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Abstract

We present a detailed investigation on the effect of functional group modulation at the edges of carbon
quantum dots (CQDs) on the fluorescence from the CQDs. The CQDs attached by N, S, and P elements are
synthesized via pyrolysis of a mixture of citric acid and NH3H2O, H2SO4, and H3PO4, respectively. Thus, part of
–COOH at the edges of CQDs can be converted into –C=O and functional groups such as –NH2, –SO2, –
HSO3, and –H2PO4 can connect to the carbon bonds. We find that the formation of the N/S/P-CQDs can
reduce the amount of –COOH that attaches to the edges of sp2-conjugated π-domains located at centers of
these CQDs. This effect can result in the reduction of the non-radiative recombination for electronic transition
in these CQDs. As a result, the quantum yield (QY) for fluorescence from the CQDs can be efficiently
enhanced. We demonstrate experimentally that the QYs for N/S/P-CQDs can reach up to 18.7%, 29.7%, and
10.3%, respectively, in comparison to 9% for these without functional group modulation. This work can
provide a practical experimental approach in improving the optical properties of fluorescent CQDs.
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Background
Carbon quantum dots (CQDs) are emerging nanomater-
ials [1] with superior fluorescent properties [2] and unique
chemical, electronic, and optical properties [3]. In contrast
to traditional dye molecules and semiconductor-based
quantum dots, the CQDs are not only with the good light
resistance and scintillation light bleaching resistance [4]
but also with important features such as low toxicity, bio-
compatibility, low cost, high photostability [5], etc. Hence,
the CQDs have been proposed as advanced electronic and
optoelectronic materials for application in the areas such
as optoelectronic devices [6], energy conversion [7],
photocatalysis [8], sensors [9], bio-imaging [10], cell
markers [11, 12], and drug delivery [13], to mention but a
few. In recent years, the investigation of CQDs has be-
come a hot and fast-growing field of research in scientific
and industry communities.

At present, the most popularly employed experi-
mental method for chemical synthesis of the CQDs is
via bottom-up approach which can be applied to
produce fluorescent CQDs simply, cheaply, and in
large-scale quantity. In this method, small molecules
of organic compounds or polymers are taken as
carbon sources and are dehydrated and carbonized to
realize the CQDs. During the preparation of the
CQDs, the surface and edge of the CQDs are often
attached by some chemical groups such as OH,
COOH, C=O, and so on. The presence of these
chemical groups can affect greatly the electronic and
optical properties of the CQDs. In particular, the
fluorescent characteristics of the CQDs depend sensi-
tively on the presence of these groups [14]. From a
viewpoint of physics, the chemical groups attached to
the surface and edge of the CQDs can induce new
kinds of surface and edge states into the CQD sys-
tems and, thus, can modify the electronic structure
and the corresponding electronic and optical transi-
tion channels in the CQDs. In this case, the photolu-
minescence (PL) from the CQDs can be achieved via

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

* Correspondence: zhangjin96@aliyun.com; wenxu_issp@aliyun.com
1School of Physics and Astronomy and Key Laboratory of Quantum
Information of Yunnan Province, Yunnan University, Kunming 650091,
People’s Republic of China
Full list of author information is available at the end of the article

Tang et al. Nanoscale Research Letters          (2019) 14:241 
https://doi.org/10.1186/s11671-019-3079-7

http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-019-3079-7&domain=pdf
http://orcid.org/0000-0001-9514-5891
http://creativecommons.org/licenses/by/4.0/
mailto:zhangjin96@aliyun.com
mailto:wenxu_issp@aliyun.com


