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Abstract

Scandium-modified carbon dots (Sc-oCDs) were synthesized in this work through a solid-
phase approach. The prepared Sc-oCDs exhibited excitation-independent emission prop-
erties, as well as photostability against pH, ionic strength, and UV irradiation. Their
fluorescence quantum yields significantly exceeded those of unmodified counterparts, con-
firming effective Sc modification. The Sc-oCDs also possessed upconversion fluorescence
at 542 nm with 980 nm excitation. Additionally, the as-prepared Sc-oCDs functioned as an
effective fluorescent sensor for Cu2+, demonstrating selective fluorescence quenching. A
linear correlation was observed between the quenching efficiency and Cu2+ concentration
from 1 to 600 µM, achieving a detection limit of 0.167 µM. Operating via dynamic quench-
ing, this sensing system achieved highly selective and rapid (<1 min) detection of Cu2+,
enabling sensitive Cu2+ monitoring in aqueous samples.

Keywords: scandium-modified carbon dots; solid-phase synthesis; upconversion; Cu2+;
dynamic quenching

1. Introduction
Carbon dots (CDs) are a class of zero-dimensional carbon-based nanomaterials with

sizes below 10 nm. They are renowned for their exceptional properties—including tunable
fluorescence, facile modification, photostability, biocompatibility, and low toxicity [1,2].
These distinctive features enable them to be promising alternatives to semiconductor quan-
tum dots and conventional organic dyes in various fields, including sensing, bioimaging,
and drug delivery [3]. However, hurdles such as low near-infrared quantum yield, limited
selectivity, and polydispersity persist. To address these limitations, heteroatom doping [4,5]
(including nonmetallic atoms, e.g., N [6] and B [7], and metal ions, e.g., Fe [8] and Mg [9])
and co-doping [10,11] have proven effective in modulating electronic structures, enhanc-
ing fluorescence efficiency, and introducing new functionalities, thereby broadening their
utility [12].

Rare earth elements (RE), owing to their distinctive 4f electron configurations, display
abundant 4f–4f electronic transitions that span a broad spectral range. These transitions are
marked by large Stokes shifts, narrow emission bands, and exceptionally long-lived excited
states [13]. The remarkable properties of rare earth–carbon dots (RE-CDs) have led to their

Chemosensors 2025, 13, 430 https://doi.org/10.3390/chemosensors13120430

https://doi.org/10.3390/chemosensors13120430
https://doi.org/10.3390/chemosensors13120430
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0002-0037-1149
https://doi.org/10.3390/chemosensors13120430
https://www.mdpi.com/article/10.3390/chemosensors13120430?type=check_update&version=2


Chemosensors 2025, 13, 430 2 of 14

growing prominence. These materials enable versatile applications, owing to energy ex-
change between RE3+ ions and CDs. CDs exhibit strong UV absorption and act as electron
donors/acceptors, transferring energy to RE3+ ions, which are hard Lewis acids [14,15].
Consequently, RE-modified carbon dots have been prepared for luminescence [16,17],
bioimaging [18,19], sensing [20,21], enzyme activity [22], and other applications. Scandium
(Sc), the lightest transition metal and a highly valuable rare earth element [23], possesses
unique properties due to its distinctive electron configuration. In nature, it exclusively
exists in the +3 oxidation state (Sc3+), which—with strong Lewis acidity and the small-
est ionic radius among rare earth ions—exhibits exceptional complexation capabilities.
Chen et al. [24] demonstrated that free Sc3+ ions significantly boosted the photocatalytic
activity of carbon dots over a wide pH range for bio-nanozyme cascade colorimetric assays.
Yang et al. [25] prepared Sc3+-modified graphene quantum dots (GQDs), which effectively
stabilized the photoluminescence of GQDs against quenching by heavy metal ions through
surface modification. Inspired by the above research work, we envision that scandium
modified carbon dots can be prepared to endow them with more excellent properties.

