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A B S T R A C T

Rapidly obtaining strong photoluminescence (PL) of carbon dots with high stability is crucial in all practical
applications of carbon dots, such as cell imaging and biological detection. In this study, we proposed a rapid,
continuous carbon dots synthesis technique by using a microreactor method. By taking advantage of the mi-
croreactor, we were able to rapidly synthesized CDs at a large scale in less than 5 min, and a high quantum yield
of 60.1% was achieved. This method is faster and more efficient than most of the previously reported methods.
To explore the relationship between the microreactor structure and CDs PL properties, Fourier transform in-
frared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) were carried out. The results show the
surface functional groups and element contents influence the PL emission. Subsequent ion detection experiments
indicated that CDs are very suitable for use as nanoprobes for Fe3+ ion detection, and the lowest detection limit
for Fe3+ is 0.239 μM, which is superior to many other research studies. This rapid and simple synthesis method
will not only aid the development of the quantum dots industrialization but also provide a powerful and portable
tool for the rapid and continuous online synthesis of quantum dots supporting their application in cell imaging
and safety detection.

1. Introduction

Carbon dots (CDs) are a new class of carbon nanomaterials that are
regarded as a type of quantum dot with sizes below 10 nm. CDs have
received steadily growing interest as a result of their peculiar and fas-
cinating properties, such as excellent optical properties, low toxicity,
good biocompatibility and robust chemical inertness [1–4]. The out-
standing properties of carbon dots distinguish them from traditional
fluorescent materials and make them promising candidates to replace
heavy metal-based semiconductor quantum dots for numerous exciting
applications, such as sensors [5], bioimaging [6], lasers [7], LEDs [8],
photocatalysis [9], and photovoltaic devices [10]. Spurred by the spe-
cial properties of CDs, various studies have been carried out on facile
synthesis approaches and photoluminescence (PL) mechanisms. Since
CDs originated from the production of carbon nanotubes by electro-
phoresis in 2004 [11], a broad series of methods for obtaining CDs have
been developed, including pyrolysis [12], laser ablation [13], electro-
chemical oxidation [14], acidic oxidation [15], hydrothermal treatment

[16], microwave or ultrasonic passivation [17] and plasma treatment
[18]. Although remarkable successes have been achieved, the proper-
ties of these as-produced CDs, in terms of quantum yield (QY) and
productivity, greatly limiting industrial applications such as in the de-
velopment of photoelectric conversion devices. Beside, current syn-
thetic methods are mainly deficient in accurately controlling the reac-
tion conditions and continuous preparation as well as in obtaining high
QYs. Therefore, it is necessary to develop a method for rapid and large
scale production as well as in obtaining high QYs.

Ion pollution has become a worldwide issue due to the severe risks
in organisms and environment. Up to now, a number of highly sensitive
and selective methods for sensing ion or biology detection have been
developed, based on quantum dots, fluorochrome, polymer materials
and so on [19–23]. However, these methods generally suffer from
several limitations, such as high cost, complicated operation procedures
and time-consuming sample post-treatment, which greatly limit their
practical application of the methods for rapid on-site analysis. Cur-
rently, the fluorescent methods have been widely employed to detect
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targets in recent years because of their simplicity, cost-effectiveness,
easy operation. The CDs has been used for ion detection due to its
particular chemical and optical properties. It is well known that, a high
QY is the essential factor for ion detection. However, it is still hard to
rapid and efficient synthesis of CDs with high QY. In addition, it is
urgent to prepare CDs online for ion detection in order to ensure
measurement precision due to it is difficult to synthesize CDs using
common methods outdoors or in remote areas. Therefore, it is essential
to develop a powerful and portable tool for the rapid and continuous
online synthesis of CDs.

In order to rapid and efficient synthesize CDs, we draw our attention
to microreactors. Recently, microreactors have increasingly attracted
our attention due to their advantages, including their quick heat and
mass transfer properties, high speed mixing, controllable feed rates and
high reproducibility [24–26]. Moreover, microreactors can provide
better choices than conventional reactors for the synthesis of products
that require anaerobic anhydrous environments that avoid the de-
gradation of certain sensitive compounds. These remarkable properties
have allowed their broad application in organic synthesis, nanoparticle
synthesis, and medicine production [27–29]. Currently, microreactors
have been regarded as a preferred method for the synthesis of high
quality metal-oxides and semiconductor quantum dots [30–32]. More-
over, microreactor can not only be conveniently joined with tempera-
ture control systems or heating equipment but can also attach to ana-
lytical instruments. This enables carrying out reactions under more
precisely controlled conditions than those of macroreactors. These are
very important for some applications, especially in bioanalysis and
safety detection.

