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A simple, green, and solvent-free pyrolysis method for the preparation of starch-based carbon dots (CDs)

was developed. The CDs prepared at 300 °C exhibited a highest quantum yield of 21.0%, which was mainly
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Heavy metal ions are essential to human social and life activi-
ties. The rapid development of the mining, chemical and metal
smelting industries has resulted in negative impacts on the
environment, such as water pollution, and metal ions are
particularly harmful pollutants." Ruthenium is a platinum
group metal with excellent chemical stability and catalytic
properties and therefore is suitable for a wide range of appli-
cations in the electronic, electrical and electrochemical indus-
tries.? However, with the extensive use of ruthenium, industrial
effluents containing ruthenium are discharged into the envi-
ronment, causing environmental pollution and accumulation
in living organisms, thus posing a risk to human health, espe-
cially to the skin and eyes.? The environmental requirements for
ruthenium emissions are more stringent than those for other
elements, but the detection of ruthenium has been less well
reported. Therefore, there is an urgent need for a greener, more
sensitive and simpler detection method.

In recent years, fluorescent probes have become a hot topic
of research due to their high sensitivity, selectivity and ease of
use. As one of the more important properties of carbon dots
(CDs), fluorescence detection has received considerable atten-
tion in recent years. CDs can be used for the fluorescence
analysis of different objects, e.g., metal ions,* nonmetal ions,*
organic small molecules® and others.” Metal ions are highly
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due to the high degree of graphitisation of the CDs. The CDs were selective for the detection of Ru®" ion

efficient in quenching the fluorescence of CDs, allowing the
concentration of the metal ions to be determined within
a certain range and thus enabling the quantitative detection of
metal ions in real water samples.

Scientific researchers have gradually introduced the concept
of green and environmental protection into the preparation and
application of CDs, etc®. Although there are a wide variety of
mechanisms of action and sources of CDs, there are still many
drawbacks, such as the need for strong acids, bases and toxic
organic reagents; the use of time-consuming and difficult large-
scale preparation; the high costs of raw materials. Therefore,
the development of environmentally friendly preparation
methods and the search for new green carbon sources are
urgently needed for CDs. Among available carbon sources,
starch is widely found in various plants in nature and is
a readily available, low-cost, renewable and environmentally
friendly raw material.® Starch is a polysaccharide consisting of
glucose units and is abundant in plant seeds, tubers and roots.
Starch is also rich in hydroxyl groups, which is beneficial for
increasing the quantum yield (QY) of CDs." Starch has a large
specific surface area, which facilitates the formation of CDs.""**
Therefore, starch is a good raw material for the preparation of
CDs. Solvent-free preparation of CDs is a simple, clean and
inexpensive method of synthesis. This method does not use
toxic dopants, and the preparation process and steps are envi-
ronmentally sustainable. The prepared CDs have good water
solubility and can be directly applied for the detection of metal
ions in aqueous environments.

Herein, we report a method for the preparation of fluores-
cent carbon dots using biomass (starch) by solvent-free pyrol-
ysis. As the biomass can be incompletely charred or burnt to ash
when charred at different temperatures, using 50 °C as
a temperature gradient, the temperature range for starch
charcoal is 250 ~ 350 °C. After biomass carbon black was ob-
tained, it was added to ethanol, extracted for a period of time
and purified to obtain a yellow carbon dot solution with bright
blue fluorescence under 365 nm ultraviolet light excitation
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Fig. 1 The synthesis route of starch-based CDs by solvent-free
pyrolysis.

(Fig. 1). These CDs were named CD-(250 ~ 350). To differentiate
them from those prepared via the traditional hydrothermal
method, the CDs prepared by starch hydrothermal methods are
called CDs-hydro. No blue fluorescence was observed at pyrol-
ysis temperatures below 250 °C or above 350 °C for starch. These
carbon dots are simple, quick, and inexpensive to produce; the
ethanol solution used for extraction is reusable, and the carbon
dots react surprisingly well to Ru®’, making them strong
candidates for metal ion detection.

The pyrolysis reactions of starch were characterised by
thermogravimetric analysis and mass spectrometry (TGA-MS)
(Fig. S1t). This sample released weakly physically adsorbed
water and volatiles at all temperatures above 100 °C. As shown
in Fig. S1a,t the starch lost most of its weight from 250 to
400 °C, with an initial decomposition temperature of 250 °C. In
this temperature range, the polysaccharide chains first under-
went depolymerisation, and then the glucose rings began
extensive thermal degradation, generating various gaseous
products and forming solid char.”® The maximum weight loss
rate of starch occurred at 310 °C. The volatile fractions were
analysed in real time by mass spectrometry, and the four main
small-molecule gas products were detected at m/z = 15 (CHj), m/
z = 18 (H,0), m/z = 28 (CO) and m/z = 44 (CO,) (m represents
the number of protons, and z represents the charge)."* Gaseous
products such as CO,, CO, H,O and CHj; increased when the
temperature was in the range of 250 ~ 400 °C. The elimination
of the four small molecules mentioned above occurred in starch
at approximately 320 °C, which is consistent with the temper-
ature at which the maximum weight loss rate occurred. At
temperatures below 200 °C, only small amounts of H,O and CO
were present in the curve due to the release of adsorbed water
and low-molecular-weight carbonyl compounds by evaporation.
In this case, the dehydration between hydroxyl groups and the
cleavage of glycosidic bonds lead to more significant elimina-
tion of H,O and CO, which reduces the oxygen content and
promotes the formation of more graphitized structures.*

