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Graphene quantum dots (GQDs), as one of the most promising luminescent nanomaterials, have been

receiving increasing attention in various applications. However, it is still a challenge to improve their che-

miluminescence (CL) quantum efficiency. Herein, the CL emissions of nitrogen- and sulfur-doped GQDs

(NS-GQDs), nitrogen-doped GQDs (N-GQDs) and undoped GQDs synthesized through one-pot high-

temperature pyrolysis are investigated in their chemical reactions with bis(2-carbopentyloxy-3,5,6-tri-

chlorophenyl) oxalate (CPPO) and hydrogen peroxide (H2O2). A bright blue emission, and yellowish green

and yellowish white light from NS-GQDs, N-GQDs and GQDs can be observed, respectively, in the

mixture solutions with CPPO and H2O2. For the first time, spooling CL spectroscopy was used to investi-

gate the CL reaction mechanisms, illuminant decays and the absolute CL efficiencies of these three GQD

systems. Compared with the same system of undoped GQDs, it has been found that the NS-GQDs not

only present slower illuminant decay, but also display an absolute CL quantum efficiency of 0.01%, 5-fold

enhancement, due to the increase in N and S doping for a well-defined band gap energy. Moreover, three

peak wavelengths attributed to intrinsic emission at 425 nm, aggregation-induced emission (AIE) at

575 nm and S-doped emissive surface states at 820 nm are observed for the first time in the NS-GQD

system. The CL spectrum of N-GQDs displays two emission peaks at 395 and 575 nm attributed to intrin-

sic emission and AIE, whereas the CL spectrum of undoped GQDs demonstrates 500 nm and 600 nm

peak wavelengths attributed to core emission and AIE. Absolute CL quantum efficiencies from these

emissions at these various peaks can be determined quantitatively. This study provides guidance on

tuning the surface states of GQD for more conducive injection of electrons and holes, facilitating the pro-

duction of CL emission, which is beneficial for promoting the development of optical, bioassay and

energy conversion applications.

1 Introduction

Carbon quantum dots (CQDs), as a small carbon nanoparticle
with size less than 10 nm in diameter, have attracted much
attention over the last few decades due to their luminescence
properties and nanoscale size.1–4 Graphene quantum dots
(GQDs), as a subset of CQDs, are generally derived from gra-
phene oxide or graphene and exhibit chemical and physical

properties similar to those of graphene.5–10 GQD synthesis can
be easily achieved through a top-down or bottom-up approach
from various precursors.6–8,11 Because of their fascinating
chemical properties, excellent optical features, attractive cata-
lytic performance, good water dispersity and chemical stabi-
lity, GQDs exhibit great potential in application fields such as
catalysis,12,13 energy,14 sensing15 and biomedicine.16 The
unique optical properties of GQDs are related to their shell–
core composition, which can be optimized by modifying the
functional groups located at the edge.14 Various luminescence
mechanisms of GQDs, including fluorescence and phosphor-
escence, have been proposed and provide great opportunities
in wide applications.3 Moreover, to explore the electrochemi-
luminescence (ECL) mechanisms of the GQDs, our group syn-
thesized different GQDs, including near-infrared (NIR)-emit-
ting GQDs, to investigate the ECL performance.7,8

Chemiluminescence (CL) is a light-emitting phenomenon
produced by chemical reactions17–19 and has been widely used
in cold light sources, biological analysis, chemical detection
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and so on.20,21 The CL reaction of GQD originates from the
clear energy separations of the surface states. Hence, the
energy gaps between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO)
levels in the surface states of GQD are more conducive to the
injection of electrons and holes, facilitating the production of
CL emissions.22 It is well known that the energy gap of the
surface states correlates with the size of GQD, the extent of the
π-electron system and surface chemistry.23 Generally, higher
surface oxidation of the GQD causes more surface defects and
reduces the energy levels. For example, the C–OH and C–O–C
groups on the surface of GQD can often introduce some new
energy gaps between n–π* gaps, resulting in lower excitation
energies for surface state transitions than those for the orig-
inal n–π* transitions.24 Moreover, Kang et al. have also proved
that the doping of N- and/or S-made CQDs has a lower band
gap energy than that of CQDs.25 Prato et al. have summarized
the synthesis conditions regulating the degree of carbonization
and graphitization (or the final structure) for bottom-up syn-
thesized carbonaceous nanoparticles.26

