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Carbon quantum dots (CQDs) with good water solubility and fluorescence
properties were successfully synthesized from Chenopodium quinoa
Willd. straw, a biomass by-product, by a one-step carbonization method.
Structural characterization of the fabricated carbon quantum dots by
Fourier transform infrared spectroscopy (FT-IR) demonstrated the
presence of a large number of functional groups on the surface of the
carbon quantum dots, which gives them good water solubility. The
synthesized carbon quantum dots were characterized optically by
ultraviolet-visible absorption spectroscopy (UV-Vis), photoluminescence
spectroscopy (PL), and other analytical tools. Results indicate the addition
of alkali metal ions gave a different degree of promotion of fluorescence
intensity (Li* > Cs* > K* > Na* > Rb™"), and according to this feature carbon

guantum dots can be used as a new means of alkali metal ion detection.
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INTRODUCTION

China is the largest producer of agricultural straw, and the total annual production
of agricultural straw will be no less than 800 million tons (Bi et al. 2009), of which about
32.3% becomes heating fuel, about 27.1% of edible straw can be used as a source of
roughage in livestock feed mixes, and about 14.1% is returned to the soil through
decomposition (Yang et al. 2015; Yuan et al. 2015). With the pursuit of a healthy diet, the
value of Chenopodium quinoa Willd. is gradually being discovered (Neha et al. 2023).
Chenopodium quinoa has been widely cultivated in the high-altitude provinces of Qinghai
and Gansu in northwestern China; it cannot be directly consumed by livestock due to the
hardness of the straw without ensilage (Zhao et al. 2020). Most straw is burned directly,
which causes air pollution and contributes to the greenhouse effect. Due to the lack of
decomposers in the soils of the Tibetan Plateau region, straw remaining in the land can
affect the following year’s cultivation (Fan et al. 2021; Guo and Zhao 2021). After testing,
quinoa straw contained 46.3% cellulose, 11.6% hemicellulose, 7.53 lignin, and less ash.
Compared to wheat straw and corn stover, quinoa straw has a higher cellulose content and
a lower lignin content (YYang et al. 2022). Chenopodium quinoa straw is highly productive,
widely available, and cheap. Thus, it can be used as a renewable industrial material.

Carbon quantum dots (CQDs) have received great academic attention since their
discovery in 2004, and quantum dot research has once again received even wider attention
when scientists in the field of quantum dots won the Nobel Prize for Chemistry in 2023
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(Mohammad et al. 2019; Sanderson and Castelvecchi 2023). Compared with inorganic
quantum dots, CQDs are free of heavy metals and have advantages in terms of high
solubility, chemical stability, low biotoxicity, high biocompatibility, easy modification,
and high resistance to photobleaching (Baweja and Jeet 2019; Manikandan and Lee 2022).
These properties have been widely used in fluorescent probes, light-emitting diodes
(LEDs), drug delivery, storage devices and thermal catalysts, and they have a wide range
of potential applications in the materials field (Yuan et al. 2016; Tayyebeh et al. 2017,
Wen et al. 2020; Gao et al. 2022). Various methods exist for the synthesis of CQDs,
including laser ablation, electrochemical methods, hydrothermal methods, chemical
oxidation methods, microwave, and ultrasonic methods (Thambiraj and Ravi 2016).
However, these methods suffer from cumbersome preparation routes and demanding
reaction conditions. In the past, the raw materials for the preparation of CQDs were usually
synthesized from edible materials such as barley, milk, and potatoes, resulting in a waste
of resources. Therefore, it is necessary to develop a green, efficient synthesis route for
CQDs.

The development of Chenopodium quinoa Willd. straw multi-purpose utilization
has positive significance in promoting environmental protection, energy security and
farmers’ income in the highland area. In this paper, a one-step carbonization method was
developed to successfully synthesize blue CQDs with good water solubility and
photostability using quinoa straw, an agricultural by-product, as a carbon source.
Compared to previous sources for the preparation of CQDs, quinoa straw has stronger
economic benefits. A new method for alkali metal ion detection was developed based on
the fact that different alkali metal ions have obvious fluorescence enhancement effects on
the synthesized CQDs. Fluorescence testing does not require complex testing equipment
and is inexpensive compared to traditional testing methods.

