Open Access Article. Published on 23 July 2021. Downloaded on 4/6/2026 10:30:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

7 ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

Recent advances in heteroatom-doped graphene

{'.) Check for updates‘
quantum dots for sensing applications

Cite this: RSC Adv, 2021, 11, 25586
Neeraj Sohal, © Banibrata Maity © * and Soumen Basu @& *

Graphene quantum dots (GQDs) are carbon-based fluorescent nanomaterials having various applications
due to attractive properties. But the low photoluminescence (PL) yield and monochromatic PL behavior
of GQDs put limitations on their real-time applications. Therefore, heteroatom doping of GQDs is
recognized as the best approach to modify the optical as well as electronic properties of GQDs by
modifying their chemical composition and electronic structure. In this review, the new strategies for
preparing the heteroatom (N, B, S, P) doped GQDs by using different precursors and methods are
discussed in detail. The particle size, emission wavelength, PL emissive color, and quantum yield of
recently developed heteroatom doped GQDs are reported in this article. The investigation of structure,
crystalline nature, and composition of heteroatom doped GQDs by various characterization techniques
such as high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), Raman
spectroscopy, Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) are also
described. The recent progress on the impact of mono or co-doping of heteroatoms on PL behavior,

and optical, electrochemiluminescence (ECL), and electrochemical properties of GQDs is also surveyed.
Received 1st June 2021

Accepted 19th July 2021 Further, heteroatom doped GQDs with attractive properties used in sensing of various metal ions,

biomolecules, small organic molecules, etc. by using various techniques with different limits of detection
DOI: 10.1039/d1ra04248c . . . . . .
are also summarized. This review provides progressive trends in the development of heteroatom doped

rsc.li/rsc-advances GQDs and their various applications.

honeycomb crystal lattice.* Graphene has had various applica-
tions due to its unique chemical, thermal, mechanical, and
Graphene is a mono-layer carbon nanostructure in which physical properties since its discovery in 2004.> These properties
carbon atoms are assembled in a two-dimensional (2D) can be improved by manipulating the shape, size, and sp*-
hybridized carbon domains using redox reactions.®* Photo-
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a need to resolve the problem of zero-band gap materials and it
can be solved by altering 2D graphene into zero-dimensional
(0D) graphene quantum dots (GQDs)."*

Since its discovery in 2008, GQDs are a new type of carbon-
based fluorescent nanomaterial that have attained great atten-
tion in research areas due to their attractive properties.”> GQDs
consist of highly crystalline graphene sheets having dimensions
below 100 nm in one-, two- and few-layers (>10 layers).® GQDs'
structure has a thickness close to the dimensions of a single
atom.” Generally, GQDs contain sp> or sp® carbon atoms and
functional groups based on oxygen. GQDs possess extraordinary
properties, a size-dependent and non-zero electronic band gap
as compared to bulk graphene. GQDs are designed when there
is a fragmentation of graphene sheets into less than the exciton
Bohr radius (20 nm).® GQDs have exceptional properties such as
PL, multi-color emission, brilliant photostability, biocompati-
bility, electrochemiluminescence (ECL), chemical inertness,
small size derived from the quantum confinement effect (QCE),
and edge effects. The carboxylic groups located at the edges of
GQDs enhance their water solubility as well as providing the
potential for functionalization with many inorganic, organic,
polymeric, and biomolecules. These extraordinary properties of
GQDs lead to enhancement of their applications in various
fields such as energy storage,’ biosensing,'®'* bioimaging,
drug delivery,™ photocatalysis,"* and many others. GQDs act as
electron donors and acceptors owing to their great surface area
and a huge number of edge sites. These properties increase the
ECL and electrochemical activity of GQDs which further
enhances their application in biosensing. In recent years,
different mechanisms were reported for the PL emission of
GQDs including QCE, recombination of localized electron-hole
pairs, the zig-zag edge sites effect, the electronegativity of
heteroatoms, and surface defects.”>*® GQDs can be synthesized
by mainly two approaches i.e., the “top-down” approach and the
“bottom-up” approach. In recent years, many researchers have
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synthesized GQDs by different methods under these two
approaches.

The two contradictory PL emission behaviors i.e., excitation-
independent and excitation-dependent found in GQDs and
their exact mechanism are still under debate. Different lumi-
nescence colors can be attained by tuning the excitation wave-
length or concentration of GQDs.' By regulating size, shape,
edge configuration, defects, functional groups, as well as
heterogeneous hybridization of the carbon lattice, the PL
emission of GQDs can be extensively changed from the deep
ultraviolet region to the near-infrared region."”

In recent years, GQDs have been utilized as a great sensing
platform for metal ions/biomolecules detection as compared to
other standard methods. But the detection sensitivity decreases
due to the poor quantum yield of GQDs. Therefore, surface
functionalization and doping with heteroatoms such as
nitrogen (N), sulfur (S), boron (B), and phosphorous (P) enhance
the quantum yield of GQDs.*® Surface functionalization of
GQDs through organic molecules and polymers occupies the
specific functional positions on the GQDs which makes them
selective for the sensing of metal ions and biomolecules.
Heteroatom doped GQDs improve the physical as well as
chemical properties such as chemical reactivity, optical activity,
and electronic structure of GQDs by tuning their intrinsic
properties.*>*® Hence, there is an urgent need to study the
functionalized and heteroatom doped GQDs as they have great
potential in biosensing.

2. Synthesis of heteroatom doped
GQDs

Generally, the synthesis of GQDs consists of two main strategies
i.e., “top-down” and “bottom-up” strategies.”* The “top-down”
method include cutting or breaking of carbonaceous materials,
e.g., graphene, carbon nanotubes (CNTs), graphite, graphene
oxide (GO), carbon fibers, carbon black by using different
methods including hydrothermal treatment, electrochemical
exfoliation, oxidation by strong acids, and many others.?” The
“top-down” strategy produces high-quality GQDs at a large scale
but this strategy possess various limitations due to non-uniform
product size, low product yield, harsh synthesis process, and
requirement of special equipment. However, the bottom-up
strategy includes the preparation of GQDs by using small
molecular fragments through thermal or catalytic treatment.
This strategy has good control on the intrinsic properties of the
product like size, lattice dimensions, morphology, and results
in the production of a large number of GQDs with eco-friendly
nature." In the bottom-up approach small molecules undergo
both dehydrogenation and carbonization processes in the
hydrothermal/solvothermal method and result in higher effi-
ciency as compared to reported values.”® To enhance the
intrinsic properties of GQDs, different heteroatom doped GQDs
were prepared by both “top-down” and “bottom-up”
approaches. These approaches for the preparation of doped
GQDs are further divided into two categories which include the
multi-step method and the one-step method. In multi-step
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methods, first step is to prepare GO, second step is to reduce GO
to reduced GO (rGO), then synthesis of GQDs, and further
heteroatom doping can be achieved by using the electro-
chemical method, hydrothermal treatment, or pyrolysis. Among
these methods, it is further require the cutting of doped gra-
phene into doped GQDs by chemical oxidation method.*** In
the one-step method, there is one pot reaction between carbon
source and heteroatom source by hydrothermal method, high-
temperature treatment, microwave irradiations, or chemical
vapor deposition (CVD). The major requirement of one-step
methods is the presence of a doping source in the starting
material to obtain doped GQDs. Recently, researchers prefer to
follow the one-step method with a “bottom-up” approach to
prepare doped GQDs as compared to the multi-step method due
to the time-consuming and complicated procedure.

There are different review articles available on the graphene
quantum dots,* heteroatom-doped carbon quantum dots,*® and
heteroatom-doped graphene,” but not specifically on the
heteroatom-doped graphene quantum dots. Some reports dis-
cussed the general synthesis, properties, and application of
GQDs. But in this article, we have discussed the synthesis of
single and co-doped GQDs and their structural properties in
detail. The detail investigation of different characterizations of
heteroatom doped GQDs also reported here. Moreover, we have
discussed the impact of heteroatom doping on the properties of

View Article Online
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GQDs and applications of heteroatom-doped GQDs as a sensor
with their advantages and disadvantages. So, this review article
will give all the detail information about the heteroatom-doped
GQDs.

