Journal of Fluorescence (2019) 29:137-144
https://doi.org/10.1007/510895-018-2321-5

ORIGINAL ARTICLE

@ CrossMark

N- and O-Doped Carbon Dots for Rapid and High-Throughput Dual
Detection of Trace Amounts of Iron in Water and Organic Phases

Yuan He' - Zhenzhen Feng? - Xinjian Shi? - Shan Li* - Yunguo Liu' - Guangming Zeng' - Hua He?

Received: 11 September 2018 / Accepted: 22 October 2018 /Published online: 7 November 2018

© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

In this work, we report a dual use of highly fluorescent N- and O-doped carbon dots (CDs) for rapid and high-throughput trace
analysis of iron in water and organic phases. The CDs are rapidly synthesized in a sealed vessel via microwave irradiation within
5 min, and they exhibit high quantum yields of 80% with sensitive quenching responses to iron contents. Combined with a
microplate fluorescence reader, a rapid and high-throughput assay for ions is further developed. The whole process from the CD
synthesis to the detection output can be accomplished within 15 min. The limits of detection for Fe** in aqueous solution and
ferrocene in organic gasoline are determined down to 0.05 mM. Furthermore, this method has been successfully used to
determine the level of irons in real gasoline for quality evaluation. The results have an excellent agreement with atomic absorption
spectrophotometric measurements. The CD-based facile assay with lower cost, use of less sample, and higher-throughput holds
great promise as a powerful tool for iron detection in water and organic phase samples.
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Introduction

Fluorescent carbon nanoparticles, also known as carbon dots
(CDs), have recently attracted great attentions for a range of
wide applications such as biosensors, bioimaging, optoelec-
tronics, photocatalysis due to their easy fabrication, low-cost
and good biocompatibility [1-5]. Among those applications,
fluorescent detection of metal ions is representing one of the
most promising applications [6]. Owing to carbon-based
nanostructure and versatile surface groups, CDs exhibit
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intense fluorescence with dramatic quenching or enhancement
toward specific metal ions, which is substantially exploited for
ion detection [7—11]. To achieve a sensitive detection to metal
ions, highly fluorescent CDs with chemical structures specif-
ically responding to metal ions are indispensable, but the
availability of such CDs depends on their synthetic routes.
Currently, the synthesis of CDs is divided into two major
strategies, i.e., “top-down” and “bottom-up” routes. The for-
mer consists of acid-assisted cutting from different carbon
sources (e.g. carbon black, carbon fiber, graphite or graphene)
with H,SO,/HNOj; over several hours to several days [12—14]
. The fluorescence quantum yields (QYs) of the resultant CDs
are generally lower than 10%. The latter produces CDs based
on the dehydration and carbonization of small molecules or
carbohydrate compounds, such as citric acid, arginine, glucose
and polyethylene glycol (PEG) with hydrothermal treatments
[15-20]. Such routes allow preparing highly fluorescent CDs
(QYs>30%) as well as facilitating incorporation of other el-
ements including N, S and P into the products [21-24]. The
resultant versatile groups or surface structures on the CDs
afford well for sensitive and specific response to different
metal ions.

Of those metal ions, the detection of iron ions has be-
come an exciting research field in recent years owing to
their versatile existence in biological system,
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environment, and industry products. For example, Fe’*
ion is biologically important and plays key roles in oxy-
gen uptake and oxygen metabolism [25]. The deficiency
of Fe* leads to anemia while the excess of iron in the
body causes liver and kidney damage [26]. In addition to
the detection of aqueous iron ions, the determination of
iron in organic phase is widespread in practical demand
such as industrial products and organic-involved environ-
mental system. For instance, ferrocene and its derivatives
are key antiknock agents used in the fuel, and they were
previously added into the gasoline to improve the octane
number [27-29], but has been banned now for the possi-
ble cause of wear and tear to the engine with a strict limit
of less than 0.01 g/L iron contents. The determination of
irons thus becomes a commonly requested procedure to
qualify the gasoline quality. In addition, benefiting from
the unique fluorescent and chemical properties, CDs have
been explored for iron ion detection, but they are mainly
focused on the aqueous system [21, 30]. In recent years,
although organic-soluble CDs have been synthesized for
their applications in organic phase [31-34], no evidences
show that such CDs can exhibit fluorescence quenching
toward iron contents. Thus far, the use of CDs for iron
detection in aqueous and organic phase is still lacking.
Herein, we report a dual use of highly fluorescent CDs
for iron detection in water and organic phases. The CDs
are rapidly prepared via microwave irradiation within
5 min, and demonstrated to be N- and O-doped carbon
nanostructure. Because of the sensitive quenching re-
sponse to iron in aqueous and organic solution, the CDs
can be explored to detect iron contents in two phases.
Furthermore, in order to achieve low-cost and time-
saving detection, a high-throughput assay of iron is devel-
oped with the limits of detection (LOD) down to
0.05 mM. The whole process from the CD synthesis to
the result output is only required within 15 min. Finally,
this method has been used to evaluate the gasoline quality
by determining the level of irons.