EXPERIMENTAL

Materials

Chenopodium quinoa Willd. straw was collected from cultivated land in Qinghai
Province, China. Lithium chloride (LiCl), sodium chloride (NaCl), potassium chloride
(KCI), rubidium chloride (RbCI), and cesium chloride (CsCl) were purchased from
Shanghai Aladdin Biochemical Science and Technology Co., Ltd. All reagents were
analytically pure and were directly without special treatment.

Preparation of the CQDs

Chenopodium quinoa straw taken from cultivated land was first dried in a
convection oven for 12 h and then crushed in a pulverizer to 200 mesh through a sieve.
Taking 10 g of powder in a crucible, water was added over the powder. The crucible was
placed in a drying oven to dry most of the water to brown-yellow cake, and then it was
placed in a muffle furnace at 10 °C/min to 600 °C and held at that temperature for 1 h. The
powder was dried to evaporate most of the water, yielding a brown-yellow pie-shaped
solid. After cooling to room temperature, the mixture was milled, filtered using a 0.22 um
filter membrane to remove large pieces of inaccessible activated carbon, and freeze-dried
to obtain CQDs powder at a yield of 13.25%. The CQDs powder was then dissolved in
deionized water and dialyzed in a dialysis bag (relative molecular mass 3,500) for 48 h
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(Zhao et al. 2020). The purified aqueous solution of CQDs obtained was used for
subsequent experiments and characterization.

Characterization Methods

The microstructural features of the CQDs solutions were observed using a JEM-
F200 transmission electron microscope (TEM) from JEOL Electronics, Japan. An
appropriate amount of CQDs solution was dropped on a 300-mesh copper mesh with a
collodion film and dried at room temperature. XRD tests were performed using an XRD-
7000 diffractometer from SHIMADZU, Japan. The diffraction angle range was 26=10 to
80°, and the diffraction scan rate was 4°/min. The final diffraction spectra obtained were
used to characterize the CQDs and determine their microcrystalline structure. Thermo
Fisher DxR was used for Raman determination. Raman spectra of CQDs were obtained at
an excitation wavelength of 532 nm, and Raman detection can obtain the degree of
graphitization of carbon materials. The results can be used as a complement to the XRD
results. The CQDs powder was mixed and ground with KBr powder and then pressed into
discs, which were examined by FTIR using Thermo Fisher NICOLET 1S20, USA. The
infrared spectra were obtained by scanning in the wavelength range of 4000 to 1000 cm™,
and the functional groups of CQDs were analyzed by infrared spectroscopy. The optical
properties of CQDs were characterized by UV spectroscopy and photoluminescence
spectroscopy (PL). PL scans were performed with a Gangdong Science & Technology
Development Co. F-320 device, China. The detection conditions of the fluorescence
spectrophotometer were set to 10 nm slit widths for both excitation and emission
wavelengths, and a photomultiplier voltage of 800 V during the detection process. UV
spectra were measured by T600 UV-Vis Spectrophotometer, Beijing Purkinje GENERAL
Instrument Co., Ltd., China. All experiments were repeated three times, and the results
were averaged.

Detection of Fluorescence Process

Deionized water was selected as the standard solution, and the excitation
wavelength of the mother liquors was measured at 240 to 500 nm with an excitation interval
of 20 nm to obtain a maximum excitation wavelength of 320 nm. The mother liquors were
configured into standard solutions containing LiCl, NaCl, KCI, RbClI, and CsCl with a mass
fraction of 10 g/L. The maximum excitation wavelength was selected as the excitation
wavelength and the intensity of the emitted light was measured for each solution.