Among reports on the use of microreactors for the synthesis of
quantum dots, most of the microreactors productivity are inefficient
and hardly obtain high QY. In addition, there have been few reports on
the preparation of CDs using microreactors, especially less focus on the
effect of microreactor structure on heat transfer. Lu et al. [33] used a
microreactor with a certain length of teflon capillary tubing in oil bath
to screen more than hundred of reaction conditions and investigated the
relationship between different developmental stages of the CDs and
their PL properties, while the QY of as-prepared CDs not more than
37%. Meanwhile, they haven't considered the effect of the inner mi-
croreactor structure on productivity and QY of CDs. Therefore, it is
necessary to further explore high QY and more efficient synthesis
method.

Herein, we proposed a rapid, continuous synthesized CDs method
using microreactors with high efficiency. By taking advantage of the
microreactor, we can rapidly synthesized CDs at a large scale in less
than 5 min. Moreover, using microreactor methods, quantum yields of
60.1% and stable CDs were obtained, which is faster and more efficient
than most of the previously reported methods. The relationship be-
tween the microreactor structure and the CD PL properties was also
investigated, indicating inner structures have a great effect on quantum
yields due to heat transfer significantly influences the synthetic process.

The as-prepared CDs were used to detect Fe3+ ions, and the lowest
detection limit (LOD) was 0.239 μM, which is superior to many other
research studies. This rapid and simple synthesis method will not only
aid the development of quantum dot industrialization but also provide a
powerful and portable tool for the rapid and continuous online synth-
esis of CDs applications in bioanalysis and safety detection.

2. Materials and methods

2.1. Materials

For synthesis of carbon dots (CDs), citric acid anhydrous
(C6H8O7, ≥ 99.5%), ethylenediamine (C2H8N2,≥ 99.5%), and ethanol
absolute (C2H6O, 99.5%) purchased from Aladdin have been used
without further purification. Distilled water (18 MΩ) was used for all
experiments.

2.2. Synthesis of CDs by microreactor method

A series of CDs was successfully synthesized by three different mi-
croreactors, as shown in Fig. 1. Typically, anhydrous citric acid and
ethylene-diamine were used as precursors with deionized water as a
solvent. A colourless transparent solution was prepared by dissolving
anhydrous citric acid (2.25 g) in 60 ml of deionized water, followed by
a few minutes of continuous stirring at room temperature. Then, ad-
ditive concentrations (volumes of ethylenediamine ranging from 0.5 ml
to 6.0 ml) were slowly dropped into the citric acid solution with vig-
orous stirring to achieve a homogeneous dispersion. Before the mix-
tures were injected into the microreactor, the microreactor was pre-
heated to the rated temperature. Subsequently, distilled water was
injected to clear impurities and check for gas leakages in the system.
After that, when the rated temperature was achieved, the mixtures were
injected by a magnetic pump with a flowmeter through a PTFE tube
(inner diameter: d = 2 mm) and stainless steel tube into the linear-like
microreactor. The microreactor temperatures between 80 °C and 160 °C
(real temperature) were precisely controlled by a digital temperature
controller. Importantly, to ensure that the flow rates (ranging from
16 ml/min to 160 ml/min) stabilized, a check valve was placed be-
tween the flowmeter and microreactor to prevent any solution and
vapor from reverse flowing when the microreactor was operating at
high temperatures. The samples were collected by a flask and soaked in
ice water. A UV analyser with an emission maximum at 365 nm was
placed on the bottom of the collection to observe the samples online.
Similar procedures were also carried out for the snake-like and double-
snake-like microreactors depending on the variation of the reaction
temperature, additive concentration and flow rate.

2.3. Metal ion detection

For the detection of metal ions, various metal ion solutions,

Fig. 1. (a) Diagram for the synthesis of CDs by Microreactor system. (b) Detail view of three different channels (Liaear-like, Double-snake-like, Snake-like) embed in microreactor.
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including Fe3+, Co2+, Cr3+, Cu2+, Fe2+, Pb2+, Mn2+, Ca2+, Cd2+

and Zn2+, were used to detect the fluorescence intensity of the CDs.
The aforementioned ion solution was prepared from reagents con-
taining Cl− ions with a concentration of 50 μM and pH of 7. After,
0.5 ml of CDs were added into 3 ml of the ion solution and allowed to
react for 1 min under light stirring to form a homogeneous solution. To
evaluate the CD sensitivity towards Fe3+, a series of concentrations
(ranging from 0 to 1 mM) of Fe3+ were added into the aqueous solution
containing the same number of CDs. The PL spectra of the CDs in the
absence and presence of various metal ions were measured by a 365 nm
excitation source. All experiments were conducted at room tempera-
ture.