Energy transfer CL or CL resonance energy transfer (CRET)
has been rapidly developed in the CL-based excitation of
fluorophores, such as 1,2-dioxetane-based CL reactions,27,28

which can greatly improve the efficiency of CL and is also a
major breakthrough in the field of CL research.27 In the peroxy-
oxalate-based CL (PO-CL) reactions, QDs can achieve intensi-
fied and prolonged luminescence processes more than tra-
ditional fluorophores when they undergo the CRET reaction.29

Shan’s group established temperature-dependent CL imaging
based on the temperature-dependent CL emission of carbon
nanodots in the chemical reaction of hydrogen peroxide
(H2O2) and bis(2,4,5-trichloro-6-carbopentoxyphenyl) oxalate
(CPPO).21 Chen et al. proved that a system composed of bis
(2,4,6-trichlorophenyl) oxalate (TCPO), fluorescein and H2O2

can enhance the CL of graphene oxide QDs (GOQDs).30

However, studies of N and S doping effects on GQD PO-CL
have not been reported to date.

Therefore, this work aims to study the PO-CL reactions of
nitrogen- and sulfur-doped GQDs (NS-GQDs), nitrogen-doped
GQDs (N-GQDs) and undoped GQDs, and determine their
corresponding absolute CL efficiencies (Scheme 1). With the
naked eye, it can be clearly seen that NS-GQD, N-GQD and
GQD exhibit blue, green and yellowish white CL emissions,
respectively, in a solution mixture containing CPPO, H2O2 and
sodium salicylate. For the first time, the spooling CL spec-
troscopy was utilized to study the CL mechanisms, illuminant
decay and the absolute CL efficiencies of these three NS-GQD,
N-GQD and GQD systems. With NS-GQDs as the CL emitter,
the CL spectrum presents three peak wavelengths attributed to
intrinsic emission, aggregation-induced emission (AIE) greatly
discovered and introduced by Tang et al. for various molecules
and materials31–33 and S-doped emissive surface states.
Compared with the N-GQD and undoped GQD systems, the
NS-GQD system displays a slower illuminant decay and a
higher CL efficiency due to the N and S doping, leading to a
large degree of property alternation.

2 Experimental section
2.1 Materials and reagents

Sodium salicylate (≥99.5%), bis(2-carbopentyloxy-3,5,6-tri-
chlorophenyl) oxalate (CPPO, ≥96.5%) and ethyl acetate
(≥99.5%) were purchased from Sigma-Aldrich Canada and
used as received. Acetonitrile (≥99.5%) and hydrogen peroxide
(H2O2, 30%) were provided by Thermo Fisher Scientific
(Canada) and used as received.

2.2 CL spectroscopy

All measurements were conducted inside a cylindrical glass
tube. The CL spectra of GQDs were collected using a 6 inch
integrating sphere (Labsphere, North Sutton, NH, USA) and a
set of a charge-coupled device (CCD) camera (iDUS401a-
BR-DD, Andor Technologies, Belfast, UK) cooled at −65 °C and
a spectrograph (Acton SP2300i, Teledyne Princeton
Instruments – Massachusetts, USA), as shown in Scheme 1.
Light emissions were collected completely by the integrating
sphere diffusing homogeneously and sending a certain
amount of light to the spectrograph through an optical fibre.
Light collection is not dependent on the CL cell geometry, as
long as it is in the integrating sphere. Calibration of the spec-
troscopy wavelength on the set of the spectrograph and the
CCD camera was performed using a mercury–argon source
(model HG-1, Ocean Insight, Orlando, FL, USA).34 All accumu-
lation emission spectra reported in this work have been base-
line-corrected by numerical subtraction of an identical dur-
ation background scan, and intensity normalized to allow for a
meaningful comparison. The spectrograph and CCD camera
set were calibrated using an Ocean Insight USB2000+ spectro-
meter with a calibration lamp (LS-1-CAL-int) along with the
integrating sphere. In total, five calibration points were col-
lected by varying the running time of the lamp with 1, 2, 3, 4

Scheme 1 Schematic overview of the CL instrumentation and CL gene-
ration of GQDs.
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and 5 s, respectively. These measurements were then repeated
on the spectrograph–CCD camera set to correlate to the optical
power readings. An optical density filter was used to reduce
the radiant power of the standard lamp to a scale appropriate
for the calibration procedures. The measured CL spectra were
interpolated to derive 2048 wavelength pixels with an interval
value of 0.38 nm in a wavelength range between 341.21 and
1029.64 nm and ultimately converted from counts to power
values in μW nm−1, which were further converted to numbers
of photons. The total photons were obtained by integration of
the light quanta–wavelength curves with the assistance of
custom programs in MATLAB software (version 2021b,
MathWorks Inc., Natick, MA, USA) developed in our group,
similar to those for determining absolute electrochemilumine-
scence efficiencies.8,35,36