The UV/Vis absorption spectra of the CDs were measured in
ethanol, as shown in Fig. 2a. In the UV region, absorption peaks
at 203 ~ 220 nm were observed for all four CDs; these peaks
correspond to m-m* transitions among C=C bonds in the
carbon core. The CDs-hydro show a more pronounced absorp-
tion band at approximately 275 nm, which was attributed to the
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Fig. 2 (a) UV/vis absorption spectra of CDs based on starch and PL

emission spectra of CDs-hydro in ethanol solution (c = 1.0 mg mL™Y).
(b—d) PL emission spectra and the maximum emission spectrum of
CDs-250, CDs-300 and CDs-350 in ethanol solution (c = 1.0 mg
mL™Y).

T-1* transition of aromatic carbons and the n-7* transition
between the sp® domains. Unlike many previously reported
CDs, these CDs do not give rise to an absorption band in the
visible region as a result of surface defects.

Fig. 2b-d shows the fluorescence emission (PL) spectra of the
four kinds of CDs in ethanol solution. After varying the wave-
length of the excitation light, no significant excitation depen-
dence was found in the fluorescence emission (PL) spectra of
the CDs. The maximum fluorescence wavelength of these
carbon dots is 415-455 nm, corresponding to blue fluorescence.
The maximum fluorescence wavelength of CDs-300 is approxi-
mately 455 nm, which is consistent with the CDs prepared by
hydrothermal methods. The best excitation wavelength for the
solvent-free method is approximately 310 ~ 330 nm, while the
best excitation wavelength for CDs-hydro is 370 nm, which
corresponds to a lower energy requirement. Different carbon-
isation temperatures have no significant effect on the maximum
fluorescence wavelength of the CDs but have a significant effect
on the fluorescence quantum yield (QY). As the carbonisation
temperature increases, the QYs of these CDs first increase and
then decrease. The maximum quantum yield of starch CDs was
observed at 300 °C (21%). The QYs of the CDs prepared by
solvent-free pyrolysis were usually higher than those of CDs
prepared by hydrothermal methods (Fig. 3i). Combined with
the data of QYs and TG-mass, the elimination reaction of H,O
and CO are probably most closely related to the formation and
fluorescence of CDs.

Transmission electron microscopy (TEM) is an important
characterisation tool for examining the morphology of the
prepared CD samples. As shown in Fig. 3a-d, the TEM images
show that all CDs were dot-like with a uniform distribution and
no obvious aggregation. The average particle sizes of these CDs
were found to be 1.3 ~ 2.3 nm. With increasing carbonisation
temperature, the particle size first decreased and then

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a—d) TEM images of CDs-hydro, CDs-250, CDs-300 and CDs-
350 (from left to right), inset: histograms and Gaussian fittings of
particle size distribution; (e—h) HR-TEM images of CDs-hydro, CDs-
250, CDs-300 and CDs-350 (from left to right). (i) Dotted line plot of
CDs quantum yield versus reaction temperature. (j) Dotted line plot of
average particle size of CDs versus reaction temperature.

increased. Higher QY values corresponded to smaller particle
sizes of the CDs. In addition, the particle size of the CDs
prepared by the solvent-free pyrolysis method was smaller than
that of CDs prepared by the hydrothermal method. As shown in
the high-resolution transmission electron microscopy (HR-
TEM) images in Fig. 3e-h, the lattice stripe spacing was
0.20 nm, corresponding to the (100) crystal plane of graphite."”

Fourier transform infrared (FT-IR) spectroscopy is an
important tool for the qualitative analysis of the surface func-
tional groups of CDs. As seen in Fig. 4a, the prepared CDs gave
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Fig. 4 (a) FT-IR spectra of CDs based on starch (b) Raman spectra of