2.4. Measurement

The surface morphology of the CDs was characterized by trans-
mission electron microscope (TEM, JEM-2100F, JEOL, Japan) with an
accelerating voltage of 200 kV. The phase purity and structure of the as-
prepared CDs were measured using an X-ray diffractometer (XRD, D8-
Advance, Bruker, Germany) with a Cu-Kα radiation source
(λ = 0.15418 nm) at a counting rate of 0.02° per minute in the scan-
ning angle (2θ) range from 5° to 80°. The X-ray photoelectron spec-
troscopy (XPS) data were collected by an X-ray photoelectron spectro-
meter (Kratos Axis Ulra DLD, Kratos, UK) with a mono Al-Kα excitation
source (1486.6 eV). Fourier transform infrared (FTIR) spectra were
recorded from 4000 to 400 cm−1 on an FTIR spectrometer (VERTEX
33, Bruker, Germany) in KBr discs after being vacuum-dried for 12 h.
The ultraviolet visible (UV–vis) absorption spectra were measured by
using a UV–vis spectrometer (UV–vis, Shimadzu, Japan). The excitation
and emission spectra of the CDs were recorded using a fluorescence
spectrophotometer (RF-6000, Shimadzu, Japan) with a Xe lamp as an
excitation source. The quantum yield (QY) of the CDs was calculated by
the following equation [34].

= ⋅Q Q Grad
Grad

η
ηX ST

X

ST

X

ST

2

2 (1)

where the Q is the QY and the subscripts X and ST denote test and
standard, respectively; quinine sulfate dissolved in 0.1 M H2SO4 (QY
0.54 at 365 nm) was used as the standard. Grad represents the slope
determined by the ratio of the linear curves of the integrated fluores-
cence intensity to UV–vis absorbance (λ = 365 nm). Ƞ is the refractive
index of the solvent. The integrated emission intensity is the area under
the photoluminescence curve in the wavelength range of 380–700 nm.
The graphs plotted the integrated emission intensity against the ab-
sorbance. Meanwhile, the standards were chosen to ensure they ab-
sorbed at the excitation wavelength of choice for the test samples. To
reduce reabsorption effects, the absorbance of the standard and test
samples at and above the excitation wavelength did not exceed 0.1.
Solutions with five different concentrations of the chosen standard and
test sample minimized the experiment error.

3. Results and discussion

Compared to conventional methods for preparing CDs, the micro-
reactor method has an advantageous reaction rate, product yield, and
so on. To illuminate the utility of the microreactor for quick synthesis of
CDs, different flow rates were selected. The reaction temperature is
160 °C and the amount of ethylenediamine is 1 ml. The calculated re-
action times of each flow rate are given in Table 1. As depicted in
Table 1, the difference of the total reaction time between flow rates of
16 ml/min and 80 ml/min is approximately 2 min. When the flow rate
is more than 80 ml/min, the difference between the total reaction times
is approximately 0.5 min. In a word, all of the total reaction time are
less than 5 min.

UV–vis absorption spectra were obtained to characterize the effect

of the flow rate on the CD properties, as shown in Fig. 2(a)–(c). Gen-
erally, all the samples show that the flow rate greatly influenced the
UV–vis absorption spectra of the corresponding CDs. Interestingly, the
CDs prepared by different microreactor designs exhibit very a similar
variation tendency in their UV–vis absorption spectra. That is, as the
flow rates increase, the UV–vis characteristic absorption peak in-
tensities decrease. As shown in Fig. 2(a)–(c), when the flow rates range
from 16 ml/min to 160 ml/min, all of the absorption peak intensity
decline and have slight blue shifts. This phenomenon may be related to
the concentration and size decrease of the CDs. Moreover, among the
three different microreactors, the absorption peak intensity of the
linear-like microreactor was larger than others at the same flow rate,
owing to the more sufficient mixing reaction in the linear-like
microreactor.