electronic transition between edge states and carbon
states such as conjugate π states (or sp2 area). Thus,
the mechanism of the PL emission from CQDs is very
much akin to that for photo-induced light emission
from impurity states in a doped semiconductor [15]
in the following way: (i) the photons can be absorbed
via electronic transitions from lower and occupied
carbon electronic states to higher and empty states
under the action of optical pumping, (ii) the photo-
excited electrons can be relaxed into the electronic
states in the edge states via non-radiative electronic
transition events, and (iii) the PL emission can be
achieved via electronic transitions from edge states to
the lower carbon electronic states accompanied by
the emission of photons. Therefore, the edge elec-
tronic states play a role like radiative impurity states
in a semiconductor and the electrons can be com-
bined with the holes for the luminescence. Generally,
the sp2-conjugated π-domains are considered to be as
the inherent centers for PL emission [16] and the
aromatic sp2 carbon area of a CQD is surrounded by
sp3 carbon (C–OH) states. Hence, the recombination
of electron-hole pairs in the sp2 area and the elec-
tronic transitions among carbon and edge states can
promote the PL emission from CQDs [17, 18].
The fluorescent quantum yield (QY) is a key par-

ameter to measure the efficiency of photo-induced
light emission from a material or a device, which is
defined by the number of photons emitted relative to
the number of photons absorbed. In the early years
when the CQDs were discovered, the QY for chem-
ically prepared CQDs was quite low (even less than
2%) [1]. How to improve the fluorescent QY for
CQDs has been a central problem for fundamental
research and for material application. In general, the
QY for CQDs realized chemically via a bottom-up ap-
proach depends on the choice of the carbon source,
synthesis technique, and edge modulation. More spe-
cifically, the intensity and frequency of the PL emis-
sion from CQDs are the consequences of the sample
parameters of the CQDs, the presence of the func-
tional groups or edge states, the interaction between
electronic states in sp2-conjugated π-domains and in
chemical groups, and the properties of the fluoro-
phore in the CQDs [19]. In recent years, the fluores-
cent QY for CQDs has been largely improved [20].
Particularly, Lingam et al. examined the effect of the
edge states induced in the synthesis of CQDs on the
PL emission. They found that if the edges of the
CQDs are damaged, the PL emission drops sharply to
be even immeasurable [21]. A similar work by Kumar
et al. has also demonstrated that the presence of the
edge states is the key factor for PL from CQDs, and
the origin of tunable heterogeneous PL is amino-

functionalized for CQDs [22]. Tang et al. reported a
simple microwave-assisted hydrothermal synthesis of
the CQDs using glucose as the sole carbon source
[23]. By simply extending the reaction time from 1
min to 9 min, they could adjust the size of the CQDs
from 1.65 nm to 21 nm. Interestingly, they found that
the PL from the CQDs was independent upon the
size of the CQDs, where the CQDs with the sizes of
9.6 nm and 20 nm show roughly the same light ab-
sorption and emission behaviors. The results obtained
from further research work by Lin et al. also indicate
that the PL emission from CQDs depends weakly on
the effect of quantum confinement of the sp2-conju-
gated π-domains [24] and the presence of the surface
functional groups attached to the CQDs is the key
factor for PL emission. Dong et al. realized the blue
fluorescent CQDs with the disc-like nanosheets (the
size of 15 nm and the thickness of 0.5–2.0 nm) by
adjusting the degree of the carbonation of citric acid.
They found that the PL of CQDs is independent on
the excitation wavelength and the fluorescent QY can
be up to 9.0% [25]. It should be noted that according
to the relationship between the size of a CQD and
the wavelength of the PL emission for a bare CQD
[26], the CQDs with the size of about 2.25 nm can
emit the blue fluorescence, while the CQDs with the
size of 15 nm can only emit longer wavelength fluor-
escence. The strong blue PL emission from CQDs
with the size of 15 nm [25] suggests once more that
the presence of the edge states induced by chemical
groups attached to the CQDs is mainly responsible
for PL emission from CQDs. Therefore, the edge
functionality of the CQDs can affect not only the
fluorescence of CQDs, but also the physical and
chemical properties of the CQDs in general [19].
It should be noticed that at present, the frequency