2.1. Synthesis of nitrogen-doped GQDs (N-GQDs)

Recently, different approaches have been reported for the
development of N-GQDs through both “top-down” and
“bottom-up” approaches. The “top-down” approach includes
hydrothermal, microwave irradiations, pulse laser ablation, and
electrochemical treatment of carbon sources, such as GO, rGO,
Ce0, and CNTs with a nitrogen source such as ammonia solu-
tion. Santiago et al.”® used the pulse laser ablation (PLA) tech-
nique displayed in Fig. 1al for the preparation of N-GQDs in
which GO was used as a carbon source and diethylenetriamine
(DETA) as a nitrogen source and its synthesis process repre-
sented in Fig. 1a2. Zheng et al.*® prepared N-GQDs via the CVD
technique in which Cg, powder was converted into Cg, mole-
cules by evaporating up to its sublimation temperature and Cgo
molecules further passed through the plasma zone in the
presence of nitrogen gas. The reaction between active Cg and
nitrogen plasma results in the formation of N-GQDs on a nickel
foil substrate (Fig. 1b). Hu et al.** developed N-GQDs by using
GO present in ammonia solution by one-step hydrothermal
process and schematic diagram of its synthesis process
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Fig. 1 Schematic representation of different methods to prepare N-GQDs by “top-down" approach: (al) experimental set-up based on pulse
laser ablation method, (a2) synthesis process by using GO and DETA,?® (b) nitrogen plasma treatment method performed in quartz chamber with
2.45 GHz microwave radiation,? and (c) hydrothermal treatment of GO with ammonia solution.®® Part (al) and (a2) are reproduced from ref. 28
with permission from [PCCP Owner Societies], copyright [2017], part (b) is reproduced from ref. 29 with permission from [American Chemical
Society], copyright [2018], and part (c) is reproduced from ref. 30 with permission from [Royal Society of Chemistry], copyright [2013].
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Fig. 2 Schematic representation of one-step methods to prepare N-GQDs by “bottom-up” approach: (a) growth model from CA and ethyl-
enediamine by using a hydrothermal method,* (b) schematic illustration by high-temperature treatment,®® (c) digital image for the electro-
chemical set-up including o-phenylendiamine aqueous medium (left) and the product obtained after the completion of the reaction (right),* (d)
schematic diagram of the reaction mechanism of electropolymerization process® and (e) synthesis process from glucose in ammonia solution
by using microwave irradiations.?* Part (a) is reproduced from ref. 31 with permission from [Elsevier], copyright [2017], part (b) is reproduced from
ref. 25 with permission from [Royal Society of Chemistry], copyright [2016], part (c) and (d) are reproduced from ref. 32 with permission from
[Royal Society of Chemistryl, copyright [2016] and part (e) is reproduced from ref. 24 with permission from [De Gruyter], copyright [2017].
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represented as in Fig. 1lc. These methods require special
equipment and are slightly complicated. Therefore, the one-
step method with a “bottom-up” approach is most preferable
to prepare N-GQDs due to less time-consuming and easy
approach.

Recently, N-GQDs have been also prepared by using different
carbon sources such as citric acid (CA), glucose, or glycine, and
nitrogen sources such as ammonia, glycine, dicyandiamide
(DCD), tris(hydroxymethyl) aminomethane, or 3,4-dihydroxy-L-
phenylalanine, by using the hydrothermal method, microwave
irradiations, or pyrolysis.** These methods undergo main
processes such as polymerization, carbonization, and further
doping with nitrogen heteroatom in a single reaction for
developing N-GQDs. Safardoust-Hojaghan et al.** synthesized N-
GQDs by using CA along with ethylenediamine under hydro-
thermal treatment. The hydrothermal treatment leads to the
first carbonization of starting materials and then further con-
verted into N-GQDs (Fig. 2a). The water-soluble N-GQDs have
been developed through one-step high-temperature treatment.
The CA (carbon precursor) and glycine (nitrogen precursor)
undergo pyrolysis at 200 °C for the development of N-GQDs. The
schematic illustration for the formation of N-GQDs is shown in
Fig. 2b.>®

Tian et al.** prepared N-GQDs with large-scale -NH, edge
groups by using the “bottom-up” electrochemical method. They
used only o-phenylenediamine (reactant) in an aqueous
medium (electrolyte) and two highly pure platinum sheets as
anode and cathode in this electrochemical method (Fig. 2c).
They used dark conditions to remove the risk of spontaneous
oxidation of o-phenylenediamine. Fig. 2d represents the
formation mechanism of N-GQDs in which o-phenylenedi-
amine is coupled together to form amine bonds. Further, the
oxidative coupling occurs between partial amino groups and
amine bonds which result in the development of phenazine
structure. At the end of the reaction, there was the formation of
N-GQDs with precise amino edge groups. There were several
methods reported for the formation of N-GQDs but microwave
irradiations provide fast and strong heating which completes
the long hour reactions in few minutes. Zheng et al.>* used one-
step microwave irradiations to develop N-GQDs in which
glucose used as carbon precursor and ammonia as nitrogen
precursor. They found that the ammonia used for the formation
of N-GQDs was also acts as a catalyst for the dehydration reac-
tion among molecules of glucose and water medium. Micro-
wave heating enhances the reaction rate by providing rapid heat
for glucose polymerization and carbonization and results in the
fast formation of N-GQDs within 1 min. Fig. 2e represents the
formation mechanism of N-GQDs. There were various one-step
methods reported in the literature for the development of N-
GQDs with variable sizes, PL emissive colors, and quantum
yields are mentioned in Table 1.

2.2. Synthesis of boron-doped GQDs (B-GQDs)

In the periodic table, B is a neighbor element of carbon and has
slightly similar atomic size as compared to carbon.*®* The
difference in the electronegativity between C (2.55) and B (2.04)
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can result in considerable charge transfer in C-B composites. B-
doping is also called hole doping as it causes defects in the
framework of GQDs. Also, doping of B on the surface of GQDs
leads to efficiently modify the electronic nature of GQDs and
have unique characteristics.>*** There have been very few
publications reported on the synthesis and application of B-
GQDs as compared to N-GQDs, due to difficulties in the
synthesis process of B-GQDs.** Some reported synthesis
methods of B-GQDs include cutting of boracic graphite through
the electrolyzing method, glucose carbonization in presence of
boric acid, cutting of B-doped graphene by strong acids, high-
temperature treatment of GO in Na,B,O, solution, and
decomposition of B-doped graphene rods in the presence of
organic solvent by microwave treatment.*

Wang et al.*’ used 4-vinylphenylboronic acid (VPBA) and
boric acid under high-temperature treatment (200 °C) for the
formation of B-GQDs. The two steps were involved in the
formation of B-GQDs (Fig. 3a); the first step includes polymer-
ization of VPBA molecules under high pressure and tempera-
ture and decomposition of H,O, to form free radicals ie.,
hydroxyl (HO") and hydroperoxyl (HOO") radicals. In the second
step, the C-H bond in the benzene ring and O-B bond in boric
acid were ruptured to produce B-doped carbon-based free
radicals and further form bigger carbon-based fragments. The
defects in the framework of GQDs enhance the active sites for
the B-doping. Chen et al** synthesized B-GQDs by means of
graphite rod in borax aqueous solution through the electro-
lyzing method. Ge et al.** used a one-step hydrothermal method
under the “bottom-up” strategy for the synthesis of B-GQDs
through molecular fusion of 1,3,6-trinitropyrene and borax in
NaOH solution. Vijaya et al.*® prepared B-GQDs by first con-
verting bulk boron carbide (B,C) crystals into B-doped graphene
(BG) followed by the uniform cutting of BG by using a micro-
wave reactor. Tam et al.®® used a facile one-step hydrothermal
approach at low temperature for the synthesis of B-GQDs by
using glucose and boric acid. They prepared different types of B-
GQDs with the variation in the B content and found that highly
doped B-GQDs (up to 4.25%) showed exceptional electro-
catalytic properties. They found an efficient method for
preparing highly doped B-GQDs by using controlling the
concentration of B. Zhang et al*® used the electrochemical
method for the formation of B-GQDs from a mixture of
heteroatom salt in electrolyte and graphite rods as both cathode
and anode. They prepared B-GQDs by electrolytic exfoliation of
B-doped graphene rods which increase the uniformity of the B-
GQDs.