The solid-phase synthesis method, originally developed by Merrifield in 1984 for
polypeptide synthesis, offered distinct advantages including operational simplicity, high
yield, solvent-free conditions, and minimal purification requirements for products [26,27].
In recent decades, this methodology has found extensive applications in nanomaterial fab-
rication. Recent advances in solid-phase synthesis have enabled the fabrication of various
doped quantum dots, including nitrogen-doped carbon dots with highly fluorescent [28],
red dual-emissive nitrogen-doped variants [29], N,S-co-doped carbon dots [30], and Fe,N-
co-doped nanozymes [31]. These studies demonstrate simplified preparation processes
while achieving high fluorescence quantum yields and enhanced application performance.

Copper ions (Cu2+), while essential in industrial and agricultural applications, become
hazardous at elevated concentrations [32]. Their environmental persistence led to aquatic
ecosystem disruption and bioaccumulation, while human exposure caused liver damage
and neurological disorders [33]. The U.S. EPA (Environmental Protection Agency) has
established a permissible level of 1.3 ppm for Cu2+ in drinking water [34]. The additional
risk of Cu2+ leaching from plumbing systems into drinking water underscored the critical
need for sensitive detection methods to ensure water safety and public health protection.
Multiple analytical methods have been developed for detecting Cu2+ in diverse samples,
such as atomic/molecular spectrophotometry [35], mass spectrometry [36], sensor tech-
nology [37], electrochemical [38], and chromatography [39]. Among various detection
methods, QDs-based fluorescent sensors stand out due to their low cost, ease of miniatur-
ization, and ability to provide rapid, quantitative results, making them highly valuable for
monitoring Cu2+.

Herein, scandium-modified carbon dots (Sc-oCDs) were papered by the solid-phase
synthesis method, which does not need high temperatures or organic solvents. The experi-
mental parameters for solid-phase synthesis of Sc-oCDs were systematically investigated,
followed by material characterization. The superior optical properties of Sc-oCDs were
also discussed, demonstrating enhanced fluorescence quantum yield along with both
downconversion and upconversion photoluminescence (UCPL) capabilities. Moreover,
the as-prepared Sc-oCDs exhibited selective fluorescence quenching on Cu2+, as illus-
trated in Figure 1, supporting the application for Cu2+ detection in tap water and river
water samples.
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Figure 1. Solid-phase synthetic procedure of Sc-oCDs for Cu2+ detection. The blue star in the figure
represents copper ion.

2. Materials and Methods
2.1. Chemicals

o-Phenylenediamine (oPD) and glycine were acquired from Tianjin Guangfu Chemical
Reagents Co., Ltd. (Tianjin, China). Sc2O3 were obtained from J&K Scientific (Beijing,
China). MnCl2, MgCl2, BaCl2, FeCl3, FeCl2, AlCl3, CoCl2, ZnCl2, NiCl2, CdCl2, CrCl3,
and CuCl2 were bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Other reagents were analytical grade and employed as received. Ultrapure water was
utilized throughout.

2.2. Instrumentation and Characterization

A fluorescence spectrophotometer (RF-5301PC, Shimadzu, Kyoto, Japan) was used to
acquire fluorescence spectra. A double-beam UV-vis spectrophotometer (TU-1901, Beijing
Purkine General Instrument Co., Ltd., Beijing, China) was employed to record absorption
spectrum. The morphologies and size distribution of nanomaterials were characterized
using transmission electron microscopy (TEM, Hitachi-600, Hitachi, Kyoto, Japan). Energy
dispersive spectroscopy (EDS) characterization was performed using a scanning electron
microscope (JSM-IT800, JEOL, Tokyo, Japan). FT-IR spectra were surveyed on an infrared
spectrometer (Nicolet Nexus 670, Thermo Fisher Scientific Inc., Waltham, MA, USA). X-ray
diffraction (XRD) patterns were obtained on an X-ray diffractometer with Cu Kα radiation
(D/Max-2400, Rigaku, Tokyo, Japan). UCPL was carried out using a femtosecond pulsed
laser excitation at 980 nm (Coherent Inc., Saxonburg, PA, USA) connecting an optical-
multichannel analyzer (OMA) system. Inductively coupled plasma mass spectrometry
(ICP-MS, Icap-Qc Ultimate 3000, Thermo Fisher Scientific Inc., Waltham, MA, USA) was
used to detect the scandium content in the material in reference to the national standard
(GB 5009.94-2012) [40]. The absolute fluorescence quantum yield was measured directly us-
ing a fluorescence spectrometer (FL920P, Edinburgh Instruments, Livingston, UK) equipped
with an integrating sphere. Its time-correlated single-photon counting (TCSPC) system was
employed to record the time-resolved fluorescence spectra.