In addition, the PL of the CDs was also investigated to further elu-
cidate the effect of flow rates on the CD properties, as shown in
Fig. 3(a)–(c). When the flow rates increase, the PL intensities decrease.
The flow rate affects the residence time. For the microreactor system,
the residence time in the microreactor has an effect on the properties of
the CDs. When the flow rate is fast, the residence time is short for the
same channel. As a consequence, the PL intensity decreases, as de-
monstrated in Fig. 3(a)–(c). However, the residence time is determined
not only by flow rate but also by the microreactor channel length.
Among the three different microreactors, the snake-like microreactor
has the longest channel length. This means the CDs synthesized by the
snake-like microreactor have a long residence time and thus result in a
bigger size. This result is further confirmed by TEM. Although channel
length affects the reaction residence time, the process synthesis of CDs
is complicated and is significantly influenced by a number of factors,
such as the reaction temperature, additive concentration and pressure.
This is why the snake-like microreactor with the longest channel length
does not result in the strongest PL intensity. To further explore the
factors involved in preparing CDs, the reaction temperature and ad-
ditive concentration were investigated, and the screening procedure
study is detailed in the supporting information. The UV–vis spectra and
PL spectra of the CDs were also obtained to screen the reaction condi-
tions, as shown in Figs. S1–S2 and Figs. S3–S4, respectively. According
to the results, we found that the additive concentration and reaction
temperature have important effects on the UV–vis spectra and PL
spectra of the corresponding of CDs. When the additive concentration
ranges from 0.5 ml to 6.0 ml, the entire UV–vis absorption band from
800 to 220 nm increases gradually and the absorption peak is at ap-
proximately 350 nm. Moreover, the absorption peak is most obvious
when the additive concentration is 1.5 ml. This phenomenon indicates
that the optimized additive concentration reduces CD surface defects
and enhances photoluminescence. This point is further confirmed by
the PL spectra (Fig. S3). The reaction temperature influences the car-
bonization extent. As the reaction temperatures increase, both the in-
tensity of first absorption peak and PL increase. Moreover, at the same
CDs concentration, the CDs were synthesized by the linear-like micro-
reactor with a high PL intensity (Figs. S3–S4). This phenomenon may be
closely related to the uniformity of the heated solution. Therefore, it is
necessary to achieve optimized conditions to obtain high quantum
yields.

The reaction conditions can be screened quickly and effectively by
using the microreactor system (shorter than 5 min). The optimized
conditions of the additive precursor concentration, reaction tempera-
ture, and flow rate are 1.5 ml, 160 °C and 16 ml/min for the three
different microreactors, respectively. Fig. 4(a)–(c) shows the UV–vis

Table 1
Reaction time of different flow rate.

Flow rate/(ml/min) 16 40 80 120 160
Total reaction time/min 4.56 3.43 2.61 2.12 1.66
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absorption spectra and PL spectra of the optimized conditions of the
CDs that were synthesized by the linear-like, double-snake-like and
snake-like microreactors, namely, L-CDs, DS-CDs and S-CDs, respec-
tively. The inset images show the bright colour of the solution under
sunlight radiation and under a UV analyser (365 nm exciting source)
radiation, indicating the formation of fluorescent carbon quantum dots.
Moreover, all of the CDs show strong absorption at approximately

350 nm, with a tail extending to the visible range. At wavelengths
below 300 nm, other absorption peaks were not observed. This result
indicates that the samples are of high purity. The absorption peak lo-
cated at 350 nm represents the typical absorption of an aromatic π
system (n–π⁎ transition) or other connected surface functional groups
[8]. The surface functional groups including oxygen functional groups
and nitrogen functional groups usually easily attach on the surface of

Fig. 3. PL spectra of CDs obtained by three dif-
ferent microreactors: (a) linear-like microreactor,
(b) snake-like microreactor, and (c) double-
snake-like microreactor with different flow rates.

Fig. 2. UV–vis spectra of CDs obtained by three
different microreactors: (a) linear-like micro-
reactor, (b) snake-like microreactor, and (c)
double-snake-like microreactor with different
flow rates.
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CDs during the synthesis process; these groups play an important role in
originating the fluorescence under the illumination of UV-light at a
specific wavelength [35–37]. Meanwhile, the absorption peak in-
tensities of CDs prepared by the three different microreactors differ
slightly. The absorption deviations for the three types of CDs represent,
at least to some extent, the different surface functional group structures
or surface states of the CDs.