Experimental
Materials and Reagents

Citric acid (CA) was purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). Ethylenediamine
(EDA, > 99.0%), ethanol (> 99.7%), ferrocene (> 98%), and
metal chlorides of >98% purity (FeCls, FeCl, NaCl, KClI,
NH,4C1, MgCl,, ZnCl,, MnCl,, CaCl,, BaCl,, and CuCl,)
were purchased from Sinopharm Chemical Reagent Co.
(China). Gasoline was provided by Testing Institute for
Chemicals & Minerals, Shandong Entry-Exit Inspection and
Quarantine Bureau, China. Ultra-pure water (18.2 M{2) was
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prepared by a Milli-Q Millipore system. All reagents were
used as received without any further purification.

Synthesis and Characterization of CDs

1.4 g CA and 1.8 mL EDA were dissolved in 30 mL ultra-pure
water. The solution was transferred to a sealed digestion vessel
in the microwave digestion furnace. The microwave digestion
system (WX-4000, Shanghai Yi-Yao Instruments) was
equipped with controllable temperature units within variation
of =1 °C at the set temperature. When set at 600 W power, the
reaction temperature was rapidly elevated to 200 °C. The CD
synthesis process could be completed within 5 min. The CD
samples were diluted for optical characterizations. Ultraviolet-
visible (UV-Vis) absorption spectra were obtained using a
Shimadzu UV-2450 spectrophotometer. Fluorescence spectra
and excitation-emission matrix were recorded by the Horiba
FluoroMax-4 spectrometer. All optical measurements were
performed at room temperature under ambient conditions.
The QY of CDs was determined using quinine sulfate in
0.1 M H,SO4 aqueous solution (QY =54%) as a reference
standard as described previously [16, 35]. Briefly, the absor-
bance for the standard and CD samples at the excitation wave-
lengths and the fluorescence spectra of the same solutions
were measured, respectively. Six different concentrations of
quinine sulfate and CD aqueous solutions (absorbance at ex-
citation wavelength <0.1) were used in the measurements.
The integrated fluorescence intensity against absorbance was
plotted. The plot should be a straight line with a gradient M,
which was used to calculate the QY according to the following
equation

o My 77x>2
(px P <MS> <77s

where the subscripts s and x denote standard and test samples,
respectively, ¢ is QY, and 7 is the refractive index of the
solvent. The excitation wavelength for measurements of QY
was set at 350 nm in our experiments. TEM samples were
prepared by dropping the CD solution onto carbon-coated
copper grids with excess solvent evaporated. TEM images
were recorded on a JEM-2100 electron microscope operating
at 200 kV. Powder X-ray diffraction (XRD) pattern was ob-
tained using an automated diffractometer (X’Pert PRO MPD,
Philips, Eindhoven, Netherlands) with Cu K1 radiation.
Fourier transform infrared (FTIR) spectra were recorded by
aNICOLET 6700 IR spectrometer (Thermo Scientific). X-ray
photoelectron spectroscopy (XPS) measurements were carried
out on a VG-Scientific ESCALAB 250 spectrometer with a
monochromatic Al Ko X-ray source at 1486.6 V. "H and '°C
nuclear magnetic resonance (NMR) spectra were recorded on
a Bruker Avance III 600 MHz spectrometer.
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Fluorescence Detection and Data Analysis