RESULTS AND DISCUSSION

Characterization of the CQDs Structural

The CQDs synthesized by the one-step carbonation method showed a yellowish
transparent solution in daylight, indicating that the CQDs had been successfully dissolved
in the solution. The CQD solution showed a bright blue fluorescence under 365 nm UV
light, indicating the presence of CQDs in the filtrate. The synthesis process is in line with
the green production process, the production process is safe, the production equipment is
simple, and it can be accomplished by regulating a single factor, which has the prospect of
further large-scale synthesis.

Figure 1(a) shows a TEM image of CQDs, indicating that the prepared CQDs can
be uniformly dispersed in solution as nearly spherical nanoparticles. The CQDs particles
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ranged from 0.8 to 2.5 nm, and the particle size are mainly distributed as 1.7 nm. The lattice
stripes were obvious, indicating that the degree of graphitization had been possessed, and
the lattice spacing was about 0.4 nm, which indicates that the prepared CQDs were
amorphous graphite. All of the above microscopic morphologies met the definition of
CQDs, indicating that CQDs had been successfully prepared. Figure 1(b) shows the XRD
spectrum of the prepared CQDs, (002) crystal surface at 20 about 26°. No other
crystallographic Bragg peaks were found, which is typical of amorphous carbon features.
The diffraction peaks on the (002) crystal faces were broad, indicating a low degree of
graphitization and the presence of a large amount of amorphous carbon. The d002 graphite
layer spacing was calculated to be 3.78 nm by Bragg's formula, which roughly matches the
graphite layer spacing observed by TEM.

The functional groups present on the surface of CQDs were investigated using FT-
IR, and the results are shown in Fig. 1(c). The FT-IR spectra of the CQDs indicate that the
broad absorption peak at 3412 cm™ corresponds to the stretching vibration of the -OH/-
NH2 group. The bands at 2984 and 2878 cm™ correspond to C-H stretching vibrations,
which may arise due to methyl or methylene groups associated with aliphatic hydrocarbons
(Yang et al. 2022). The 2516 cm™ absorption peak corresponds to the stretching vibrational
mode of mercapto -SH. The 1799 cm™ absorption peak corresponds to the stretching
vibrational mode of C=0 in carboxylic acids and carbonyls. The larger peak at 1426 cm™
corresponds to the C=C stretching vibration. A distinct C-O/C-O-C stretching vibration
was also observed at 1008 cm™ which corresponds to the presence of epoxy groups (Thota
et al. 2023).
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Fig. 1. (a) TEM, (b) XRD and (c) FT-IR spectra of CQDs
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Optical Properties of CQDs

The UV-vis absorption spectra show characteristic bands associated with the
prepared CQDs. The CQDs exhibited absorbance bands in the range of 260 to 320 nm,
attributed to the m-n* leaps of the C=C bond with sp? hybridization; there was a weak
shoulder at 270 to 400 nm, which can be attributed to the 6-n* of the C=0 bond, with a tail
that extends into the visible light (Shaari et al. 2021). Figure 2(a) shows the UV-vis spectra
of CQDs, which show strong optical absorption in the UV region (Lin et al. 2019). The
CQDs show two strong absorbances at 205 nm and 216 nm due to the n-n* leaps of the
C=C bond. The presence of a shoulder peak at 234 nm is observed, which is due to the n-
n* jump of the sp? hybridization (Kalanidhi et al. 2022). Different sizes of CQDs have
different emission and excitation wavelengths due to the different sizes of synthesized
CQDs and different fluorescence intensities. Figure 2(b) shows the emission spectra of
CQDs solutions at different excitation wavelengths, from which the optimal excitation and
emission wavelengths of CQDs were 320 nm and 416 nm, respectively. CQDs
luminescence is dependent on the excitation wavelength. The excitation wavelength
redshifted emission wavelength was also redshifted, i.e., with the excitation wavelength
redshifted, the fluorescence intensity showed a tendency to increase to the maximum
excitation wavelength first and then to decrease. This may be due to the inhomogeneous
particle size distribution of CQDs (Shaari et al. 2021).
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Fig. 2. (a) Absorbance, maximum excitation and emission spectra of CQDs (b) Emission spectra
of CQDs at different excitation wavelengths