The PL spectra of the CDs are investigated in Fig. 4(a)–(c), showing
that the emission peak of the CDs is wide compared to other semi-
conductor quantum dots (QDs). The full width at half maximum
(FWHM) values of the luminescent peak of L-CDs, DS-CDs and S-CDs are
78 nm, 81 nm and 87 nm, respectively. This is one of the main differ-
ences between CDs and QDs. Moreover, the emission peak position of

the CDs depends on the excitation wavelength, as shown in
Fig. 5(a)–(c). The PL spectra reveal a strong emission peak at 455 nm
with an excitation of 365 nm. Interestingly, the observed excitation-
dependent emission luminescence properties are similar to those re-
ported previously [38,39]. The maximum emission red shifts (Fig. S5)
when increasing the excitation wavelength. This phenomenon may be
related to the surface state, molecular state or other salvation effects.
The excitation-dependent character can be further applied in displays,
cell imaging and other applications.

Moreover, based on the optimal conditions, the quantum yield (QY)
was measured with quinine sulfate as a standard (QY = 54%), as shown
in Fig. 5(d). The quantum yield of the L-CDs, DS-CDs and S-CDs is
60.1%, 32.5% and 7.54%, respectively. The QY reaches up to 60.1%

Fig. 4. UV–vis absorption spectra and PL spectra
of CDs obtained by three different microreactors:
(a) linear-like microreactor, (b) snake-like micro-
reactor, and (c) double-snake-like microreactor
(insets are under sunlight radiation and ultra-
violet radiation at 365 nm).

Fig. 5. (a)–(c) The excitation-dependent PL spectra of the
L-CDs, DS-CDs and S-CD, respectively. (d) The quantum
yield of the L-CDs, DS-CDs and S-CD.
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when using the linear-like microreactor, which is higher than the QY
values previously reported for CDs [40]. The L-CDs have a high emis-
sion intensity and QY, possibly owing to uniform heating and reaction
rates.

Under the optimum reaction conditions, the total reaction times are
not more than 5 min (60 ml solution). These are much faster than most
of the rates previously reported at the same scale, as shown in Table 2.
In addition, this new device not only has obvious merits in efficiency
but also obvious merits in scale. Meanwhile, the quantum yield of the
as-prepared CDs is also comparable to that of the CDs obtained by the
hydrothermal approach at high temperatures. All these results indicate
that microreactors are advantageous for high reaction rates, lager scales
and high quantum yields.

The synthesis of CDs by using microreactor methods is a complex
chemical process, and it is hard to determine the exact reaction me-
chanism. To further explore the potential of the reaction mechanism of
CDs in a microreactor system, various characterizations of the as-pre-
pared CDs, such as TEM, XRD, FTIR, XPS, were carried out.

The surface morphology of as-prepared CDs was characterized by
transmission electron microscopy, (TEM) presented in Fig. 6(a)–(c). The
results reveal that the as-prepared CDs are well dispersed without ag-
gregation and mostly spherical in shape with an average diameter of
approximately 2.40 nm, 2.58 nm, and 3.23 nm for the L-CDs, DS-CDs
and S-CDs, respectively. The high resolution TEM (HRTEM) images
provided in the inset show CDs with lattice spacing distances of 0.21,

0.24 and 0.24 nm, which are consistent with the (100) facet of graphitic
carbon [41]. Meanwhile, most CD nanoparticles possess amorphous
structures, which is different from the previous reports suggesting that
the CDs are composed of multicrystalline and amorphous carbon [42].
The size distribution histograms of these CDs are shown in Fig. 6(d)–(f).

Fig. 6. (a)–(c) TEM images of the L-CDs, DS-CDs and S-CDs, respectively (insets are HRTEM images); (d)–(f) The size distribution histograms of the L-CDs, DS-CDs and S-CDs, respectively.

Table 2
The comparison of different synthesis methods of carbon dots.

Methods Precursors Reaction time Other conditions Quantum yield Refs

Hydrothermal method Citric acid, ethylenediamine 5 h 150–300 °C 80.6% [48]
Citric acid, L-cysteine 3 h 200 °C 73% [49]
Sodium citrate, NH4HCO3 4 h 180 °C 68% [50]

Arc-discharge Carbon soot 48 h HNO3, boiled 1.6% [11]
Laser ablation Carbon soot 72 h PEG1500N, 120 °C 4–10% [13]
Microwave pyrolysis Saccharide, PEG 2–10 min 500 W 3.1–6.3% [51]