In a typical test, 100 uL of CD aqueous solution (the absor-
bance at 350 nm was measured to be 0.2) was put into each
well in a 96-well microplate. Then, 100 uL of the aqueous
solution with iron ions or other metal ions (Na*, K*, NH,",
Mg**, Zn**, Mn**, Ca®*, Ba®* and Cu”") was added into each
well. The 96-well microplate was loaded into a microplate
autoreader (Molecular Devices, M2¢) for fluorescence mea-
surements. The excitation wavelength was set at 350 nm. The
obtained data array is processed with a custom-made
MATLAB software into the image show and the readout of
detection results. The LOD was defined as the analyte con-
centration that generates a signal quenching lower than the
mean value minus three times the standard deviations of the
blank samples without the analytes.

Results and Discussion
Morphology and Optical Properties

The CDs were prepared based on the condensation and car-
bonization of CA and EDA. Upon microwave irradiation, the
solution temperature was rapidly elevated above 200 °C,
allowing CDs to be produced within 5 min on a large scale.
Figure 1a shows a transmission electron microscopy (TEM)
image of the resultant CDs. The uniform dispersion was clear-
ly observed as shown in the histogram (Fig. 1b). The particle
size was determined to be about 3.2+0.56 nm. The XRD
pattern of CDs shows a broad diffraction peak centered at
260 =24° (dgp> = 0.34 nm) (Fig. 1¢), which is attributed to
turbostratic carbon phase [36]. The excitation-emission matrix
shows that the CDs have strong fluorescence emission ranging
from 400 nm to 500 nm (Fig. 2a). The optimal excitation
wavelength is centred at about 350 nm. The intense fluores-
cence could also be directly observed under UV lamp as
shown in the inset. In line with the optimal excitation, the
UV-vis spectrum of the CDs shows a peak at around
350 nm, which was attributable to n-7t* transition of C=0

Fig. 1 Morphology and structure a)
of CDs. a TEM image, b the

particle size distribution

determined from TEM images,

and ¢ XRD spectrum

(Fig. 2b). Besides, another absorption peak at 238 nm was
observed, indicating 7—7t* transition of C=C. This suggested
the condensation of the molecular precursors and the forma-
tion of CDs. Figure 2¢ shows a typical fluorescence spectrum
of the CDs at the excitation of 350 nm. The narrow and sym-
metric shape is clearly peaked at 440 nm. The fluorescence
quantum yield (QY) was measured to be 80% with quinine
sulfate as a reference standard. Upon the addition of Fe** into
the solution, however, the fluorescence is quenched with a
dramatic decrease in intensity. The sensitive response implies
that the CDs can be developed as a promising sensor for de-
tection of Fe’*.

Surface Characterizations

In order to exploit the use of CDs as an effective ion sensor,
we try to probe the quenching origin of fluorescent CDs by
performing full characterizations. As the synthetic precursors,
a CA molecule has three carboxyl groups while an EDA mol-
ecule has two amine groups. Although the synthetic reaction
was conducted at a CA/EDA molar ratio of 1 to 3, the resultant
CDs were negatively charged, as established with the poly-
acrylamide gel electrophoresis (PAGE). Under the electric
field, the CDs moved toward the anion electrode (Fig. 3a).
This suggests the existence of carboxyl and/or hydroxyl
groups on the particle surface. To verify the chemical structure
of CDs, 13C NMR and 'H NMR measurements were per-
formed. In the '>*C NMR spectrum (Fig. 3b), signals from
20 ppm to 100 ppm correspond to aliphatic (sp3) carbon
atoms, and signals in the range of 100—185 ppm indicate sp2
carbon atoms. The peaks between 170 and 185 ppm are as-
cribed to carboxyl groups. In the 'H NMR spectrum (Fig. 3¢),
the regions of 1-3 ppm for sp3 C-H protons, 3—4 ppm for the
protons of hydroxyethyl adjacent to the amide bond and the
hydroxyl group, and 5.5-8.5 ppm for the aromatic protons are
observed. In addition, the FTIR spectrum demonstrates the
presence of -COOH, C=0, C=N, C=C, and O-H (Fig. 3d).
Both pure CA and CDs have vibrational absorption bands of
O-H and C=0 at 3100-3500 cm ™' and 1700-1750 cm™", re-
spectively. For CDs, the peaks at 1640 and 1325 cm-1 are
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Fig. 2 Optical properties of CDs. a The excitation-emission matrix. Insets show the photographs of CD solution under daylight (Left) and 365 nm UV
excitation (Right), b UV-vis absorption spectrum, and ¢ fluorescence emission spectra of the CDs before and after the addition of F ¢** ions (0.02 M)