2.3 Synthesis and characterization of the GQDs, N-GQDs and
NS-GQDs

Undoped GQDs, N-GQDs and NS-GQDs were synthesized via a
one-pot high-temperature pyrolysis method.7 Typically, 2.0 g of
citric acid without or with 0.6 g of L-cysteine was first mixed in
a 50 mL round-bottom flask and then heated at 240 °C using a
heating mantle. The mixture fully liquidated in about 2 min.
Subsequently, the liquid color changed from colorless to pale
yellow and finally to orange in about 4 min. The obtained
liquid was then dissolved in 20 mL of ultrapure water. The
resulting orange solution was further dialyzed for 8 h using a
dialysis bag with a molecular weight cutoff (MWCO) of 1000
Da against ultrapure water for purification. Finally, the
product in the dialysis bag was dried through a freeze dryer. In
addition, 2.0 g of citric acid with 0.6 g of L-alanine was used to
synthesize the N-GQDs through the abovementioned steps.
The undoped GQDs were prepared using 2.0 g of citric acid as
the pyrolysis precursor.

3 Results and discussion
3.1 CL observations of NS-GQDs, N-GQDs and GQDs

In this work, NS-GQDs, N-GQDs and GQDs were easily syn-
thesized via a one-pot high-temperature pyrolysis method and
were characterized as we reported elsewhere.7 The PL quantum
yields of NS-GQDs, N-GQDs and GQDs were determined to be
46.8%, 2.3% and 0.5%, respectively. Fig. 1 demonstrates that
CL emissions can be observed in a dark room from NS-GQDs,
N-GQDs and GQDs in a concentration of 3 mg mL−1 in the
presence of 20 mg mL−1 CPPO, 15% H2O2 and 1 mg mL−1

sodium salicylate as the base catalyst. A blue glow emission of
NS-GQDs, a yellowish green emission of N-GQDs and a yellow-
ish white light of GQDs were observed by the naked eye,
respectively, which lasted up to 50 s. The reaction mechanism
of the GQDs chemiexcited by CPPO and hydrogen peroxide is
shown in the inset of Scheme 1 and detailed in Fig. S1.‡ In the
chemical reactions as illustrated in Scheme 1, CPPO reacts
with H2O2 in the presence of sodium salicylate acting as a base
catalyst and produces oxalyl chloride. The oxalyl chloride as an

unstable intermediate is quickly converted into 1,2-dioxetane-
dione, another high-energy intermediate, which subsequently
decomposes into two CO2 molecules and releases high energy.
Finally, the three types of GQDs absorb the released energy
and then generate CL emissions.37 These CL emissions are
very fast and obvious luminous phenomena can be seen with
the naked eye. It has been hypothesized that the differences in
light emissions among NS-GQDs, N-GQDs and GQDs mainly
result from the combining effects of intrinsic blue emissions
from the dots, graphene aggregation-induced emission (AIE)32

and surface state green/red emissions with sulfur functional
groups and surface energy traps.7,24,38

3.2 CL spectroscopy of NS-GQDs, N-GQDs and GQDs

Next, the CL mechanisms and the associated efficiencies of
the NS-GQD, N-GQD and GQD systems were further explored
by CL spectroscopy. Scheme 1 displays the instrumentation
required to perform the CL spectroscopic measurements. The
CL spectrum was acquired by the set of an Acton SP2300i spec-
trograph and an Andor CCD camera along with a 6-inch inte-
grating sphere. The cylindrical glass tube CL cell was placed
inside the integrating sphere so that the total CL emission was
dispersed homogeneously and collected proportionally
through an optical fibre connecting the sphere port and the
spectrograph (Scheme 1). Spooling CL spectroscopy, which
takes CL spectra at a certain accumulated time interval during
the emission process, involving the real-time monitoring of
CL, was developed and employed for the first time to reveal
the kinetics of the CL reactions, which is similar to that of
spooling ECL spectroscopy.34 Fig. 2 shows the spooling CL
spectra of the NS-GQD system at a time interval of 5 s with a
concentration of 0.2 mg mL−1 in the presence of 0.17% H2O2,
3.7 mg mL−1 CPPO and 2.0 mg mL−1 sodium salicylate in an
80% ethyl acetate and 20% acetonitrile solution. Three emis-
sion peaks can be observed at 425 nm, 575 nm and 820 nm.
The predominant emission band centered at around 425 nm
matches the PL emission of NS-GQDs centered at 430 nm
(blue photoluminescence) when excited at 350 nm (Fig. S2‡).
This intrinsic emission is our novel discovery, which has not
been observed in the ECL of the same quantum dots.7