2.3. Synthesis of Sc-oCDs

The synthesis method refers to a previous report [41]. Initially, 0.03 g oPD and 0.06 g
Sc2O3 were first mixed in an agate mortar, ground thoroughly, and then transferred to
a 50 mL stainless steel autoclave lined with Teflon. After reaction at 120 ◦C for 2 h, the
autoclave was cooled naturally to room temperature. The resulting dark brown powder was
dissolved in 5 mL of water. After centrifugation at 11,000 rpm for 15 min, the supernatant
was collected and subjected to dialysis against ultrapure water for 24 h. Finally, the purified
Sc-oCDs was further freeze-dried to obtain a deep dark brown powder. As comparison, the
unmodified CDs (oCDs) were prepared using the same procedure as Sc-oCDs, except no
Sc2O3 was added.
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2.4. Fluorescence Quenching Experiments with Cu2+

Briefly, 50 µL of a 0.02 mg/mL Sc-oCDs solution was combined with 2.92 mL of a
Glycine–HCl buffer solution (10 mM, pH = 4.8). Immediately afterward, an aliquot of 30 µL
of CuCl2 solution, prepared at different concentrations (with the final Cu2+ concentrationva-
rying from 0 to 0.6 mM), was added. The fluorescence spectra of the reaction system were
all recorded at an excitation wavelength (λex) of 420 nm. For the selectivity experiments,
the procedure remained identical, except interfering substances were substituted for Cu2+.

2.5. Real Samples Analysis

Water samples from the Yellow River (Lanzhou section, Gansu Province, China)
and tap water were collected and processed. All samples underwent centrifugation at
11,000 rpm for 15 min, followed by filtration of supernatant through membranes (0.45 µm)
for later use.

Cu2+ detection in real samples followed the procedure in Section 2.4, except that the
water sample solution was added instead of the CuCl2 solution. Spike recovery tests were
conducted at three concentration levels, each with three parallels.

3. Results and Discussion
3.1. Optimization of Synthesis Conditions for Sc-oCDs

Sc-oCDs were prepared by the solid-phase synthesis method as previously de-
scribed [41]. To prepare Sc-oCDs with excellent optical properties, this work investigated
the effects of synthesis temperature, time, and the mass ratio of Sc2O3 to oPD on the optical
performance of the resulting products. Figure 2 displays the normalized fluorescence
intensities of Sc-oCDs prepared under various conditions. Specifically, in Figure 2A, ex-
tending the reaction duration from 0.5 to 2 h maximizes the fluorescence intensity of the
Sc-oCDs while further extension to 8 h causes a gradual decrease. This indicates that
excessive carbonization time impairs fluorescence properties, so 2 h was determined to
be the optimal reaction period. Fluorescence intensities of products prepared at different
temperatures are shown in Figure 2B, peaking at 120 ◦C. The raw material ratio was further
optimized. As Figure 2C shown, the strongest fluorescence occurred at an oPD:Sc2O3 mass
ratio of 1:2, at which point the mass ratio of C to Sc provided by the precursors was 1:1.
Thus, in subsequent experiments, Sc-oCDs synthesized under optimal reaction conditions
(1:2 initial material ratio, reaction at 120 ◦C for 2 h) were used consistently.