of the fluorescent emission from CQDs cannot be
easily controlled and modified artificially. Further-
more, the corresponding fluorescent QY has not yet
reached the requirements for the application as prac-
tical devices. The results obtained from experimental
[27–29] and theoretical [30, 33] research have con-
firmed that the edge passivation can effectively im-
prove the electronic optical properties of CQDs.
Passivation agents are widely used to adjust the fluor-
escent properties of CQDs [21–23]. Jing Liu et al. de-
veloped a one-step preparation of nitrogen-doped and
surface-passivated carbon quantum dots [27]. They
found that the QY of CQDs without surface passiv-
ation is usually quite low (QY < 10%), passivated
CQDs show a QY of 37.4%. A similar work by Shen
et al. researched the PEG-passivated CQDs have a QY
of 28% [28], and Kwon et al. reported that hexadecyl
amine (HDA)-passivated one yields 19–35% [29].
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Dimos and co-workers also found that the edge pas-
sivation can effectively induce the electrons in the
conduction band and increase the surface energy of
the CQDs to prevent fluorescence decay or quenching
caused by the aggregation of CQDs [30]. Furthermore,
the fluorescent generation from CQDs fabricated via
chemical reaction or bottom-up approach is mainly
induced by the presence of the radiative functional
groups or fluorophore attached to the edge of the
CQDs [31]. Chemically, these functional groups can
be modified via putting the CQDs into different
chemical solutions. The fluorescence of these
chemically modified CQDs can be achieved via the
excitonic emission accompanied by electronic recom-
bination and separation of electron-hole pairs trapped
on the edge of CQDs [32]. Thus, the frequency of the
PL emission can be tuned via selecting different edge
groups to form required edge states.
The prime motivation of this study is to explore

how the fluorescent properties of the CQDs can be
modified in different chemical solutions for their pas-
sivation or edge functionality. Recently, we had pro-
duced CQDs from tofu wastewater without adding
any toxic substances and revealed the luminescence
mechanism [33]. We found that different colors of
the fluorescent emission from these CQDs can be
achieved via putting these dot materials in water or
in NaOH solution [33]. We had also fabricated the
CQDs from fresh lemon juice and applied them for
cellular imaging [34]. It was found that the presence
of oxygen-containing groups on the surface and edge
of the CQDs is mainly responsible for the fluores-
cence of the CQDs [34]. Our attention of the present
study is mainly focused on how to achieve an effect-
ive way in improving the quantum yield of fluores-
cence from CQDs.

Method
Synthesis of N-, S-, and P-CQDs
In this work, citric acid (C6H8O7, 99.5%), sodium hy-
droxide (NaOH, 96%), ammonia solution (NH3 H2O,
25–28%), sulfuric acid solution (H2SO4, 98%), phos-
phoric acid solution (H3PO4, 85%), and deionized water
were used to fabricate the CQDs and to modify the edge
states.
The B-CQDs were synthesized by pyrolysis of citric

acid as sole carbon source. The N/S/P-CQDs were fabri-
cated by pyrolysis of ammonia, sulfuric acid, and phos-
phoric acid together with citric acid, respectively. The
principle and the experimental processes for the
realization of the CQDs and corresponding N/S/P-CQDs
are shown in Fig. 1. Through the pyrolysis of the citric
acid, the B-CQDs can be fabricated via inter-molecular
dehydration, carbonization, and condensation reaction.

This approach can form (i) the aromatic structure
(namely the sp2 carbon states with C–C and C=C bonds)
with conjugate area as the core of the CQDs, (ii) the
edges of the CQDs attached by hydroxyl (OH) and
carboxyl (COOH/–O–C=O), and (iii) the sp3 carbon
(C–C–OH/–C–O) area which can be passivated in, e.g.,
NaOH solution. The N-CQDs can be achieved via
pyrolysis process of the mixed solution of citric acid
and NH3H2O. In such a case, the dehydrogenation
reaction among adjacent groups with carboxyl can
promote the formation of pyrrolic N in graphene
skeleton of the CQDs. The edges of the N-CQDs are
then attached with extra chemical groups such as –
C–N and –NH2 [35]. Similar to the realization of the
N-CQDs, S-CQDs, and P-CQDs can be fabricated via
the pyrolysis of the mixed solution of citric acid and
H2SO4 and H3PO4, respectively. The inter-molecular
dehydration, carbonization, and condensation reaction
can form graphene skeleton of the CQDs with the
connection to chemical groups such as –SO2, –HSO3,
and –H2PO4. Furthermore, S and P atoms are likely
to attach to the edge of sp2 carbon conjugate area to
form the edge defects. The material structures of N/
S/P-CQDs are shown in Fig. 1. In the present study,
N/S/P-CQDs are dispersed in NaOH solution at room
temperature to make them passivation. Thus, we can
convert part of the –COOH at the edge of the CQDs
into –COONa and reduce the amount of –COOH at
the edge of sp2-conjugated π-domains. Consequently,
the group modification at the edge of the CQDs can
be achieved.
More specifically, the fluorescent N/S/P-CQDs are