Fig. 1 Digital photographs of the NS-GQDs (A), N-GQDs (B) and GQDs
(C) CL reactions. Reaction conditions: 3 mg mL−1 of each GQDs, 20 mg
mL−1 CPPO, 15% H2O2 and 1 mg mL−1 sodium salicylate.
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Furthermore, the peak at 820 nm in Fig. S2‡ originates from
the S-related surface states and is responsible for a long-wave-
length CL emission in the near-infrared (NIR) region similar to
the ECL emission of our N-, S-doped GQDs prepared with a
hydrothermal method.8 It is very interesting to note that the
other CL emission peaks at 575 nm of the NS-GQDs are more
significant than those of the ECL as we have reported else-
where,7 which are 145 nm red-shifted from the PL maximum
at 430 nm. This can be attributed to the AIE of the graphene
dots due to the utilization of a more hydrophobic solvent than
water, in which the hydrophilic GQD aggregation degree is
augmented.32,33 The enhancement at 575 nm might shield the
emission at around 650 nm due to the N-doped surface state
emission observed in ECL in an aqueous medium,8 as demon-
strated in Fig. 3.

Fig. 3 and 4 display the spooling CL spectra of the N-GQD
and undoped GQD system under the same reaction conditions
as the NS-GQDs in the 80% ethyl acetate and 20% acetonitrile
solvent mixture. It can be observed that the CL emission inten-
sities of N-GQDs and undoped GQDs are relatively lower than
that of NS-GQDs. As shown in Fig. 3, the CL spectra of N-GQDs
display two emission peaks at 395 and 575 nm and this is why
its photograph shown in Fig. 1B presents a yellowish green
color. The emission maxima at 575 nm support its assignment
as graphene aggregation-induced emission, which has a
similar 130 nm red-shift to that at 395 nm attributed to the
core band gap transition and a PL maximum at 425 nm
(Fig. S3‡). There is a tiny shoulder around 790 nm, being
attributed to the surface state emission. From Fig. 4, the CL
spectra of GQDs also show an intensive emission covering a
broad wavelength range between 350 and 800 nm and this is
why its photograph shown in Fig. 1C shows a yellowish white

color. The wavelength maxima at 500 nm and 600 nm support
their assignment as their core emission and graphene aggrega-
tion-induced emission, which correlate to the PL maximum at
478 nm (Fig. S4‡) and the proposed AIE. No appreciable
shoulder can be observed around 800 nm for the surface state
emission.

It has been widely accepted that the PL mainly occurs
through excitation and emission within the QD core band
structure, though the electron and hole wave functions can
interact strongly with the QD surface. In contrast, ECL usually
depends on surface chemistry and the presence of surface

Fig. 2 Spooling CL spectra acquired at a time interval of 5 s in the pres-
ence of NS-GQD, CPPO and H2O2. Inset shows the 2D view of stacked
spooling CL spectra demonstrating consistent shapes and peak wave-
lengths. Reaction conditions: adding 200 μL of 1% H2O2 in acetonitrile
to 1 mL of an 80% ethyl acetate, 20% acetonitrile solution containing
0.2 mg mL−1 NS-GQDs, 3.7 mg mL−1 CPPO and 2 mg mL−1 sodium
salicylate.

Fig. 3 Spooling CL spectra acquired at a time interval of 5 s in the pres-
ence of N-GQD, CPPO and H2O2. Insets show the 2D view of spooling
CL spectra demonstrating constant shapes and peak wavelengths.
Reaction conditions: adding 200 μL of 1% H2O2 in acetonitrile to 1 mL of
an 80% ethyl acetate, 20% acetonitrile solution containing 0.2 mg mL−1

N-GQD, 3.7 mg mL−1 CPPO and 2 mg mL−1 sodium salicylate.

