metal
ions and the QYs improvement of M-CDs are ambiguous; therefore, a systematic study should be
carried out to provide the experimental foundation and theoretical basis for the further study of M-
CDs. Thirdly, more novel physicochemical properties should be explored. Since M-CDs also endow
excellent optical and electronic properties, most metal ions display different valences, thus, M-CDs
might possess CL and ECL, especially in the systems with redox reactions. Last but not least, although
doping metal ions leading to the higher QY's and the good biocytotoxity of M-CDs have been verified,
it should be considered that some metal ions are harmful to organisms at high concentrations. Besides,
more application fields of M-CDs should be explored such as, pollutant detection, drug delivery and
release, bacteriostasis, cell tracing, and beyond.
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