prepared in the following ways: (i) 2 g analytically pure
citric acid was added into 60 ml NH3H2O (pH = 7.5),
60 ml H2SO4 (pH = 3), and 60 ml H3PO4 (pH = 3), re-
spectively. (ii) We place the mixed solution onto the
heating platform for constant heating at 300 °C, where
the heating time is for 20–30 min. (iii) 50 ml sodium
hydroxide solution (NaOH) is added into the beaker
after the beaker cooling down naturally till room
temperature. (iv) The mixture is magnetically stirred
for 10 min and ultrasonically shocked for 10 min and
further centrifuged at a speed of 12,000 r/min for 10–
30 min. Then, the supernatant is taken, in which N/S/
P-CQDs modified by ammonia, sulfuric acid, and phos-
phoric acid solutions, respectively, and passivated by
groups such as –OH, –COOH, –C=O, –COONa, –
NH2, –SO2, –HSO3, and –H2PO4 can be obtained in
NaOH solutions. In the preparation of N/S/P-CQDs,
except that the N/S/P-CQDs were modified by
NH3H2O, H2SO4, and H3PO4, respectively, the other
experimental conditions were roughly the same. We
used the same amount of citric acid to dissolve into
NH3H2O, H2SO4, and H3PO4, respectively, for pyrolysis
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and then added the same amount and equal concentra-
tion of sodium hydroxide solution when the substances
in the beaker were almost dry. This can ensure that the
density of the CQDs in NaOH solution is almost the
same.

Measurements
In this work, the morphology and microstructure of the
CQDs were observed by using the transmission electron
microscopy (TEM, JEM 2100) at an accelerating voltage
of 300 kV. The X-ray photoelectron spectroscopy (XPS)
was applied to characterize the samples, by using
PHI5000 Versa Probe II photoelectron spectrometer
with Al Kα at 1486.6 eV. The ultraviolet-visible (UV-Vis)
absorption spectrum of the CQDs was measured by a
UV-Vis spectrophotometer (Specord200, Germany). The
PL emission from the CQDs was measured using a

standard PL system (IHR320, Jobin Yvon, USA) at room
temperature. The fluorescent QY of the CQDs is evalu-
ated on the base of the PL data.

Results and Discussions
The Characterization of Samples
The morphology and structures of as-synthesized
CQDs were investigated by TEM. Figure 2 shows the
TEM images (a) and the diameter distributions (b) of
S-CQDs. It can be clearly seen that the S-CQDs are
circular-like sheets and are dispersed uniformly in
NaOH solution. Through a statistical average of the
TEM images for the CQDs, we find that the size dis-
tribution of S-CQDs is mainly located in 3–8-nm
range and the average size of the CQDs is about 5.73
nm. These results are obtained by statistical analysis
of more than 300 CQD particles using the Image J

Fig. 1 Schematic synthesis processes of CQDs and corresponding N-, S-, and P-CQD structures
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software. The results shown in Fig. 2 c indicate that
these S-CQDs are highly crystallized with typical lat-
tice structure of carbon. The lattice fringes of the
CQDs are clear and the corresponding lattice spacing
is about 0.215 nm consistent with the (100) facet of
graphene [32].
In the present study, we apply the X-ray photoelec-