Figure 2. Normalized fluorescence intensity of Sc-oCDs synthesized under different (A) reaction
times, (B) reaction temperatures, and (C) mass ratios of oPD and Sc2O3.
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3.2. Characterization of Sc-oCDs

The morphology and size distribution of the prepared nanomaterials are characterized
by TEM. As depicted in Figure 3A, the as-synthesized Sc-oCDs exhibits a nearly spherical
shape, with their diameters varying from 4.0 to 8.0 nm. The corresponding size distribution
analysis (Figure 3B) reveals that the mean size of Sc-oCDs was determined to be 6.0 ± 1.2 nm.
The high-resolution TEM (HRTEM) image of Sc-oCDs reveals a well-resolved crystalline
structure, with a lattice spacing of 0.23 ± 0.04 nm that matches the (100) diffraction plane
of graphitic carbon [42].

Figure 3. (A) TEM (inset is HRTEM) images, (B) size distribution histograms, (C) XRD pattern, and
(D) FT-IR spectra of Sc-oCDs.

The typical XRD pattern of Sc-oCDs (Figure 3C) exhibits a broad diffraction peak in
the range of 17◦ to 31◦, which can be attributed to the (002) plane, confirming the graphitic
structure of the Sc-oCDs [43]. In addition, the surface functional groups of Sc-oCDs are
investigated using FT-IR spectroscopy. Figure 3D shows the characteristic broad absorption
bands in the ranges of 3100–3600 cm−1, which can be assigned to the stretching vibrations
of O-H and N-H bonds [44]. The C-H stretching vibration peak appears in 2800–2900 cm−1.
The enhanced peaks between 1630 and 1680 cm−1 imply C–N and C=C bonds, thereby
verifying that amino- and oxygen-containing functional groups are present on the Sc-oCDs’
surface. The strong absorbance at 1385 cm−1 is assigned to the stretching vibration of
=N-CH [45]. The peaks in the wavenumber range of 1043–1157 cm−1 correspond to the stretch-
ing vibrations of C–N. Moreover, compared with oCDs, the FT-IR bands at 1110–1157 cm−1

and 3100–3600 cm−1 appear sharper and broader. The deviations indicate that the amino and
oxygen-containing groups in oPD interact with Sc2O3 during the synthesis of Sc-oCDs.

EDS analysis was also performed to verify the presence of Sc. As shown in the
elemental mapping images (Figure S1), both C and Sc are homogeneously distributed
throughout the materials, collectively confirming the successful modification and uniform
dispersion of Sc. Due to the extremely low content of Sc, semi-quantitative analysis by EDS
was not feasible. Therefore, we further conducted an ICP-MS experiment to quantify the
scandium content in the material. Detailed descriptions of the experimental procedures
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are provided in the Electronic Supplementary Information (ESI). The Sc content in the
quantum dots is 0.26%, and the excessively low content is the reason why EDS cannot
achieve quantitative analysis. According to existing reports in the literature, the content of
rare earth elements in doped quantum dots is 0.53% [46], 1.52% [47] and 41.93% [48], and so
on. The low content of Sc in Sc-oCDs precluded precise quantification by direct techniques
such as EDS, representing a methodological limitation. The combined challenges of trace
Sc amount and unclear modification mechanisms highlight the need for further in-depth
study. Spectroscopic changes demonstrated that even trace Sc can modify optical properties
and boost fluorescence.

3.3. Optical Properties of Sc-oCDs

The optical performance of Sc-oCDs was, respectively, characterized by UV-Vis and
fluorescence spectra. In Figure 4A, the starting materials (oPD) and oCDs exhibit two
comparable absorption peaks centered at 206 nm and 288 nm, respectively—both arising
from the π → π * electronic transition of C=C bonds. In comparison, three distinct absorp-
tion peaks were observed for Sc-oCDs at 206 nm, 258 nm and 421 nm, respectively. These
differential absorption peaks between Sc-oCDs and oCDs/oPD suggest that Sc2O3 reacted
with oPD under the experimental condition, which confirms that oCDs was successfully
modified with Sc.

 
Figure 4. (A) UV/Vis absorption spectra of oPD, oCDs, and Sc-oCDs. (B) Fluorescent emission
spectra of Sc-oCDs under different excitation wavelengths. (C) Fluorescent emission spectra of oCDs
under 470 nm. (D) Emission spectra of Sc-oCDs and oCDs under excitation wavelengths of 980 nm.