2.3. Synthesis of phosphorous-doped GQDs (P-GQDs) and
sulfur-doped GQDs (S-GQDs)

There have been very few methods reported for the synthesis of
P-doped GQDs because lattice doping of P-GQDs is very difficult
due to different oxidation states of P. Li et al.** reported an
electrochemical method for the synthesis of P-GQDs in which
sodium phytate (C¢HgNa;,0,4P¢) acts as an electrolyte which
offers the phosphorous content. The schematic diagram in
Fig. 3b, describes the synthesis process for the yellow emissive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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P-GQDs by using an electrochemical approach. Wang et al.*
utilized a green approach to prepare P-GQDs by solvothermal
treatment of lecithin. They found that lattice doping of GQDs
was successfully obtained by the efficient in situ reduction of
lecithin. But still, there is a need to advance the methods for the
preparation of P-GQDs.

Among different heteroatoms, S doping is distinct due to
differences in the outmost orbitals of S and C makes an on-
uniform spin density distribution that results in providing S-
doped materials that show exceptional properties.*' S-atom is
larger as compared to a carbon atom and the bond length of the
C-S bond is 1.78 A which is 25% greater in length as compared
to the C-C bond. The electronegativity difference among S (2.58)
and C (2.55) is very less which results in insignificant polari-
zation or transfer of charge in the C-S bond. Therefore, S-
doping into the structure of GQDs is quite hard due to diffi-
culty in the formation of the C-S bond.*** Li et al.** used an
electrochemical method for the synthesis of S-GQDs through
the electrolysis process of graphite present in sodium p-toluene
sulfonate aqueous medium. Mostly, the hydrothermal treat-
ment has been utilized for the development of S-GQDs as
compared to the other methods. Bian et al.** used a one-step
hydrothermal reaction for the formation of S-GQDs based on
aqueous-phase molecular fusion by using 1,3,6-trinitropyrene,
Na,S, and NaOH. Bian et al** utilized 6-trinitropyrene as
a carbon precursor and 3-mercaptopropionic acid (MPA) as
a sulfur precursor for the development of S-GQDs through
a hydrothermal approach (Fig. 3c). They found that the
prepared S-GQDs have one layer graphene structure, unifor-
mity, and exhibit strong blue emission. Jin et al.** developed
a simple one-step hydrothermal approach for preparing S-GQDs
by using CA and powdered sulfur. They found that the prepared
S-GQDs showed strong blue emission and have good water
solubility as compared to undoped GQDs. Sangam et al.** re-
ported a hydrothermal approach for developing S-GQDs by
using one precursor ie., second generation green agro-
industrial wastes. They developed a fast and eco-friendly
method for the preparation of S-GQDs in which there was no
requirement of catalysts or organic solvents.

2.4. Synthesis of co-doped GQDs

Recently, many researchers have significantly varied the elec-
tronic structure and optical properties of GQDs by mono-doping
or co-doping non-metallic elements.*® Co-doped GQDs with
heteroatoms like N, B, S, and P improve the quantum yield of
undoped or mono-doped GQDs by generating additional coor-
dination sites and providing more defects in the structure of
prepared GQDs.* It was reported that heteroatom doped GQDs
with large size atoms like N, S, or small size atoms like P, B as
compared to C showed exceptional properties.® Qu et al*
prepared multi-emissive S, N-GQDs by using CA and thiourea as
precursors through the solvothermal method. They reported
that, CA serves as a carbon precursor and thiourea serves as
both nitrogen and sulfur precursor. They used N,N-dime-
thylformamide (DMF) as a solvent as well as passivating agent
and result in a high percentage of N in prepared S, N-GQDs.
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(a) stepwise formation mechanism of B-GQDs,* (b) schematic diagram representing the synthesis of P-GQDs and its yellow emission

under UV light (365 nm),*® and (c) schematic diagram showing the synthesis process of S-GQDs using bio-waste.*? Part (a) is reproduced from ref.
37 with permission from [Wiley Online Library], copyright [2017], part (b) is reproduced from ref. 39 with permission from [Royal Society of
Chemistry], copyright [2017], and part (c) is reproduced from ref. 42 with permission from [Elsevier], copyright [2017].

Shen et al.>® developed S, N-GQDs by using a one-step hydro-
thermal technique in which molecular fusion occurs among
precursors used ie., 1,3,6-trinitropyrene, thiourea, DMF, and
sodium hydroxide. Xia et al.*® developed two types of GQDs
which include free N, S-doped GQDs, and solidified GQDs in
which CA is used as precursor and r-cysteine is used as a dopant
through solvent-free “bottom-up” approach (Fig. 4a). They

reported that, firstly graphene nucleus was formed due to the
dehydration of CA and then, attack of N, S atoms present in r-
cysteine on the nucleus of graphene results in the incorporation
of these atoms in the framework of graphene. Free N, S co-
doped GQDs was also formed by further crosslinking of devel-
oped graphene nucleus through an intermolecular condensa-
tion reaction. Furthermore, the solidified N, S co-doped GQDs

— il B.N-GODs

Fig. 4

- Si0; porous griddle
| ?ghn steamer
|25

Water

=50 .
or "Ou,. ¢

.Pol_nhlophene-dcrl\'cd carbon

(a) Schematic diagram for the synthesis of free N, S-GQDs, and solidified GQDs,?? (b) preparation of B, N-GQDs by one-pot hydrothermal

method,** and (c) schematic diagram of developing N, S-GQDs with tunable luminescence. Part (a) is reproduced from ref. 22 with permission
from [Elsevier], copyright [2017], part (b) is reproduced from ref. 54 with permission from [Elsevier], copyright [2020], and part (c) is reproduced
from ref. 57 with permission from [Royal Society of Chemistry], copyright [2016].
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were formed with the formation of acylamino oligomer between
L-cysteine and nucleus of graphene.

The chemical doping of N as electron doping or B as hole
doping into the structure of GQDs is easy due to quite similar
atomic size. The electronegativity difference between C (2.55)
and N (3.04)/B (2.04) is sufficient for the charge transfer in the
C-N/C-B bond.** Liu et al.** described a rapid and facile process
for the synthesis of B, N doped GQDs in which there was no
requirement of any strong acid and surface deactivator. They
prepared B, N-GQDs through pyrolysis in which CA, urea, and
boric acid were used as precursors. Liu et al.>* used a “top-
down” strategy for the synthesis of B, N-GQDs. They used GO,
boric acid, and ammonia solution as precursors for the prepa-
ration of B, N-GQDs via a hydrothermal method (Fig. 4b).

The growth of co-doped GQDs with electron-rich N atom has
forced to prepare the other new co-doped GQDs with electron-
rich atoms, like P and S. Both P and S atoms have greater
atomic radii as compared to carbon atoms and also the differ-
ence in the electronegativity of P (2.19), S (2.58), and C (2.55) is
very less which result as insignificant charge transfer in C/P and
C/S. Co-doping of GQDs into its structure with these elements
was a quite difficult process and therefore, co-doped GQDs were
exceptionally reported.”® Peng et al.>® described an electro-
chemical technique in which graphite electrode (C source),
sodium phytate (P source), and sodium sulfide (Na,S) (S source)
were used for the formation of S, P-GQDs. It was reported that
the PL quantum yield of S, P-GQDs was greater than mono-
doped GQDs ie., S-GQDs and P-GQDs.** Anh et al.*® reported
a one-step hydrothermal approach for preparing N, S co-doped
GQDs by using CA and thiourea. They found a high quantum
yield of prepared GQDs in comparison with undoped GQDs. Xu
et al.”” prepared two types of N, S co-doped GQDs by using
polythiophene derived carbon source at different two tempera-
tures. They found that two types of prepared GQDs showed
different fluorescence and different properties due to variation
in particle size as well as different surface defects. Fig. 4c
represents the schematic presentation of the synthesis of N, S
co-doped GQDs with different luminescence. Liu et al*®
formed N, P co-doped GQDs by using tetrakis(hydroxymethyl)
phosphonium chloride (THPC) as carbon as well as phospho-
rous source and ethylenediamine endcapped polyethylenimine
(PEI-EC) as nitrogen source and also passivation agent through
hydrothermal treatment. Kundu et al.*® synthesized S, N, F co-
doped GQDs by using multiwalled CNTs (MWCNTS) in ionic
liquid ie. 1-methyl-1-propylpiperidinium  bis  (tri-
fluoromethylsulfonyl)imide through microwave treatment.
They reported that microwave heating enhances the rate of the
reaction with a high yield as compared to other conventional
methods by the reduction of GO. The ionic liquid with excep-
tional chemical structure provides the efficient co-doping by N,
S, and F heteroatoms. They also reported that, MWCNTSs act as
carbon source and the ionic liquid act as a strong source for N,
S, and F in the preparation of N, S, F co-doped GQDs. Xu et al.*
developed N, P, S co-doped GQDs from anthracite coal (raw
material) by using one-step wet chemical dialysis method. They
reported an easy and cheap process for the preparation of N, P,
S-GQDs. The different types of co-doped GQDs with synthesis
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methods, quantum yields, excitation and emission wavelength
are tabulated in Table 2.