Glucose, amino acids 35 min 125 °C and 275 °C 30–69% [52]
Ultrasonic synthesis Glucose 4 h HCl or NaOH 7% [53]
Thermal pyrolysis Citric acid, diethylenetriamine 30 min 170 °C 88.6% [54]
Microreactor method Citric acid, ethylenediamine 1.66–5 min 160 °C 60.1% This work

Fig. 7. XRD patterns of the L-CDs, DS-CDs and S-CDs, respectively.
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The S-CDs that were synthesized via the snake-like microreactor exhibit
larger grain diameters than the others, and the particle size distribution
is broader than the others. This phenomenon indicates that the shape of
the channel will affect the growth of the crystal. The snake-like mi-
croreactor with the single and longest channel gave the mixture a
longer reaction time, which is good for crystal growth. However, too
long of a reaction time will not be propitious for the formation of
uniform particles. This point is proved by Fig. 6(f), showing a broad
particle size distribution. Moreover, we did not find the same phe-
nomenon as many semiconductor quantum dots that show size-depen-
dent PL emission. This suggests that the PL colour does not change with
the size of the CDs, and the PL intensity of the CDs is relative to the
surface groups or other surface states rather than the size. This is an-
other main difference between CDs and QDs.

The XRD diffractogram of the three types of CDs is shown in Fig. 7.
Each of them has a similar and broad single diffraction peak at 23.3°,
23.5° and 23.6°, respectively. Meanwhile, no impurity peaks were ob-
served, confirming the high purity of the three products. In addition,
the XRD pattern demonstrate an obvious peak width at half height
(FWHM) difference among the three types of CDs, and the FWHM of the

L-CDs is bigger than others, which means that S-CDs have a smaller size
diameter. This consequence is consistent with TEM analysis. Otherwise,
the XRD pattern displays the highly disordered amorphous carbon of
CDs. All these XRD and TEM results confirmed that the three types of
CDs have a graphitic structure.

However, we cannot determine why the PL variation occurs among
the three types of CDs just using the above characterization analysis.
Therefore, to further explore the possible causes, Fourier transform
infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) were car-
ried out in order to explore the chemical composition and the chemical
bonding of the CDs.

FTIR was carried out to characterize the composition of as-prepared
CD groups, as shown in Fig. 8. The FTIR spectra of the L-CDs, SS-CDs
and S-CDs synthesized via various microreactors are similar except for
the relative intensity of certain bands that vary and indicate special
character. The broad absorption peak at 3450–3280 cm−1 was ascribed
to the stretching vibrations of OeH and NeH, which means the for-
mation of –OH occurs during the synthesis of the three different CDs.
The absorption peak located at approximately 2930 cm−1 suggests
stretching vibrations of eCH2. Moreover, stretching vibrations of the
C]O (1650 cm−1), C]C (1557 cm−1), C-N = (1445 cm−1), and CeO
(1285 cm−1) bands were observed for each CD, indicating the forma-
tion of polyaromatic structures in the three different CDs during the
synthesis process [43]. The band at approximately 1250–1650 cm−1

was ascribed to the skeletal vibrations of the aromatic rings. Careful
comparisons between the different CDs.

FTIR spectra revealed some important observations. First the broad
absorption peak centre position of the typical stretching vibrations of
OeH and NeH bonds shifts from 3450 to 3280 cm−1 corresponding to
the carbon type changes from L-CDs to S-CDs. This result indicates an

Fig. 9. (a)–(c) XPS spectra of the L-CDs, DS-CDs and S-CDs, respectively; (d)–(f) High resolution of C1s peaks of the L-CDs, DS-CDs and S-CDs, respectively.

Fig. 8. FTIR spectra of the L-CDs, DS-CDs and S-CDs, respectively.

Table 3
The atomic percentages and the corresponding C1, N1 s and O1s peaks of the centre
binding energy of three different CDs.

Sample C atomic percentages N atomic percentages O atomic percentages

L-CDs 72.95% 8.41% 18.64%
SS-CDs 78.79% 8.52% 12.69%
S-CDs 82.62% 5.08% 12.30%
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increase in the degree of amidogen modification on the surface of CDs.
Second, the –CH2 vibration bands around at 2930 cm−1 become more
and more sharp when the carbon type changes from L-CDs to S-CDs.
The final and most important observation is the absorption peak in the
fingerprint region (1000–400 cm−1) that is complicated and includes
CeO, CeH, NeH and OeH differences existed in the FTIR spectra of the
different CD structures that have hardly been observed; thus, it neces-
sary to conduct other characteristic analyses to further explore the
forming mechanism. According to the analyses, we can draw that
conclusion that the content of the surface functional groups and ele-
ments leads to different PL intensities between the three types of CDs.
XPS was employed to characterize the element content and configura-
tion of the surface groups of the three different CDs.