Effect of Alkali Metal lons on the Sensing Properties of CQDs

Figure 3 shows the fluorescence spectra with the addition of different alkali metal
ions. The fluorescence intensity of CQDs is promoted by different alkali metal ions, and
the fluorescence intensity after the addition of alkali metal ions was in the order of Li* >

Cs"> K" > Na" > Rb" from large to small. This may be due to the action of alkali metal

ions on the surface of CQDs, which causes defects on the surface of CQDs or changes the
electronic configuration of the surface of CQDs, increasing the band gap jump caused by
n-electron conjugation, resulting in the change of the surface state of the CQDs, which
suggests that the prepared CQDs can be tuned to modulate the luminescence intensity by
adding different alkali metal ions (Isobe et al. 2019). At the maximum excitation
wavelength, most of the alkali metal ions did not shift the maximum excitation wavelength
of the CQDs. Contrary results were observed for Li*, which blueshifted the emission
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wavelength. This may be due to the fact that Li* has an exceptionally small radius, resulting
in a large ionic potential, which is significantly different from other alkali metals of the
same main group. The addition of Li* changes the charge distribution in the CQDs,
resulting in a shift of the fluorescence emission peaks in the short-wave direction (Aoki et
al. 2005). The feature that CQDs have different luminescence intensities when alkali metal
ions are added makes CQDs applicable to the detection of alkali metal ions in solution by
comparison with standard solutions.
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Fig. 3. Fluorescence spectra of CQDs after addition of different alkali metal ions

Effect of UV Lamp Irradiation Duration on Fluorescence Intensity

The photostability of fluorophores is a very important property that determines the
feasibility of biological applications. The fluorescence intensity of the CQDs decreased
significantly with the increase of UV irradiation time by dark box four-use UV analyzer
under 365 nm UV lamp irradiation, as shown in Fig. 4. The relative fluorescence intensity
decreased by 5.2% during 100 min of UV irradiation, which indicates that the prepared
carbon dots had obvious photostability in aqueous solution. Long time radiation of UV
light can lead to fluorescence quenching of CQDs. UV light radiation promotes the excited
state molecules to interact with other molecules and cause collisions, which in turn leads
to fluorescence quenching (Xiao et al. 2022). At the same time, there is a positive
correlation between light duration and luminous intensity, a property that makes it widely
useful for inferring operating time.
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Fig. 4. Effect of UV irradiation time on luminescence intensity

CONCLUSIONS

1.

A simple, green, and promising route for the synthesis of carbon quantum dots (CQDs)
with one-step large-scale synthesis was developed using quinoa straw, an agricultural
waste, as a carbon source. The prepared CQDs exhibited an amorphous structure,
nearly spherical, with good water solubility, and abundant water-soluble functional
groups on the surface such as -OH, -NH3, and C=C.

The optimal excitation and emission wavelengths of the prepared CQDs were 320 nm
and 416 nm, respectively. The fluorescence intensity was dependent on the excitation
wavelength. The excitation wavelength was red-shifted, and the emission wavelength
was likewise red-shifted. The fluorescence intensity was shown to increase to the
maximal excitation wavelength firstly, and then decrease.

Different alkali metal ions exhibited an obvious promotion of the luminescence
intensity of the prepared CQDs. According to the different alkali metal ions on the
CQDs. Different alkali metal ions on the CQDs affected the luminescence intensity in
different ways, so that the CQDs can be used in the detection of alkali metal ions. This
field has great potential for development. Under the irradiation of 365 nm UV lamp,
the CQDs displayed obvious photostability, and the relative luminous intensity only
decreased by 5.2% within 100 min.
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