We found from Tables 1 and 2 that different methods,
precursors, and timing have been used for the synthesis of
heteroatom doped GQDs. Table 3 represents the advantages
and disadvantages of different methods used for the synthesis
of heteroatom doped GQDs. Based on the information provided
by Tables 1-3, we summarized all the methods based on their
cost, efficiency, resources, timing, and safety. The synthesis
based on microwave treatment was cheap, moderately efficient,
very less time consuming, and safe. The synthesis based on the
hydrothermal method was cost-effective, highly efficient, using
economical resources, time-consuming, and safe. The wet
chemical method based on acid treatment using coal was
cheap, less efficient, a long-time process, but not safe. The
electrochemical methods for the synthesis of heteroatom doped
GQDs were highly efficient and safe, but expensive and time-
consuming. According to the above literature, it was found
that the hydrothermal method was most effective and mostly
used for the synthesis of heteroatom doped GQDs.

3. Structure and characterizations of
heteroatom doped GQDs

GQDs contain one, two, or more layers of graphene sheets
having a thickness of less than 10 nm with a lateral size of
100 nm. The sizes of doped GQDs with different heteroatoms
were ranged from 3 to 20 nm (Tables 1, and 2) and also consist
of less than 5 layers of graphene sheets. The particle size
distribution, shape, and surface morphology of heteroatom
doped GQDs were investigated by transmission electron
microscopy (TEM) images. The crystalline nature and height of
GQDs were evaluated by high-resolution TEM (HRTEM) and
atomic force microscopy (AFM) images, respectively. Fig. 5a
represents a TEM image of undoped GQDs with narrow particle
size distribution. HRTEM image (inset Fig. 5a) representing the
crystal structure of undoped GQDs with 0.21 nm of lattice
spacing that corresponds to the (100) crystal plane. The above
result declared that there were crystal cores of graphitic sp>
carbon atoms present in the nanoparticles.*® Similarly, the TEM
and HRTEM images with particle size distribution histogram of
doped GQDs such as B-GQDs, N-GQDs, S-GQDs, P-GQDs, B, N-
GQDs, and N, S-GQDs were represented in Fig. 5b, ¢, d, e, f and
g, respectively. These TEM images displayed that the surface
morphology of GQDs was mostly spherical and nanoparticles
were mono-dispersed. The particle size of different GQDs was
evaluated by the particle size distribution histogram. The
HRTEM images of B-GQDs, N-GQDs, S-GQDs, B, N-GQDs,
and N, S-GQDs showed a lattice spacing of 0.24 nm, 0.21 nm,
0.20 nm, 0.22 nm, and 0.21 nm, respectively. This result showed
that heteroatom doped GQDs have (100) lattice planes corre-
sponding to the graphite lattice structure.

Raman spectroscopy is used to examine the degree of
disorder in the structure of the carbon matrix based on the
different kinds of defects, for example, grain boundaries, point
defects, stress, strain, stacking faults, edges, doping, vacancies,
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functional groups, and many others.*”> The Raman spectra of
GQDs and heteroatom doped GQDs consist of two bands were
observed i.e., G band and D band. G band represents the E,,
vibration modes of the aromatic sp> carbon domains and the G
band corresponds to the defects and structural disorder of sp*
domains.* Mostly, the intensity fraction of D to G band (Ip/Ig) is
utilized to investigate the order of structure among crystalline
and amorphous systems of the graphitic domain. The values of
Ip/Ig depend upon the type of method used for the synthesis of
GQDs. A high value of Ip/I; of heteroatom doped GQDs showed
many defects on the surface of GQDs. Wang et al.’” determined
the Ip/Ig value for GQDs, N-GQDs, S-GQDs, P-GQDs, and B-
GQDs which were 1.01, 0.88, 0.86, 0.98, and 1.21, respectively
(Fig. 6a). The number of defects follows the order such as B-
GQDs > GQDs > P-GQDs > N-GQDs > S-GQDs.

Mostly, X-ray diffraction (XRD) patterns of undoped and
heteroatom doped GQDs show a broad peak corresponds to the
(002) graphitic lattice plane. The broad peak in the XRD pattern
is due to the reduced size of the quantum dots. The small size of
GQDs is responsible for its broad peak in the XRD pattern.® The
crystalline or amorphous nature of GQDs was investigated by
the XRD pattern. Doping of heteroatoms such as boron having
a greater size and less electronegativity than carbon can
increase the interlayer spacing. In B-doped GQDs, the peak gets
shifted towards the lower angle due to the participation of the

View Article Online

Review

boron atom in its graphitic structure which results in enlarging
the interlayer spacing.® In the case of N-doped GQDs, no
increase in interlayer spacing was shown due to the less atomic
radius of a nitrogen atom (65 pm) as compared to a carbon atom
(70 pm). But the electronic structure gets altered due to the lone
pair of the nitrogen atom. Therefore, in the case of N-GQDs, the
peak shift to a higher angle corresponds to m-m stacking of
graphene along with structural disorder due to doping of
nitrogen. Fig. 6b shows the XRD pattern of GQDs, N-GQDs, S-
GQDs, P-GQDs, and B-GQDs in which graphitic peak (002)
was located at 22.77, 25.91, 25.03, 24.28 and 25.85°, represent-
ing interlayer spacing of 0.391, 0.344, 0.356, 0.367 and
0.345 nm, respectively. It was reported that, the interlayer
spacing of undoped GQDs is greater as compared to graphite
(0.334 nm) due to the existence of oxygen-containing groups.
The presence of chemical groups and heteroatom (N/S/P/B)
as dopants slightly increases the interlayer spacing from
graphite. But the large compacted interlayer spacing in
heteroatom doped GQDs may be due to pyrolysis at high
temperature.”” The functional groups (such as hydroxyl,
carbonyl, epoxy/ether, and carboxylic acid groups) and
elemental composition of heteroatom doped GQDs are deter-
mined by Fourier transform infrared (FTIR) and X-ray photo-
electron spectroscopy (XPS) spectra, respectively.*® The
electrochemical and optical properties depend upon the

percentage (%)

o w

Particle Distributions
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Fig. 5

(a) TEM image and its HRTEM image (inset) of undoped GQDs,** TEM and HRTEM images with particle size distribution histogram and

lattice spacing of B-GQDs (b),** N-GQDs (c),*? S-GQDs (d),** P-GQDs (e),*® B, N-GQD:s (f),>* and N, S-GQDs (g),*® respectively. Part (a), (b), (c), and
(d) are reproduced from ref. 13, ref. 35, ref. 62, and ref. 44 with permission from [Elsevier], copyright [2018], [2019], [2020], and [2018],
respectively. Part (e) is reproduced from ref. 39 with permission from [PCCP Owner Societies|, copyright [2017], parts (f) and (g) are reproduced
from ref. 54 and ref. 18 with permission from [Elsevier], copyright [2020] and [2017], respectively.
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and B-GQDs, respectively.'” Part (a), (b), (c), and (d) are reproduced from ref. 17 with permission from [Royal Society of Chemistry], copyright

[2016].
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Fig.7 PL spectra (a) and quantum yields (b) of heteroatom doped GQDs i.e., GQDs, S-GQDs, N-GQDs, and also S, N-GQDs.”® Part (a) and (b) are
reproduced from ref. 70 with permission from [Elsevier], copyright [2019].

synthesis methods, heteroatoms, functional groups, and
surface defects. Wang et al."” determined the XPS measure-
ments of undoped GQDs and heteroatom doped GQDs in which
a major peak of graphitic carbon C 1s at 284.0 eV and O 1s at
531.2 eV was found. Other than C 1s and O 1s, the N 1s at
399.1 eV, S 2p at 164.3, P 2p at 133.8 eV, and B 1s at 192.4 eV

© 2021 The Author(s). Published by the Royal Society of Chemistry

have appeared in the XPS spectra of N-doped GQDs, S-doped
GQDs, P-doped GQDs, and B-doped GQDs, respectively
(Fig. 6¢). XPS spectra confirmed the doping of heteroatom N/S/
P/B into the framework of GQDs. They determined that the
atomic ratio of different heteroatoms i.e., N, S, P, and B with
respect to C was 17.36%, 1.60%, 1.78%, and 40.8%, respectively.
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Due to higher atomic radius of S12 and P, the atomic ratio of S
and P was lower than N-GQDs and B-GQDs. Also, the intensity of
O 1s increases due to doping of B as well P by bond formation
with O and elimination of O by heat treatment cannot be
achieved.