The XPS survey spectra for the CDs are shown in Fig. 9(a)–(f). They
indicate that all of the CDs consist of carbon (C), nitrogen (N) and
oxygen (O), and the atomic percentages and the corresponding C1, N1s
and O1s centre peaks of three different CDs are depicted in Table 3. In
Table 3, the content of the carbon atom in the CDs increases from

sample L-CDs to S-CDs. This suggests that the channel length (meanly
residence time increase) increase will improve crystal growth. This
result supports the XRD and TEM analyses indicating that residence
time increase greatly affects crystallization. All of the high-resolution
CD spectra contain a C1s band that can be divided into three peaks
corresponding to the sp2 carbon (CeC/C]C), sp3 carbons (CeO/CeN)
and carbonyl carbons (C]O), respectively [44]. Moreover, the XPS
intensity of C1s at 284.6 eV gradually increases from sample L-CDs to S-
CDs, implying a corresponding increase in the content of the sp2 carbon
(CeC/C]C) groups in the CDs (Table 4), consistent with the FTIR re-
sults. The above XPS spectroscopic analysis agrees well with the FTIR
results, further verifying the existence of surface groups in the CDs and
the relationship between the microreactor shape and product. What is
more, it is found from Tables 3 and 4 that higher N or O element
contents are good for creating a high PL intensity. The FTIR and XPS
analyses demonstrate that three different CDs contain abundant surface
functional groups (CeC, CeO, NeH, eOH, etc.), implying unexcep-
tionable water solubility without needing further passivation, which
has great potential applications in bioscience and food safety detection.

The photostability of the CDs was investigated under different in-
candescent lamp exposure times, as shown in Fig. 10. The CDs were
exposed under the ultraviolet lamp (10 W) for 14 h. After 14 h, the PL
intensity of the L-CDs, DS-CDs and S-CDs decreased 7.88%, 3.37% and
15.93%, respectively. The result indicates that all of CDs possess good
photostability, which benefit from the carbon core-based PL centre
[45]. Moreover, DS-CDs have the best photostability among the three
different CDs, which may be related to the quantity and content of its
functional groups. Moreover, no blinking was observed in the three
types of CDs when undergoing continuous high power UV exposure.
These photostability data signify that the CDs have an immense

Table 4
XPS data analysis of the C1s spectra of three types of CDs.

Sample C]C/CeC CeN/CeO C]O

L-CDs 70.58% 18.60% 10.82%
SS-CDs 75.28% 17.60% 7.12%
S-CDs 75.55% 15.57% 8.88%

Fig. 10. The photostability of the three types of CDs under different ultraviolet lamp
irradiation times.

Fig. 11. The photostability of the three types of CDs under different (a) pH values and (b) NaCl concentrations.

Fig. 12. Comparison of PL intensities of CDs after adding different metal ions.
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potential application value.
Furthermore, pH and salt concentration stability is also essential to

CDs that are usually used for bioimaging and analytical detection.
Therefore, the stability of the DS-CDs was investigated under different
pH values and ionic strengths, as shown in Fig. 11 (a)–(b). When the pH
varies from 5 to 10, the PL intensities (Fig. 11(a)) of the DS-CDs exhibit
nearly no obvious decrease and the largest response at pH 7, which is
suitable for applications involving in vivo environments. In addition, at
different NaCl concentrations (Fig. 11(b)), the PL intensities show no
remarkable changes, which suggests that the DS-CDs are available for
bioscience studies in various physical salt concentrations. PL intensity
versus time and temperature as shown in Fig. S6 (a)–(b). All these re-
sults show that CDs have a great stability.

To examine the CDs properties for safe detection, we explored the
feasibility of CDs as a nanoprobe for the detection of representative
metal ions. The influence of metal ions on the fluorescence intensity of
the CDs was investigated by comparing the fluorescence intensity in the
presence and absence of various metal ions. As shown in Fig. 12, no
obvious PL changes were observed in the presence of the other metal
ions (Co2+, Cr3+, Cu2+, Fe2+, Pb2+, Mn2+, Ca2+, Cd2+, Zn2+) ex-
pect for Fe3+, implying that it is possible for CDs to be used as a na-
nosensing platform for Fe3+ ion detection. The mechanism of fluores-
cence quenching of CDs with Fe3+ might be related to the interaction
between Fe3+ and oxygen-containing groups on the CD surface, which
leads to a metal-quenching effect [46]. The photographs of CDs in the
presence and absence of metal ions under 365 nm UV light irradiation
are shown in Fig. 13.