tron spectroscopy (XPS) for the measurement and
examination of the edge functional groups attached to
the CQDs. We use glass sheets as the substrates and
coat the samples on the glass sheets for the measure-
ments. In Fig. 3, we show the XPS spectra for N-, S-
and P-CQDs. As shown in Fig. 3 a, the full-scan XPS
spectrum for N-CQDs indicates that the atomic per-
centage of N1s is 9.6%. Figure 3 b and c indicate that
(i) the S- and P-CQDs show response peaks for S2s
(at 169 eV) and P2s (at 133 eV), respectively, in con-
trast to CQDs prepared without functional group
modification and (ii) the atomic percentages of S2s
for S-CQDs and of P2p for P-CQDs are 2.7% and
0.6%, respectively. The main reason for a lower con-
tent of P in P-CQDs than S content in S-CQDs is
that P has a relatively larger atomic radius (proton
number of nuclei is 15) than S has (proton number
of nuclei is 16). Thus, P atoms are relatively less
likely to be absorbed by the chemical bonds on the
surface of CQDs than S atoms are. In comparison
with Fig. 3 a and c for the XPS spectra for N- and P-
CQDs, Fig. 3 b shows that the percentage of C1s
atoms in S-CQDs is much higher (76.9%) and the
proportions of O1s atoms (20.2%) and impurity atoms
(S, Na) are very low. These results indicate that there

are fewer defects in the sp2 carbon area in S-CQDs.
Shown in Fig. 3 d are the high-resolution spectra of
C1s exhibits three typical peaks, respectively, at 284.8
eV, 286.6 eV, and 288.5 eV for N-CQDs, which indi-
cate that the sp2 carbon (C–C/C=C) area has a good
lattice structure [14, 25, 36]. Furthermore, sp3 carbon
(C–O/C–N, 286.4 eV) and carboxyl (O–C=O/COOH,
288.1 eV) have similar binding energy [33], suggesting
that there are similar amounts of hydroxyl (C–O/C–
OH) and carboxyl (O–C=O/COOH) around the sp2

carbon area. The corresponding high-resolution spec-
tra of C1s for S- and P-CQDs are shown in Fig. 3 e
and f. As shown in Fig. 3 e, the peak of sp3 carbon
(C–O) is very strong and the peak of hydroxyl (O–
C=O/COOH) is weak for S-CQDs, indicating that the
amount of hydroxyl (C–O/C–OH) are much higher
than carboxyl (O–C=O/COOH) around the sp2 car-
bon area for S-CQDs. In addition, Fig. 3 h indicate
that the amount of hydroxyl (C–O/C–OH) is less
than carboxyl (O–C=O/COOH) around the sp2 car-
bon area for P-CQDs. Comparing with Fig. 3 d, e,
and f, we find that the peak of hydroxyls (C–O/C–
OH) is the strongest one while the peak of hydroxyls
(O–C=O/COOH) is the weakest one for S-CQDs.
When the amount of hydroxyl groups is increased,
the amount of carboxyl groups is reduced, and vice
versa, when the amount of carboxyl groups is
increased, the amount of hydroxyl groups is
decreased.
In Fig. 3 g, the high-resolution spectra of N1s show

four peaks related to pyridinic nitrogen (pyridinic N,
396.9 eV), pyrrolic nitrogen (pyrrolic N, 397.6 eV),

Fig. 2 TEM images of S-CQDs in NaOH (pH = 12) solution in a and their lattice fringes in c. The diameter distribution of the S-CQDs is shown in b
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graphite nitrogen (N–C3, 398.5 eV, located in the center
of sp2 carbon) and the amide group (C–NH2, 399.9 eV,
located at the edge of sp2 carbon), respectively [22, 37–
39]. These results verify the material structure of N-
CQDs shown in Fig. 1. In N-CQDs, the fluorophores
are formed by the hybridization of edge functional
groups such as C–OH and C–NH2 with sp2-conjugated
π-domains [40], which can play a role in enhancing the
fluorescence of N-CQDs. The high-resolution spectrum
of S2s and P2p corresponding to XPS results for S- and
P-CQDs are shown in Fig. 3 h and i, it implies that the
edges of S-CQDs and P-CQDs are attached by some
chemical bonds such as C–S–C (164.8 eV) [41], C–SOX