4. Properties of heteroatom doped
GQDs

Properties of GQDs like optical properties are highly dependent
on the synthesis method and precursors.** Heteroatom doping
provides a route for changing the optoelectronic properties of
materials consists of graphene.®® The intrinsic properties of
GQDs such as electronic structures, chemical activity, quantum
yield, and band gap can be tuned by its heteroatom doping.*®

4.1. Optical properties

Doping with heteroatoms (like N, S, B, P, and F) is an active
method to vary the optical properties of the GQDs, and doping
with N, S, F on GQDs can lead to open up a small bandgap in its
electronic structure.*”*” The heteroatom doping on the GQDs
manipulate its electronic structure, chemical structure, and
surface defects state that result in variation of optical proper-
ties.®® PL spectra give information about the number of photons

emitted whereas the absorption spectra exhibit light
absorption.
4.1.1 Absorption. Heteroatom-doping increases the

quantum yield of GQDs by reducing the energy difference
among low energy excited states which further enhances the
radiative transitions probability. The shift in the absorption
spectra of doped GQDs depends upon the hybridization of
outmost orbitals among edge heteroatom-doping and GQDs.*
Fig. 7a represents the UV spectra of four kinds of GQDs i.e.,
GQDs, S-GQDs, N-GQDs, as well as S, N-GQDs in which dual
absorption bands were mainly examined in the case of S, N-
GQDs, and N-GQDs. The absorption peak at 240-270 nm was
due to w — 7* transition of the sp> domain and the intense
peak at 350 nm was due to n — 7v* transition. The inset image
of Fig. 7a shows the picture of all GQDs under UV and visible
light irradiations in which all GQDs representing blue emis-
sion.” The quantum yield of GQDs efficiently improved by
doping of heteroatoms as shown in Fig. 7b. N-GQDs showed the
greatest value of quantum yield i.e., 78% in reference with R6G
whereas S, N-GQDs, S-GQDs, and undoped GQDs showed 32%,
28%, and 14%, respectively. The variation in the transition
energy levels by heteroatom doping in GQDs can be determined
by absorption spectra. Yang et al.”* compared the absorption
spectra of undoped GQDs (U-GQDs), N-GQDs, as well as B-
GQDs. They found that N-GQDs showed a blue shift due to
electron-rich enrichment in GQDs by an electron-rich nitrogen
atom, whereas B-GQDs showed a red-shift due to electron
deficiency in GQDs caused by electron-deficient boron atom.
They also found that the intensity of the band also decreases
mutually for N-GQDs and B-GQDs due to a decrease in the
delocalized electrons in the w-m* transitions in the core.
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Feng et al®® determined the effect of four heteroatoms
including B, N, P, and S along with 3 different patterns on GQDs
through time-dependent density functional theory (TD-DFT).
They investigated the UV-visible spectra and HOMO-LUMO
gaps for determining the relationships among the optical
properties and doping of heteroatom on GQDs. They found that
the heteroatoms make the formation of hybridization and
therefore, a greater orbital hybridization leads to a high
decrease in the HOMO-LUMO gap. In a comparison study, they
found that the absorption spectra of N and S doped GQDs
showed a minor hypsochromic shift, while B and P doped GQDs
showed a blue shift for edge-doped GQDs in the pentatomic
ring. Liu et al.*® observed the absorption spectra of N, P-GQDs in
which dual absorption peaks located at 275 nm and 350 nm
corresponds to w-m* transitions of aromatic w-domain in the
carbon core and the absorption peak at 350 nm corresponds to
n-7t* transition of C=0, C=P, and C=N bonds, respectively.

4.1.2 Photoluminescence (PL). The origin of PL is depend
on various models such as QCE, surface functional groups, zig—
zag edge states, the electronegativity of heteroatoms, and the
huge red-edge effect.'® GQDs with different emissive color were
synthesized by various methods till now, but their PL mecha-
nism is under debate. There are two main categories of emis-
sion, one is intrinsic recombination which is related to band-
gap (carbon-core) and the second one is extrinsic recombina-
tion which is related to the surface.” In the case of GQDs
consists of a smaller number of surface functional groups, the
bandgap of carbon core is the main dominating factor for the
origin of PL. The quantum confinement effect (QCE) occurs
when quantum dots have a smaller size than the exciton Bohr
radius.” Xie et al.”* found that the size of GQDs reduces with the
increase in hydrothermal temperature and the blue shift was
observed as their size decreases, which confirm that the PL
emission is dependent upon size. The optical properties get
changed with the variation in the energy levels by doping of
heteroatoms on GQDs.”” The doping of heteroatom in the
structure of GQDs modulates their electrical properties by
decreasing band gap and enhancing optical absorption.””
Therefore, it desires to study the emissive states present in
doped GQDs and the role of doped heteroatoms in the emissive
mechanism.”

The GQDs consist of different surface functional groups and
sp® & sp? carbon atoms which induce the surface state defects.
The PL intensity decreases or increases with the variation of pH
due to protonation and deprotonation. The reduction or
oxidation of functional groups like -COOH and -OH present on
the surface of GQDs put an impact on the PL intensity.”” This
confirm that the optical properties of the GQDs are dependent
upon the surface functional groups. The chemical modification
of GQDs with different functional groups results in surface
defects and put an impact on the PL intensity.”® Rajender et al.””
proved the PL emission of GQDs depends upon the surface
defects by measuring the PL intensity in various solvents with
different dielectric constants. They found that, the shift in the
PL emission of GQDs present in different solvents was due to
surface defects. The surface passivation with organic reagents
has some drawbacks, like cytotoxic whereas doping with metal
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atoms results in non-uniform doping due to larger size than C
atoms. Doping with non-metal atoms such N, S, P, B also
induces the surface defects with uniform doping and enhances
the fluorescence quantum yield of GQDs.”® Feng et al.*® found
that the heteroatom doping assists charge transfer to occur in
the excited state and diminish the electron and hole separation
in the graphene structure. They found that, the big atoms
incorporated on the basal plane show a crucial part in the
recombination of electron density distribution in heteroatom
doped GQDs by altering the geometry configuration. Also, the
large atoms enlarge the HOMO-LUMO gap by transforming the
sp® hybridized carbon atom to sp® hybridized. Various studies
have been reported for the N-GQDs in which fluorescence is
enhanced by doping of N atoms. The N atoms doped on the
GQDs act as electron-rich active sites and enhance the radiative
recombination and decrease non-radiative recombination.'®
Also the sensing activity of N-GQDs depends upon the coordi-
nation performance of graphitic N atoms.*> Wang et al.'’
observed that the emission wavelengths of GQDs (513.8 nm), N-
GQDs (443.6 nm), P-GQDs (526.8 nm), and B-GQDs (525.2 nm)
excited at 360 nm (Fig. 6d). In comparison with GQDs, N-GQDs
and S-GQDs show a blue shift in the emission wavelength
whereas P-GQDs and B-GQDs display a red shift in emission
wavelength. They found that the emission wavelength follows
the order i.e., B-GQDs > P-GQDs > GQDs > S-GQDs > N-GQDs.