For further sensitivity studies, different concentration of Fe3+ were
added to aqueous solutions containing the same number of CDs to
evaluate the detection ability of Fe3+. As shown in Fig. 14(a), the
fluorescence intensity of the CDs at approximately 455 nm gradually
declines along with the increase of the Fe3+ concentration range from 0
to 1000 μM, suggesting that this system is sensitive to Fe3+ ions. The

fluorescence quenching data follow the Stern-Volmer equation:

= + K CI I 1 [ ]0 (2)

where I0 and I are the fluorescence intensities of the CDs at 455 nm in
the absence and presence of the Fe3+ ions solution, respectively. The
variable K is the Stern-Volmer quenching constant, and [C] is the
concentration of Fe3+. A good linear correlation (R2 = 0.9903) was
observed over the concentration range of 0–80 μM (Fig. 14(b)). The
lowest detection limit (LOD) was calculated to be 0.239 μM at a signal-
to-noise ratio of 3 based on the standard deviation (SD) of 10 blank
measurements and the slope (S) of the calibration curve at levels ap-
proximating the LOD, according to the formula: LOD = 3.0 (SD/S)
[47]. The detection sensitivity of Fe3+ is superior to some previously
reported studies (Table 5). The above analysis clearly confirmed that
CDs can be used as a nanoprobe with high efficiency for Fe3+ detection.

To test the practicability of CDs based nanosensing platform, we
extended it to determine the concentration of Fe3+ in real water
samples from the ZhuJiang river. The samples were centrifuged at
10000 rpm for three times and then the supernatant liquid was filtered

Table 5
Comparison of the sensing performance of different fluorescent probes for Fe3+ detec-
tion.

Fluorescence probes Detection limit (μM) Linear range (μM) Refs

Carbon dots 2.9 0–250 [55]
Carbon dots 0.7 5–80 [56]
Carbon dots 0.5 5–100 [57]
Carbon dots 1.3 2–50 [58]
N-Carbon dots 4.67 5–1280 [59]
P-Carbon dots 0.005 0–20 [60]
N-Carbon dots 0.025 0.1–500 [61]
Carbon dots 0.239 0–80 This work

Fig. 13. The PL intensities of CDs after adding dif-
ferent metal ions under 365 nm UV light irradiation.

Fig. 14. (a) PL emission spectra of the CDs in the presence of various concentrations of Fe3+. (b) Stern-Volmer plot as a function of Fe3+ concentration.
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by using filter membranes. A recovery experiment was carried out with
Fe3+ of different concentrations to the water samples. The PL intensity
of CDs decreased when the samples were spiked with Fe3+ standard
solutions. As shown in Table 6, the found values were consistent with
the addition of Fe3+. The recoveries were in the range
101.12–102.56% and the relative standard deviations (R.S.D.) of three
replicate detections for each sample were below 5%. These results
proved indicated the potential promise of the photoluminescent CDs in
the practical applications.

4. Conclusions

In conclusion, we proposed a rapid, continuous CD synthesis tech-
nique using three different microreactors. The additive concentration,
reaction temperature, and flow rate were quickly screened, and the
optimal conditions are 1.5 ml, 160 °C and 16 ml/min, respectively. By
taking advantage of the microreactor, we can rapidly synthesize CDs in
less than 5 min; this method is faster than most of those previously
reported. Moreover, a high quantum yield of 60.1% was achieved by
using a linear-like microreactor, and this yield is comparable to or
greater than that of the common hydrothermal approach. The re-
lationship between the PL emission and different microreactor-synthe-
sized CDs was investigated. The results show that the surface functional
groups and the element content influence the PL emission, especially
nitrogen and oxygen-containing functional groups. Besides, the PL in-
tensity of CDs arises predominantly from their surface states, rather
than from their size. The PL stability of CDs was also investigated under
different incandescent lamp exposure times, pH values and NaCl con-
centrations, revealing CDs with a good stability. Further experiments
demonstrated that CDs are very suitable to be used as nanoprobes for
Fe3+ ion detection. This study fully illuminates that the microreactor
synthesis system is not only a promising tool for rapid, continuous CD
synthesis but also a significantly valuable tool for cell imaging and ion
detection.
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