(X = 2, 3, 4, 165.1 eV) [42], P–C (135.0 eV) [43], and P–
O (132.7 eV) [44]. Thus, the chemical bonds such as
C–SO2, –HSO3, C–P–C, –H2PO4, etc. can be formed
at the edges of the S- and P-CQDs, as shown in Fig. 1.
Fig. 4 shows the absorption and emission spectra mea-

sured from the B- and N/S/P-CQDs in NaOH solutions.
Shown in Fig. 4 a are the UV-Vis absorption spectra of
B/N/S/P-CQDs. The absorption spectrum of B-CQDs
exhibits UV absorption peaks at 278 nm, while UV-Vis
absorption spectrum of N-, S-, and P-CQDs depicts two
clear absorption bands. The absorption peak at 253 nm
is attributed to π–π* transition of aromatic C=C bond
and the shoulder at 302 nm corresponds to n–π*

Fig. 3 The full-scan XPS spectra in a/b/c and the high-resolution spectra of C1s in d/e/f and N1 s/S2p/P2p in g/h/i for, respectively,
the N/S/P-CQDs
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transition of C=O bond [40]. The C=C bonds come from
sp2-conjugated domains in the cores of N/S/P-CQDs, while
C=O bonds originate from the numerous electron-
withdrawing oxygen-containing groups such as carboxyl

and carbonyl groups existing at the edge sites of N/S/P-
CQDs. The two absorption peaks reveal the existence of
sp2-conjugated structures and oxygen-containing functional
groups (C=O and O–C=O/COOH) in N-, S-, and P-CQDs.

Fig. 4 The spectra of UV-Vis absorption by B- and N/S/P-CQDs in a. The PL spectra of b B-CQDs, c N-CQDs, d S-CQDs, and e P-CQDs with
different excitation wavelengths as indicated. These results are obtained at room temperature
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Figure 4 b–e show the PL spectra of B- and N/S/P-
CQDs. As we can see, the strong PL emission can be ob-
served in these CQDs. We find that the intensity of the
PL emission first increases then decreases with increas-
ing excitation wavelength. This effect has been found in
most nano-structured materials (see, e.g., Ref. [45]). As
has been pointed out by Ref. [38], the dependence of
the intensity of the PL emission upon excitation for
CQDs is mainly originated due to heterogeneous sur-
face states and the sizes and electronic properties of
the heteroatoms. For the case of the CQDs with sur-
face group modulation, the presence of the surface
states can alter the band gap and radiative energy
states of the CQDs. Under relatively shorter wave-
length excitation, the electrons are pumped into
higher energy states in conduction band further away
from radiative electronic states induced by the surface
modulation. Thus, the possibility for photon emission
from CQDs is reduced by shorter wavelength excita-
tion. Namely, the intensity of the PL emission
increases with excitation wavelength in a shorter
wavelength regime. In a relatively long wavelength re-
gime, longer wavelength excitation implies that rela-
tively less electrons can be pumped into the
conduction band in CQDs. As a result, the intensity
of the PL emission decreases with increasing excita-
tion wavelength in a long excitation wavelength re-
gime. Furthermore, the PL emissions of N/S/P-CQDs
consist of two overlapping spectral bands [25]. The
double PL peaks can be measured respectively at
about 455 nm and 473 nm via 410-nm wavelength ex-
citation. This is a consequence of the PL emissions
from N/S/P-CQDs modified by different functional
groups to affect the radiative recombination of
electron-hole (e-h) pairs formed by sp2-conjugated π-
domains and edge state groups [32, 40]. The possible
mechanism proposed here is that (i) the photo-
excitation of electrons in N/S/P-CQDs is achieved via
π–π* transitions from sp2-conjugated π-domains to
n–π* transitions, (ii) the electrons are relaxed from
n–π* states to C=O energy levels via non-radiative
transition channels, and (iii) the radiative recombin-
ation for holes in discrete sp2-related states and elec-
trons in edge states can be induced by abundant
functional groups [46].
In Fig. 4 b–e, under the same experimental conditions,

we find that the fluorescence intensity of N/P/S-CQDs
were significantly higher than that of B-CQDs. The in-
tensity of PL emission from S-CQDs is the strongest,
followed by N-CQDs, and the PL emission from P-
CQDs is the weakest. This finding corresponds to the re-
sults shown in high-resolution spectra of C1s for N/S/P-
CQDs (see Fig. 3d, e, f ). The intensity of PL emission in-
creases with increasing the peak height of C–O (C–OH)