In the case of some heteroatom doped GQDs, the synergistic
effect of both QCE and surface defects leads to the origin of PL.
Wang et al.>® prepared S, P-GQDs with large ratios of heteroatom
doping i.e., S (9.66 at%) and P (3.34 at%). They found that the S,
P-GQDs show high quantum yield as compared to monoatomic
doped GQDs. The electronegativity variance among P (2.19) and
S (2.58) result in the easy release of valence electrons of P as
compared to S and also the high electron density of oxygen on
GQDs enhances their synergistic effect. PL behavior of S, N-
GQDs depends upon both the carbon core and surface func-
tional groups.”™

The PL mechanism is also based on the free zig-zag sites.
Pan et al.® prepared GQDs by hydrothermal cutting of GO and
they obtained blue-emissive GQDs based on the free zig-zag
sites effect. Radovic et al.®* revealed that zig-zag edges act like
carbene sites (triplet state) and armchair sites act like carbyne
sites (singlet state), both result in the origin of PL in GQDs.
Lingam et al.*” studied the role of zig-zag edge sites in the origin
of PL of GQDs with an experimental prove. They compared the
PL results of GQDs, graphene nanoribbons (GNR), and carbon
nano-onions (CNOs) and observed that the CNOs did not show
any PL signal due to having a cage-like structure (no free edges).
They found that, the free zig-zag edges present in GQDs are
responsible for the PL emission. Yang et al.** found that the free
zig-zag sites of GQDs get protonated and showed less PL
emission due to breakage of the emissive triplet state. On the
other hand, the free zig-zag sites get restored in alkaline solu-
tion, result in PL recovery. Kumar et al.® prepared amino-
functionalized GQDs and found that the origin of PL emission
depends upon the zig-zag effect. The PL of GQDs is also pH-
dependent, such that on switching the pH between 1 and 12,
the PL properties vary significantly. This process of varying pH
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is highly ascribed to the protonation and deprotonation of the
free zig-zag or transmission sites of GQDs under alkaline and
acidic conditions, thereby affecting the PL wavelength.®>*¢

The excitation-dependent and excitation-independent PL
behavior of GQDs are still in debate. In the literature, different
mechanisms were reported for both excitation-dependent and
independent PL emission of GQDs. The excitation-dependent
PL emission can be tuned by varying its excitation wavelength
only and no need to modulate the structure of GQDs. Thus, this
can be useful in various applications. The deviation in the
energy band gap due to the size distribution of GQDs, result in
excitation-dependent PL emission correlated with the QCE. But,
excitation-independent PL emission was found in the case of
large size distributions of GQDs. This proves that, size is not
only the factor for the excitation-dependent PL emission.”
Among the different sizes, shapes, or surfaces of GQDs devel-
oped by different methods, some of them still have the same
excitation-dependent PL properties.*® The excitation-dependent
PL properties of GQDs are due to their different sizes, surface
defects, QCE, conjugated sp*> m-domains, and zig-zag edge
sites.®® Also, the functional groups present on the edges of
GQDs introduce many excited states which result in radiative
recombination of excited electrons and further lead to PL
emission at different wavelengths.*> The surface defects also
responsible for the excitation-dependent PL emission in GQDs.
But there is no united agreement for surface state defects on the
excitation-dependent PL emission due to having non-radiative
traps.®® Heteroatom doping of GQDs also affects the size and
surface functionalization of GQDs, which put an impact on its
PL properties. Masteri-Farahani et al.*° found that the change in
the size of S, N-GQDs leads to produce distinct sp” clusters, and
the electronic transitions from these sp> domains resulted in PL
emission shift. Also, the different functional groups present at
the edges of S, N-GQDs lead to a generation of emissive traps
between HOMO and LUMO levels due to which Stoke shift was
observed along with excitation.

In the excitation-independent, the sample shows the same
PL emission spectra at different excitation wavelengths. Wang
et al® determined that S, N-GQDs showed excitation-
independent PL and blue emission. They found that the
excitation-independent PL was due to the uniform particle size
of S, N-GQDs. Also, the doping of S eliminates the O-containing
groups and increases the N-containing groups from the surface
of GQDs via a cooperative effect that results in a new type of
surface defect state. Zhu et al.®> observed that the GQDs showed
excitation-independent PL behavior depends upon the surface
states. They observed from the TEM images that, the particle
size was not highly uniform. Thus, surface defects were more
dominant for the excitation-independent PL emission as
compared to the different particle sizes. Gu et al.®® prepared
GQDs exhibiting excitation-independent PL emission due to
more dominating surface state defects rather than size. The
surface states consist sp> carbon domain which is more
uniform. Dong et al.®* observed excitation-independent PL
emission of GQDs due to uniform distribution of both particle
size and the surface defects consists of sp”> domains. Zheng
et al.”® found that the N-GQDs were incorporated in the carbon
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framework having uniform size and result in excitation-
independent PL emission.

4.2. Electrochemiluminescence (ECL) properties

ECL is built on the emission of light which includes the electron
transfer reaction of high-energy species produced at electrodes,
which get transferred to an excited state and there will be redox
induced emission of light.* ECL consists of electrochemistry
with chemiluminescence and applied in various fields such as
environmental challenges, medical, pharmaceutical, etc.*
There is no need for any light sources in ECL, and also the time
& position of ECL emission is measured by varying an electrode
potential. This enhances the selectivity of ECL-based systems
which results in their great advantages in bioanalysis. There are
various materials used as ECL materials such as luminal®® and
ruthenium® compounds. But these materials have limitations
due to their toxic nature for organisms. In particular, hetero-
atom doped GQDs have been used as an effective luminescent
material in the ECL sensors due to their less cytotoxic nature
and exceptional biocompatibility as compared to traditional
ECL materials.*® The GQDs have both excellent electrochemical
properties as well as outstanding luminescence properties.*®
The minor graphene fragments in GQDs enhances transfer of
electron in all 3 spatial dimensions. Large surface area, great
charge transport, excellent mechanical flexible nature, and
good thermal stability are due to the QCE and edge effect of
GQDs that enhance its ECL properties. Heteroatom doping on
the GQDs enhances their optical and chemical properties. The
heteroatoms doped GQDs were used further as ECL emitters for
the determination of small biomolecules, proteins as well as
organic compounds. The pristine GQDs lacking passivation
showed low quantum yield and a large value of electro-oxidation
potential, resulting in its limited application for practical uses.
Therefore, heteroatom doping of GQDs can advance their ECL
properties by varying their charge density distribution and band
gap.’® For example, N doped GQDs enhance active sites on the
surface of GQDs that make them supreme luminescence
material and capable catalysts. These properties of N-GQDs
result in the preparation of highly efficient ECL sensors by
combining both luminescent and electrochemical methods.*®
Peng et al.*® determined that the P, S-GQDs having yellow-green
PL emission showed good ECL performance in the existence of
K,S,05. Zhang et al.** observed that the ECL N, S co-doped
GQDs in the existence of K,S,Sg which act as a co-reactant
showed ECL efficiency (32%) as compared to Ru(bpy)s;Cly/
K,S,05 and also 5.8 fold increased by a system with undoped
GQDs.

4.3. Electrochemical properties

GQDs have unique electrochemical properties which result in
a large number of electrochemical applications.” For example,
it was reported that B and N doped GQDs showed great specific
capacity in lithium and sodium ions batteries as compared to
undoped GQDs. This was due to the presence of electron-
deficient (B) and electron-rich (N) heteroatom as a dopant in
carbon lattice, which increases the absorption and storage
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capacity of Li ions.®* GQDs showed brilliant photophysical and
electrochemical properties to prepare cheap, less toxic, high
biocompatible sensors.'* The variation in the sizes of GQDs can
put a great impact on their electronic properties GQDs. The
heteroatom doping greatly enhances their electrochemical
activity by improving the surface area, surface defects, solu-
bility, and the number of active sites.'** Doping of GQDs with
heteroatoms can effectively tune its band gap due to which its
electrochemical properties get modulated.'” Nowadays,
heteroatom doped GQDs were considered as a novel electro-
catalyst in the electrochemical reaction. It was found by theo-
retical calculations that the synergistic coupling effects among
the heteroatoms changed the electronic structure of carbon.
This results in the activation of strong absorption or desorption
active sites present on the surface of GQDs for enhancing
electronic transport.’” Though, GQDs have not good conduc-
tivity. The electrical conductivity of GQDs enhances with the
heteroatom doping by tuning its intrinsic properties.***
Heteroatom doping improves the electronic performance of
GQDs by increasing the number of actives sites.’® N-Doped
GQDs enhanced the defects in the aromatic lattice structure
of GQDs. Heteroatom doped GQDs improved the electro-
chemical performance of hybrid materials. For example, N-
GQDs were acting as a reducing agent and also as a support
for the preparation of Au nanoparticles. In the Au NP@N-GQDs
hybrid, N-GQDs enhance the electrochemical activity of the
hybrid by providing a great specific surface area, and good
stability.'*® It was reported that the co-doped GQDs can also
successfully provide more active sites for electrocatalytic activity
as compared to single heteroatom doped GQDs. This was
because of the synergistic coupling effect among various
heteroatoms. The edge effect and B, N-doping of GQDs, and
great electrical conductivity of graphene in B, N-GQDs/graphene
hybrid leads to provide significant electrocatalytic activity.**”