Fig. 4 Spooling CL spectra acquired at a time interval of 5 s in the pres-
ence of GQD, CPPO and H2O2. Insets show the (I) 2D view of spooling
CL spectra demonstrating constant shapes and peak wavelengths, and
(II) its curve fitting, respectively. Reaction conditions: adding 200 μL 1%
H2O2 in acetonitrile to 1 mL of an 80% ethyl acetate, 20% acetonitrile
solution containing 0.2 mg mL−1 GQD, 3.7 mg mL−1 CPPO and 2 mg
mL−1 sodium salicylate.
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states.39,40 The above observed results prove that the CL
systems can give a wide spectrum of driving force for
NS-GQDs, N-GQDs and GQDs to produce various emissions
due to the concerted pathways of core structure emission, as
well as AIE,6,32 which illustrate the high energy transfer
efficacy post decomposition of the high-energy intermediate
1,2-dioxetanedione to the quantum dots. In addition, the
different CL emission peak wavelengths in the NS-GQD,
N-GQD and the GQD systems provide insight into the red-
shifted characteristic relative to their PL emission, originating
from the AIE. It is possible that there are emissive traps, mul-
tiple N-, S-, C- and O-containing functional groups on the
surface, generating more surface defects as active sites with
different energy levels and resulting in a series of emissive
traps.7 S-containing surface states might show stronger emis-
sion than the N- and O-containing ones from the three GQDs.

Moreover, it can be found that the decays of the NS-GQD
and N-GQD illuminance are significantly slower than that of
undoped GQDs. In the undoped GQD system, about 98% of
the total light emission disappeared after the 20 s reaction
time (Fig. 4). However, in the NS-GQD and N-GQD systems, we
can still see an obvious CL intensity presented at a 50 s reac-
tion time (Fig. 2 and 3). The increase in the decay lifetimes of
the NS-GQD and N-GQD is related to the increase in N and S
doping, which changes the surface states and alters the emis-
sion of the defect states.25,41

The International Commission on Illumination (CIE) coor-
dinate diagrams calculated according to their CL spectra of
NS-GQD, N-GQD and GQD solutions are depicted in Fig. 5,
showing the differences between their CL emissions, and the
results are similar to those in the digital photographs pre-
sented in Fig. 1.

3.3 Absolute CL quantum efficiencies of NS-GQDs, N-GQDs
and GQDs

According to previous reports on peroxyoxalate-based CL
systems of organic dyes such as rubrene, rhodamine and
anthracene derivatives,37,42 the intensity of the CL reaction
depends solely on the concentration of the high-energy inter-
mediate 1,2-dioxetane, which in turn is limited by the con-
sumption rate of the rate-limiting reagent CPPO. Thus, the CL
quantum efficiency (ΦCL) in Einsteins per mole is calculated
from eqn (1) using eqn (2) and (3).43,44

ΦCL ¼ total number of photons
nCPPO � 6:02� 1023

� 100% ð1Þ

E ¼ hc
λ
¼ J per photon ðλÞ ð2Þ

W ¼ J
s
� 1

J
photon ðλÞ

¼ photon ðλÞ
s

ð3Þ

where nCPPO is the number of CPPO moles used in the CL reac-
tion, c is the speed of light (3 × 108 m s−1), λ is the individual
photon wavelength, J is the energy of an individual photon at a
wavelength of λ and h is Planck’s constant (6.626 × 10−34 J s).

The Ocean Insight USB2000+ Spectrometer (OIS) was used
to normalize/calibrate our spectroscopy CCD camera as shown
in Scheme 1. A measured CL spectrum (Fig. 6A) was interp-
olated to derive 2048 wavelength pixels with an interval value
of 0.38 nm in a wavelength range between 341.21 and
1029.64 nm to match those from the OIS. The same optical
fibre output from the integrating sphere illuminated with a
calibration lamp was measured on both the CCD camera
(Fig. S5‡) and the OIS in absolute irradiance mode (Fig. S6‡) to
obtain the baseline-corrected lamp spectrum in the intensity
format of counts or μW at each wavelength. A conversion curve
in Fig. 6B was developed by taking the ratio of the spectrum
on the CCD camera to the absolute irradiance-wavelength
spectrum from the OIS, as shown in Fig. S7.‡ The μW in the

Fig. 5 CIE diagrams of CL from (A) NS-GQDs, (B) N-GQDs and (C)
undoped GQDs.
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conversion curve in Fig. S7‡ was further converted to the
number of photons using eqn (2) and (3), relating to a
photon’s energy at its wavelength (λ). Fig. 6B shows the
relation between final conversion ratio expressed in counts/
photon as a function of the wavelength. To obtain an absolute
photon response–wavelength curve (Fig. 6C), the CL spectrum
measured on the CCD camera was then divided by the conver-
sion curve as shown in Fig. 6B.