and with decreasing the peak height of O–C=O
(COOH). Therefore, it is reasonable to believe that N/S/
P-CQDs with various edge groups, such as C–OH,
COOH, C=O, and C–H, can induce different kinds of
edge states and influence the intensity of its photolumi-
nescence. Most interestingly, we find that the peak posi-
tions for PL emission from N/S/P-CQDs depend on the
excitation wavelength, which implies that the radiative
electronic states induced by functional groups attached
to the edges of the CQDs are quite stable.
As mentioned above, sp2 carbon area of S-CQDs has

fewer defects so that the inherent light emission from S-
CQDs is the strongest, compared with N- and P-CQDs.
After using the formula for evaluating the fluorescent
quantum yield [33], we obtain that the QYs for N/S/P-
CQDs are 18.7%, 29.7%, and 10.3%, respectively. Thus,
the largest QY can be achieved for S-CQDs, followed by
N- and P-CQDs. As we know, the QY of CQDs is a con-
sequence of competing process between radiative elec-
tronic transition and non-radiative traps [32]. The
hydroxyl (C–O/C–OH) at the edges of the CQDs can be
hybridized synergistically with electronic states in sp2-
conjugated π-domains to form the fluorophores, while
those carboxyl (–COOH) can play a role like non-
radiative recombination center at the edge of the CQDs
[40]. Therefore, the QY of CQDs is affected by the C–
O/C–OH and O–C=O/COOH groups. Moreover, we
find that using sulfuric acid for modification of the func-
tional groups at the edge of S-CQDs can affect signifi-
cantly the enhancement of PL emission from S-CQDs,
compared with N- and P-CQDs. The QY of 29.7% for S-
CQDs, realized in this study, is larger than 18.7% for N-
CQDs, 10.3% for P-CQDs, and 9% for CQDs [23] pre-
pared without ammonia, sulfuric acid, or phosphoric
acid.
In this work, the N/S/P-CQDs are synthesized by pyr-

olysis of these mixtures of citric acid and NH3H2O,
H2SO4, and H3PO4, subsequently dispersed in the
NaOH solutions. It can promote inter-molecular dehy-
dration, carbonization, and condensation reaction for
citric acid. Carboxyl (–COOH) at the edges of the CQDs
can be converted into carbonyl (–C=O) [19], and the
edges of N/S/P-CQDs can be attached by chemical
groups such as –OH, –COOH, –C=O, –NH2, –SO2, –
HSO3, and –H2PO4. Therefore, the formation of the N/
S/P-CQDs can reduce the amount of –COOH attached
to the edges of sp2-conjugated π-domains and can result
in the reduction of non-radiative recombination [47].
Consequently, the fluorescent QY of CQDs can be effi-
ciently enhanced.

Conclusions
In this study, we have developed an effective experimen-
tal method to enhance the fluorescent quantum yield of
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CQDs. N/S/P-CQDs have been synthesized by pyrolysis
citric acid and using, respectively, ammonia, sulfuric
acid, and phosphoric acid for edge group modifications.
The results have shown that the presence of the edge
functional groups can play a significant role in generat-
ing and enhancing the fluorescence from these CQDs.
Especially, the hydroxyl (C–O/C–OH) groups at the
edges of sp2-conjugated π-domains can affect signifi-
cantly the fluorescent quantum yields of the CQDs.
Nevertheless, the attachment of carboxyl (O–C=O/–
COOH) groups to the edges of sp2-conjugated π-do-
mains leads mainly to non-radiative recombination cen-
ters, which can weaken the PL emission from the CQDs.
In the present study, the QYs for N/S/P-CQDs can reach
up to 18.7%, 29.7%, and 10.3%, respectively. These values
are much higher than that of 9% for CQDs prepared
without functional group modification. The most im-
portant conclusion we draw from this study is that the
group modification at the edges of the CQDs by sulfuric
acid can affect strongly the fluorescence emission and
QY of the CQDs.
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