5. Sensing application

Metal ions serve massive roles in various physiological and
pathological pathways.'®® For instance, Fe** plays a crucial role
such as enzymatic catalysis, cellular metabolism, nucleic acid
(DNA and RNA) synthesis owing to its incorporation in the
structure of proteins and enzymes.’* Similarly, Cu**, act as
a cofactor for many enzymes and play a critical role in physio-
logical functions. But the abnormal levels of these heavy metal
ions (Hg>", Ag*, Cu**, Fe*", and Pb**) in the body cause multiple
disorders and health issues.’® Besides these metal ions, small
organic molecules, proteins, and macromolecules also play very
important roles in the biological, medical, and environmental
systems."**** There are various insecticides or pesticides etc.
which affect the environment and their detection is needed."**
The excess or deficiency of these metal ions and biomolecules in
the body leads to anemia, cancer, limiting oxygen delivery to
cells, decreased immunity, organ dysfunction, and many
more."** This ultimately leads to significant demand for selec-
tive and efficient detection for early identification, quantifica-
tion as well as early diagnosis of these diseases.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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intensity and concentration of thiacloprid,*?* (c) PL responses of B doped GQDs with increase in the glucose concentration (1 to 200 mM) and
inset image shows increase in PL under UV lamp with increase in the glucose concentration from left to right (0, 2, 8, 20, and 50 mM),*® and (d)
standard plot between PL intensity and concentration of glucose in phosphate buffer of pH value of 7.4.5° Part (a), (b) are reproduced from ref. 123
with permission from [Elsevier], copyright [2018], and part (c), (d) are reproduced from ref. 50 with permission from [American Chemical Society],

copyright [2014].

Nanomaterials are acting as promising probes for environ-
mental safety.’*® The interactions among GQDs and specific
substances can originate diverse effects in the fluorescent
intensity of GQDs. Due to their intrinsic fluorescent properties,
the intensity of GQDs either gets reduced or enhanced."” Based
on this principle, a variety of sensors have been developed for
the determination of different metal ions, macromolecules (like
DNA, RNA, proteins), small organic molecules, insecticides, and
pesticides with good selectivity and sensitivity.’®® Nowadays,
GQDs-based sensors and biosensors are rapidly developed with
stable PL, unique ECL, and electrochemical properties that are
extremely sensitive for small perturbations."*® Therefore, GQDs-
based sensors can be utilized for the selective detection of metal
ions and biomolecules.'® The mechanism of these sensors is
mostly based on the occurrence of charge transfer between the
metal ion and GQDs due to shorter distance among them,
thereby resulted in the quenched or enhanced PL. The func-
tional groups present at the edge of GQDs enhance its water
solubility as well as provides the potential for functionalization
with many inorganic, organic, polymeric, and biomolecules.

25608 | RSC Adv, 2021, 11, 25586-25615

The ECL and electrochemical properties of GQDs are because of
the electron-donating and accepting tendency of the GQDs
owing to high surface area and large number of edge sites.*>'"®
These attractive properties of GQDs lead to enhance their
application in biosensing.

In recent years, the GQDs-based sensors have been exten-
sively used in the sensing probe for the efficient sensing of
metal ions and biomolecules as compared to other standard
methods. But the detection sensitivity decreases due to the poor
quantum yield of GQDs. Therefore, to improve the performance
of GQDs, they have been functionalized by surface modifica-
tions. And, this can be achieved by controllable oxidation
degree, surface functionalization, and heteroatom doping with
heteroatoms (N, S, P, and B) to enhance the quantum yield of
GQDs."” The doping and co-doping of GQDs generates addi-
tional coordination sites and provides more defects in the
structure of prepared GQDs which eventually improves the
physical and chemical properties, for example, chemical reac-
tivity, optical properties, and electronic framework of GQDs by
tuning their intrinsic properties.®>'** These heteroatom doped

© 2021 The Author(s). Published by the Royal Society of Chemistry
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GQDs based biosensors have thus provided a new platform for
early diagnosis of several diseases, improved biological agents,
bioenvironmental monitoring, and safety assessment. There-
fore, these GQDs become suitable probes for various sensing
applications. The distinctive and recently designed GQDs-based
biosensors are listed in Table 4.

25610 | RSC Adv, 2021, 11, 25586-25615

5.1. PL sensor

GQDs exhibit excellent luminescence properties such as good
photostability, high quantum yields, stable light-emitting, and
biocompatibility which are mainly due to the QCE and the edge
effect.”” The unique PL properties of GQDs make them capable
sensors for the detection of biologically related ions, proteins,
macromolecules, and metal ions based on PL turn-on/turn-off

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mechanisms.” GQDs have shown variation in PL because of
the changes in different parameters like concentration, size,
pH, solvent polarity, excitation wavelength, heteroatom doping,
surface functionalization, and many others. Selectivity is the
crucial parameter for sensing applications. Therefore, various
doped or functionalized GQDs-based PL probes were utilized
for the efficient sensing of metal ions, small organic molecules,
and biomaterials with ultra-selectivity and high sensitivity.
Based on PL properties, Liu et al.'* prepared a test-strip based
on fluorescence sensor by using MIP for thiacloprid sensing
(Fig. 8a). The established polydopamine (PDA) MIP can specif-
ically capture and selectively recognize the target thiacloprid.
The thiacloprid which gets captured by the system can increase
the PL intensity of N-GQDs effectively. A good relationship was
found between the PL intensity and the different concentrations
of thiacloprid (0.1-10 mg L") by N-GQDs/MIP sensor (Fig. 8b).
Most importantly, this sensor provided a rapid, portable, and
reliable analysis method for pesticide detection. Du et al*®
synthesized N-GQDs as the luminescent agent and GSH as the
masking agent to detect Hg”" in tap water. The addition of Hg>"
significantly reduced the PL intensity of N-GQDs, which was
attributed to coordination reaction inducing the aggregation of
N-GQDs. The prepared PL N-GQDs/GSH system showed high
selectivity and sensitivity for the detection of Hg”".

Zhang et al.*® have synthesized B-GQDs by using a hydro-
thermal approach for ultra-selective detection and sensing of
glucose. The PL intensity of B-GQDs solution increases in the
presence of different concentrations of glucose (1-200 mM)
(Fig. 8c). Fig. 8d represents the plot of the PL intensity of B-
GQDs with the different concentrations of glucose (1-200
mM) and the inset image reveals a linear curve for the deter-
mination of glucose (0.1-10 mM) with a limit of detection (LOD)
value ie., 0.03 mM. They observed the enhancement in the PL
intensity of B-GQDs due to limitations on the intermolecular
rotations started by unusual interactions of B-GQDs and
glucose. This was due to the reaction between the dual cis-diol
components present in glucose and dual boronic acid groups
located on the surface of B-GQDs. Therefore, B-doping on the
GQDs provides a novel type of surface state that gives rise to
a new PL enhancement mechanism after the interaction with
glucose.*