The total number of photons emitted by the system for eqn
(1) can be determined by integration of the absolute photon
response–wavelength curve in the appropriate wavelength
range, from which a CL efficiency can be obtained straightfor-
wardly via eqn (1).

The CL efficiencies of the NS-GQD, N-GQD and GQD
systems were determined to be 0.01%, 0.004% and 0.002%,
respectively, by adding the total number of photons to each of
the spooling CL spectra as shown in Fig. 2–4. The CL efficiency
of the NS-GQD system is 5-fold enhanced in comparison with
that in the GQD, which is attributed to the efficient intrinsic
emissive surface states favored by the sites created via N and S
doping in the NS-GQDs.7 That is to say, the GQDs doped with
both N and S possess a more conducive injection of electrons
and holes, which will obviously enhance the CL with a synergy
of intrinsic emission, AIE, and emissive surface states. Very
interestingly, in the NS-GQD system, the intrinsic emission,
AIE, and emissive surface states contributed 77%, 4.6% and
18.4% to the total CL efficiency, respectively, demonstrating
that the intrinsic emission plays a major role in this CL reac-
tion. This illustrates that the power of our novel strategy to
study GQD nanomaterial applications in various bioassays is
anticipated from these GQDs. It is unlikely that other impuri-
ties caused the luminescence since they would not form the
luminescent motifs. It is possible that other impurities could
influence the electric and electronic properties as reported in
the literature.45,46

Compared with traditional measurements,47,48 utilizing the
integrating sphere can collect all the light emitted and
improve the collection efficiency greatly, assisting the spectro-
meter in measuring all the photons. For either non-standar-
dized or standardized experimental conditions, the linearity
check and calibration of instrument are always important in
determining the absolute quantum efficiencies. This is
because each detection system has its own background signal
level due to dark photocurrents in the detector, background
light, contamination of solution and other sources, which may
affect the measurement of the luminescence intensity.49 Thus,
this work may also provide a suitable CL efficiency measure-
ment for other relative luminescent systems.

4 Conclusions

In summary, a new approach for the CL emission of the GQDs,
which extracts the energy released by the exothermic reaction
to produce light, has been developed. Simply, CPPO reacts
with H2O2 in the presence of a base and produces an unstable
intermediate, which is converted into another high-energy
intermediate and then decomposes into CO2, and at the same
time releases energy. Finally, the GQDs absorb the released
energy and generate bright light via the CL process. The spool-
ing CL spectroscopy was used to investigate the CL mecha-
nisms of the as-prepared NS-GQD, N-GQD and GQD systems.
The CL spectra of the NS-GQDs display three peak wavelengths
at 425 nm, 575 nm and 820 nm attributed to intrinsic emis-
sion, AIE and S-doped emissive surface states, while those of
GQDs show dominant AIE. The released energy from 1,2-dioxe-
tanedione in these two systems acts as an efficient driving
force to produce CL emissions. Importantly, the results of this
work demonstrate N- and S-doping derived from L-cysteine to

Fig. 6 (A) Background-corrected spectrum of the first 5 s lap NS-GQD
CL emission. (B) The conversion curve of the counts per photon as a
function of the wavelength. (C) The absolute photon response as a func-
tion of the wavelength. The second and third CL peaks are zoomed in 5
times to better display them in the inset.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 3864–3871 | 3869

Pu
bl

is
he

d 
on

 2
0 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

4/
7/

16
  0

8:
27

:5
1.

 
View Article Online

https://doi.org/10.1039/d2nr07213k


enhance the CL efficiency of NS-GQDs 5-fold higher than that
of undoped GQDs. This provides further insight into the
preparation of GQDs with desired optical features by tackling
current challenges such as doping and surface states. These
GQD CL systems might lead to a new avenue for the promising
applications of GQDs towards bioassays and clinical analyses.
For example, the GQDs can act as a label for a sandwich CL
immunoassay. Due to the ultrahigh CL sensitivity, it is poss-
ible that the above CL of NS-GQDs might be a convenient
probing system for imaging single reaction events as CL
mapping.50
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