attributed to the vibrational absorption band of C=0 and C-O
bonds, respectively. The broad absorption band emerged at
1530-1600 cm " are indicative of C=N/C=C stretching vibra-
tions. The XPS of CDs further demonstrates the presence of C,
N and O in the nanostructure (Fig. 4). The Cls spectrum
indicates that CDs contains C=C (284.56 ¢V), C-N
(285.7 V) and C=N/C=0 (287.47 ¢V) bonds. The N1 s spec-
trum reveals the existence of C-N (398.5 eV) and C=N
(400.3 V), while the Ols spectrum exhibits two peaks corre-
sponding to C=0 (530.75 eV) and C-O (531.6 V). All these
results suggest that the CDs are N- and O-doped aromatic-
containing nanoparticles with -COOH and —OH groups on
the surface. As has been previously demonstrated, phenolic
hydroxyl groups can form a complex with iron ions where the
electron transfer happens [37]. Thus, it is reasonably conclud-
ed that the phenolic hydroxyl-enriched CDs would coordinate

Fig. 3 Surface characterizations a) Electrode
of CDs. a PAGE analysis, b Bc. —
NMR spectrum, ¢ 'H-NMR
spectrum, and d FTIR spectra
+
¢) 'H-NMR

b) "C-NMR

with iron ions, facilitating charge transfer and leading to fluo-
rescence quenching.

High-Throughput Assay of Iron lons in Aqueous
Solution

Although the CDs derived from CA and EDA has been re-
cently reported for iron ion detection [30], the synthetic time
was about 10 h. Furthermore, the detection method for metal
ions was based on the measurement of fluorescence spectra of
CDs and their intensity changes in response to analytes. This
method is time-consuming and labour-intensive because of
the lack of high-throughput capability [21, 30]. When
analysing mass samples, e.g. in screening detection for prac-
tical industry products, a rapid and facile high-throughput as-
say is quite in demand for an analyst. To exploit CD-based
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fluorescence detection for practical applications, we use a mi-
croplate reader with a 96-well microplate for fluorescence
measurements (Fig. 5a). The microplate allows high-
throughput detection of mass samples as well as measuring
duplicate samples for averaged intensity to minimize experi-
mental errors. The obtained array data was automatically proc-
essed with a custom-made MATLAB software into the image
show and readout of detection results (Fig. 5b—e). The process
from the sample processing to the readout was taken in less
than 10 min. Figure 5b shows a color-coded heat-map image
of'the array data from CD solutions in the presence of different
metal ions. In the image, every pixel represents the fluores-
cence value of a well averaged from three repeated measure-
ments. For each solution sample, four duplicate wells were
used, which created 2 x 2 pixel2 in the image. As can be seen,
the image shows a significant brightness difference in re-
sponse to various metal ions at the same concentration. For

Fig. 5 The detection of iron ions
in aqueous solution. a scheme of
high-throughput detection, b
fluorescence heat map of CDs in
the presence of different metal
ions, ¢ fluorescence intensity
analysis of CDs against different
metal ions, d fluorescence heat
map of CDs in the presence of
different concentrations of F e3+, e
the fluorescence intensity vs Fe**
concentration plot, and f the fluo-
rescence intensity vs Fe?* con-
centration plot
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those wells in the presence of Fe** and Fe?™, the fluorescence
signals are weak. Especially in the case of Fe*”, the fluores-
cence intensity decreases down closely to zero. The quantita-
tive outputs for each sample are plotted with the mean value +
standard deviation in Fig. Sc. High specificity of the CDs
toward Fe’* is clearly demonstrated. Figure 5d shows a
color-coded heat-map image of the array data from a series
of CD solutions with Fe>* concentration grades. The gradual
changes in color indicate the Fe** concentration-dependent
fluorescence of CDs. The quantitative outputs shown in Fig.
Se present a good linearity ranging from 0.1 mM and 1 M with
a correlation coefficient of 98.3%. The limit of detection
(LOD) for Fe** was determined to about 0.05 mM. In addi-
tion, the same measurement and analysis for Fe** was per-
formed. As shown in Fig. 5f, the fluorescence of CDs also
displays a good linear response against Fe?* concentration
with a LOD down to about 0.2 mM.
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High-Throughput Assay of Irons in Gasoline