5.2. ECL sensors

ECL is a powerful combination of chemiluminescence and
electrochemistry which results in electrogenerated chem-
iluminescence. It is an effective and non-destructive sensing
method due to its high sensitivity, easy set-up, low background
signal, and label-free nature.”* ECL does not require any
external light sources and there is an alteration of the electro-
chemical energy into radiative energy by varying the potential at
the electrode surface, which shows the promise for the
construction of ECL biosensors.””**** These ECL biosensors
offers many applications in the field of food, water testing,
immunoassay, etc."** GQDs were used as sensing probe for the
determination of harmful metals or small molecules based on
their ECL activities as shown in Table 4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Zhang et al'*® fabricated Ru(pby);>@N-GQDs [(tris(2,2'-
bipyridyl)) ruthenium(u)@N doped GQDs] by electrostatic
interaction between Ru(pby),** and N-GQDs, which showed
excellent and stable ECL properties and acts as a PL sensing
probe for the selective determination of ethosuximide (ESM) as
shown in Fig. 9. The quantitative relationship among the
different concentrations of ESM and variation in the ECL
intensity was examined. This is used for reasonable detection in
blank plasma and urine samples. Thus, such an efficient and
simple MIP on Ru(pby);>*@N-GQDs system may be a good
model for the fabrication of drug sensors and has a potential
application to assay ESM in the biological samples. They found
that the ECL intensity was reduced in the presence of different
concentrations of ESM and ECL stability curve at each concen-
tration (Fig. 10a). Fig. 10b shows a good linear relationship
among Alc, (difference of the ECL intensity values in the
presence and absence of ESM) and logarithm concentration of
ESM with the detection range from 5.00 x 1077 to 1.00 x
10~* mol L™" (Fig. 10b). Peng et al.*® synthesized water-soluble
and uniform-size P, S-GQDs by electrolysis method and
demonstrated advancement in ECL properties. The ECL
immunosensor was designed for ultra-sensitive detection of
okadaic acid (OA) using carboxylated multiwall carbon nano-
tubes-poly(diallyldimethylammonium)  chloride-Au
cluster (CMCNT-PDDA-AuNCs) composite as a sensing probe to
immobilize OA and P, S-GQDs as effective ECL markers. The
design of as prepared immunosensor showed high conve-
nience, great sensitivity response, and minor matrix effect.
These effective properties of prepared ECL immunosensor used
for the OA sensing in mussel samples. Yang et al.'* fabricated
molybdenum disulfide (MoS,) GQDs hybrid composite
contributing excellent ECL performance. The MoS,-GQDs
hybrid composite was fabricated as MIP-ECL sensor for the
sensitive ~ and  selective  detection of  2-methyl-4-
chlorophenoxyacetic acid. The developed sensor showed great
sensitivity, high selectivity, and stability for the detection of
pesticides and veterinary drugs in food and environmental
safety. Chen et al'*® synthesized a single luminophor dual-
potential ECL system by using N-GQDs as a ratiometric sensor
for the efficient detection of Co>' ions. During the cyclic
potential scanning, the dissolved oxygen changes to O,  and
HO, ™ which get involved in the anodic and cathodic producing
process of N-GQDs. Co”" ion is used to play the catalytic activity
in the intermediate steps of anodic ECL reactions to amplify the
anodic intensity and decrease the cathodic ECL intensity due to
inhibition and quenching effects on the excited state of the
luminophor. The constructed ratiometric dual-potential ECL
system shows excellent selectivity against other common metal
ions. Utilizing the dual-potential ECL sensor makes the sensing
more credible in principle. There have been various sensors
developed based on ECL by using GQDs are reported in Table 4.

nano-

5.3. Electrochemical sensors

GQDs are extensively studied as a kind of electrochemical
sensor on account of their exceptional properties such as
chemical stability, edge effects, catalytic activity, and good
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electron mobility.”” The electrochemical sensor converts the
chemical reactions into electrical signals of the analytes which
occur onto the surface of the electrode, thereby providing its
surrounding information.”***** The electrochemical approaches
are less expensive, highly sensitive, simple operation, and easy
to handle, therefore attains extensive applications in the field of
medicines, sensing, environmental science/monitoring, and
food analysis.”® Hence, the electrochemical sensors have
gained great interest as compared to current existing sensors in
analytical chemistry. The widely used GQDs-based electro-
chemical sensors are mentioned in Table 4.

Zhang et al*** fabricated MIP/GQDs-Pt nanoparticles
(PtNPs)/glassy carbon electrode (GCE) sensing system via
a simple one-step electro-copolymerization method for highly
sensitive detection of trace amount of sulfadimidine (SM,) in
food. Using the dispersion-corrected (DFT-D) method,
a comprehensive computer simulation strategy was used to
combine molecular docking and the solvation effect in the
screening of bi-functional monomers for the rational design of
MIP materials. The sensor is better in terms of effective sensi-
tivity, specificity, stability, ease of operation, and cost. The one-
step electro-copolymerization process leads to a robust inte-
gration of MIP film with a transducer. Therefore, this method
simplifies the preparation of MIP material and lowers the cost.
The electro-copolymerization system also offers an important
reference for the electro-polymerization reactions and may be
extended to supercapacitors and fuel cells. Ibrahim et al.'®
prepared a triple interconnected structure of cadmium sulfide
(CdS) modified with Au/GQDs. The introduction of Au and
GQDs on the photocatalytic active center of CdS acts as a charge
separation mediator and photosensitizer, respectively, which
are favorable for charge separation and transportation and PEC
conversion. Fig. 11a showed the proposed mechanism of the
CdS/Au/GQDs sensor in which CdS/Au/GQDs photoelectrode
used for the detection of DA get oxidized to PDA which owns
a large number of benzoquinone (BQ) groups (electron-
acceptors). The photocurrent responses get reduced with the
addition of DA (Fig. 11b). Fig. 11c showed a calibration curve for
the sensing of DA with the detection ranging from 0.1 to 350 uM
and the value for LOD was 0.0078 uM. Fu et al.*** synthesized N-
GQDs, via an electrochemical method for the selective detection
of Fe*' ions. Therefore, the distinctive behavior of the
heteroatom-doped GQDs provides a novel research platform for
real-time applications in environmental safety and control.

6. Conclusion and future
perspectives

In this review, we have discussed the heteroatom doping (N, P,
S, B) of GQDs to advance the chemical, electronic, and optical
properties of GQDs. Heteroatom doping can be divided into
single heteroatom doping and co-doped heteroatom doping.
Both “top-down” and “bottom-up” approaches have been used
for developing single heteroatom and co-doped heteroatom
GQDs. Recently, the one-step method with a bottom-up
approach for the formation of heteroatom doped GQDs has

25612 | RSC Adv, 2021, 1, 25586-25615
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been followed in comparison with the multi-step method which
is a long and tedious procedure. It has been reported that the
heteroatom doping with larger atomic sizes such as N, S, or
smaller atomic sizes such as P, B relative to C exhibited
extraordinary properties. The size and surface morphology of
different heteroatom doped GQDs were measured by TEM. It
was determined that the heteroatom doped GQDs consists of
mainly (100) lattice planes that correspond to the graphitic
lattice plane. It was found that the heteroatom doped GQDs
showed crystalline nature, which was determined by HRTEM,
Raman spectroscopy, and XRD pattern. The interlayer spacing
changed with heteroatom doping as compared to the interlayer
spacing of graphite. The heteroatom doped GQDs have gained
improvement in their intrinsic properties like chemical activity,
electronic structure, band gap, and PL quantum yield. Hetero-
atom doping tune the energy band gap of GQDs which modifies
their absorption wavelength and PL emission wavelength. The
electronegativity difference of heteroatoms as compared to
carbon atoms play a great role in tuning its electronic structure.
Heteroatom doping of GQDs improves their optical, ECL, and
electrochemical properties that result in the development of
smart sensing probes for the sensing of different metal ions,
small organic molecules, macromolecules (like DNA, RNA,
proteins), insecticides, and pesticides.

Nowadays, heteroatom doping of GQDs has developed as an
appropriate approach for improving the properties of GQDs.
But heteroatom doped GQDs still have some limitations such as
they are mostly blue or green emissive under UV light irradia-
tion, decrease in the PL intensity when emission peak is shifted
towards higher wavelength and purification of GQDs. Also, the
synthesis of uniform-sized GQDs is still a challenge. Mostly the
reported methods give short scale-production of heteroatom
doped GQDs but there is a need to produce them on a large
scale. Further, the synthesis of heteroatom doped GQDs by
simple methods and efficient purification techniques with
different sizes is in great demand at the current time. The PL
mechanism of heteroatom doped GQDs is still in debate. So, the
theoretical calculations can provide an approach to understand
the exact PL mechanism. Heteroatom doped GQDs have been
used as various types of sensors such as PL, ECL, and electro-
chemical sensors based on different mechanisms. These
sensors showed many advantages over the traditional sensors.
But some of the sensors based on heteroatom GQDs showed
drawbacks, for example, long fabrication process, pH and
temperature dependent detection, long incubation time,
complex process, etc. The removal of these drawbacks has
become a future challenge. By eliminating these obstacles, the
heteroatom doped GQDs become more prominent in the
various fields.
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