CDs-hydro and CDs-300. (c) XPS survey spectra, and (d) high-reso-
lution C 1s spectra of CDs-hydro, CDs-250, CDs-300 and CDs-350.
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rise to similar infrared peaks, indicating that they have similar
surface functional groups and similar chemical compositions.
The broad peak near 3447 cm ' corresponds to the O-H
stretching vibration, and it can be inferred that the presence of
hydrophilic groups on the surface of the CDs makes them
effectively soluble in solvents such as water and ethanol and
that aqueous solutions of CDs are also more stable. This
provides the basis for the detection of metal ions in the water
column near the CDs. Their IR spectra showed absorption
peaks at 1032 cm ™', which were attributed to the C-O func-
tional group.'® Raman spectra (Fig. 4b) showed two peaks at
approximately 1348 and 1590 cm '. According to general
guidelines, the D band appears to be indicative of disordered
graphite structures, whereas the G band is indicative of crys-
talline graphitic carbons. The Ip/I; ratios for CDs-hydro and
CDs-300 were 2.16 and 2.09, respectively. According to the Ip/Ig
ratio, the graphitisation of the carbon dots prepared by the
solvent-free pyrolysis method is greater than that of the CDs
prepared by the hydrothermal method.” As shown in Fig. S2,}
The XRD pattern shows two characteristic diffraction peaks at
26 values of 23.1° and 43.5°, indicating that these carbon dots
have an amorphous carbon and graphitic carbon structure®

Further investigation of the CD surface composition was
performed via X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 4c, a similar element composition was observed
in all examined CDs. There are typically two intense peaks at
284.8 and 531.2 eV in the XPS spectrum, which correspond to C
1s and O 1s respectively.* The results of further investigation of
the surface state of the CDs are listed in Table. S1.T With high-
resolution XPS, surface information can be acquired for CDs.
The resolved C 1s spectrum contained peaks at 284.8, 286.4 and
287.8 €V, indicating the presence of C=C/C-C (sp> carbon), C-O
(sp® carbon) and C=0 (carbonyl carbon) bonds, respectively??
(Fig. 4d). For these four CDs, the presence of more C-O bonds in
the CDs prepared by the hydrothermal method was probably
due to the involvement of the solvent in the carbonisation
reaction. In addition, the carbon content increased and then
decreased as the carbonisation temperature increased, sug-
gesting that high temperatures induce oxidative degradation of
starch. Detailed analysis shows that CDs-300 has the highest sp®
carbon content and carbonyl carbon content, indicating a high
degree of graphitisation and oxidation, which may be the main
factors contributing to the high fluorescence efficiency.

There are two general mechanisms for the CD photo-
luminescence phenomenon. One is the band gap transition
based on the conjugate structure in the sp” carbon core, and the
other is the presence of surface defects in the CDs.*® Because no
absorption associated with surface defects was observed for our
samples, we believe that the band gap transition of the conju-
gated structure was the main factor controlling the PL in our
system. The experimental Raman and XPS results also support
the speculation and discussion of the fluorescence mechanism.
With increasing reaction temperature, starch condenses via
dehydration and the removal of hydroxyl and other functional
groups by carbon dioxide to form a conjugated graphite carbon
structure, which can emit fluorescence through electronic
transitions. According to the experimental results, the CDs
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prepared by solvent-free pyrolysis have a better conjugated
carbon core structure (sp> carbon) and better fluorescence
quantum yield than those prepared by the hydrothermal
method.

CDs-hydro and CDs-300 with the highest fluorescence effi-
ciency were chosen for the detection of various metal ions, as
shown in Fig. 5a and b. The fluorescence intensity of the CDs
was greatly reduced in the presence of Ru**, while other ions
had a weaker effect on the fluorescence intensity, indicating
that CDs have excellent selectivity for Ru*". We suggest that the
hydroxyl groups on the surface of CDs interact with Ru*",
resulting in fluorescence quenching due to changes in the
electronic structure of the CDs.>*** Therefore, we further
investigated the detailed sensor response of the two CDs to Ru*"
ions. The fluorescence intensity varied with Ru®" concentration
from 0-1000 pM (Fig. 5¢ and d). The fluorescence intensities of
the CD solutions were linearly related to the Ru** concentration
over a range of Ru®*" concentrations (Fig. 5e and f). In conclu-
sion, the CDs obtained in this study exhibited good selectivity
for Ru**, supporting the use of these CDs as metal ion detection
probes. The detection limit of the CDs obtained by the solvent-
free method was less than 20 pM, while the detection limit of
the control CDs was only 100 uM, indicating that the CDs ob-
tained by the solvent-free method are more sensitive for the
detection of Ru**.

In summary, the biomass CDs were prepared by a solvent-
free pyrolysis method using starch as a carbon source. The
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synthesis temperature influenced the QY of the CDs, with CDs-
300 exhibiting a higher QY of 21% and having a higher C=C/C-
C content, indicating that CDs with a high degree of graphiti-
sation can be formed at this temperature. The surface of the
CDs was found to be rich in oxygen-containing functional
groups, which are more conducive to Ru®*" coordination and
show good sensitivity to Ru®", making these materials suitable
for use as fluorescent Ru®* sensors. The solvent-free preparation
of the CDs described in this paper is simple and green, and the
reaction solvent can be reused, which not only effectively
reduces the production cost of the CDs but also provides a new
method for the efficient conversion of biomass resources and
green development and a new strategy for the detection of Ru**
in aqueous solution.
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