So far, most reports on the CDs for metal detection have been
focused on their use in aqueous solution. However, the detec-
tion of metal contents in organic phase is in demand. For
instance, ferrocene is a key Fe-based additive in the gasoline
and fuel for improving their octane number, but the excessive
addition was restricted by the governments (< 0.2 mM). The
typical method for ferrocene determination is atomic absorp-
tion spectrometry (AAS). To extend the application range of
CDs, we attempt to use CDs to detect ferrocene in gasoline.
Nevertheless, owing to its strong polarity, CDs can hardly be
dispersed in gasoline. To improve the solubility of CDs, we
tested many polar solvents and ultimately chose ethanol as a
co-solvent for CDs in gasoline. As shown in Fig. 6a, the CDs
exhibit uniform and bright fluorescence in gasoline with the
help of 30% ethanol. Furthermore, it was found that the fluo-
rescence of CDs had sensitive response to ferrocene in gaso-
line. The gasoline samples were then analysed with the high-
throughput detection method we developed here. Figure 6b
and c present the color-coded heat-map image of gasoline
samples with different concentrations of ferrocene and the
quantitative outputs for each sample, respectively. The good
linearity is exhibited from 0.05 mM to 5 mM ferrocene with a
LOD down to 0.05 mM. The high sensitivity allows one to
evaluate the antiknock quality of gasoline by determining if its
iron level falls within the threshold of 0.2 mM. Figure 6d
shows the fluorescence intensity of CDs in two real gasoline
samples. A significant fluorescence decrease in unquantified
gasoline indicates that the CD-based quenching assay is a
convenient tool for the quality evaluation of gasoline. To ex-
amine the accuracy of this assay, we finally compared the

Fig. 6 The detection of irons in
gasoline. a photographs of CDs in
ethanol and gasoline containing
30% ethanol under 365 nm UV
excitation. b fluorescence heat
map of CDs in the presence of
different concentrations of
ferrocene. ¢ the intensity vs
ferrocene concentration plot. Inset
shows the enlarged view of
transparent blue region for clearer

Table 1 Comparison of assay results from gasoline samples measured
by CD-based and AAS methods

Sample no. CD-based (mM) AAS (mM) Relative errors
Mean value RSD

1 0.052 92%  0.048 8%

2 0.10 74%  0.095 5%

3 0.30 8.1%  0.28 7%

4 0.51 6.7%  0.48 6%

The results are average values of twelve measurements

results with those measured by atomic absorption spectrosco-
py (Table 1). The good agreements with small relative errors
were observed between two methods, yet the CD-based assay
allows the measurements of irons to be achieved with higher-
throughput, use of less sample and lower-cost instrumentation
platform.

Conclusion

In conclusion, we have reported a dual use of highly fluo-
rescent N- and O-doped CDs for iron detection in water
and organic phases. The CDs were prepared within 5 min
via microwave-assisted synthetic route. They exhibit high
QYs up to 80% with sensitive and selective quenching
responses to iron ions in aqueous solution and ferrocene
in gasoline. The fluorescence detection was performed on
a microplate reader, and then processed with a custom-
made MATLAB software. It thus allows high-throughput

Ferrocene in gasoline
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detection and rapid readout of the iron levels. The whole
process from the CD synthesis to the result output can be
completed within 15 min. Because of lower cost, use of
less sample, and higher-throughput, this CD-based meth-
od can be used as a promising technique for iron detection
in aqueous and organic environments.
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