Additionally, systematic investigations were conducted on the fluorescence emission
spectra of Sc-oCDs in aqueous solution, using different excitation wavelengths. As shown
in Figure 4B, the emission peaks remained unchanged as the excitation wavelengths varied
from 360 nm to 450 nm. This excitation-independent emission behavior can be attributed
to the relatively few surface defects and uniform particle size of Sc-oCDs [49], a finding
that aligns with the results of TEM observations. Notably, its fluorescence intensity varied
along with excitation wavelength, peaking at 420 nm. Consequently, this wavelength was
chosen as the preferred excitation wavelength. For reference, unmodified oCDs without
scandium were also prepared, and their fluorescence spectrum exhibited a maximum
intensity at an excitation wavelength of 470 nm (Figure 4C). The observed shift in the
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excitation wavelength and the enhancement of fluorescence intensity collectively indicate
that Sc effectively modulated the optical properties of the material.

Based on the above fluorescence measurement results, the absolute fluorescence
quantum yields (QY) of Sc-oCDs and oCDs were calculated, which was directly measured
using the equipped integrating sphere module at the respective optimal wavelengths [50].
The results show that the QY of the Sc-oCDs is 11.3%, compared to 6.31% for oCDs. This
enhanced fluorescence emission likely arose from Sc-induced changes to the chemical and
electronic properties of carbon dots, confirming that scandium modification is an efficient
approach to improve the QY of CDs [51]. Sc modification at a relatively low level in this
study nonetheless resulted in improved optical properties of the quantum dots, indicating
its potency even in small quantities.

Subsequent upconversion fluorescence spectra under 980 nm excitation (Figure 4D)
reveal that Sc-oCDs emitted at 542 nm, whereas oCDs shows no fluorescence signal. This
confirms that Sc endowed the carbon dots with upconversion fluorescence properties.
The wavelength-independent phenomenon enabled Sc-oCDs to exhibit utility for both
downconversion and upconversion properties, where unwanted autofluorescence can be
avoided [52]. Based on the upconversion property of Sc-oCDs, we attempted to conduct
MTT assays and cell imaging experiments using HeLa cells, just as we did in our previous
research study [53]. However, the cell mortality rate led to unsatisfactory application results
of this material in living cell samples. Currently, we are performing surface modification
on this material to improve its biocompatibility and realize its application in living cells.

In addition, we investigated the optical stability of the resulting Sc-oCDs by examining
the effects of ionic strength, light exposure, and pH on their fluorescence emission intensity.
Firstly, the fluorescence intensities of Sc-oCDs in buffer solutions across a pH range of
3 to 12 are recorded. As presented in Figure S2A, the materials’ fluorescence intensities
stay largely stable across a pH range of 5–11. Then, Sc-oCDs display relatively stable
fluorescence intensity (Figure S2B) even when the solution’s ionic strength varies over a
wide range, with NaCl concentration up to 1.0 M. These results suggest that the fluorescence
properties of Sc-oCDs may not influenced by their surface states, which likely stem from the
surface passivation caused by Sc modification and the starting materials [54]. Moreover, the
fluorescence intensities of Sc-oCDs remain almost unaffected by ultraviolet light irradiation
for 1 h (Figure S2C), suggesting their excellent photostability. Above all, such optical
stability of the prepared Sc-oCDs renders them suitable for various biological applications.

3.4. Sensitivity of Sc-oCDs for the Detection of Cu2+

To optimize the performance of Sc-oCDs for Cu2+ detection, this work investigates
how buffer solution and pH influence the fluorescence quenching efficiency (F0 − F/F0),
where F0 and F represent the intensities of fluorescence for Sc-oCDs at 558 nm without and
with Cu2+, respectively. Figure S3A demonstrates that Cu2+ is capable of quenching the
fluorescence emission in various buffer solutions, with the maximum quenching efficiency
observed in glycine–HCl buffer. Figure S3B demonstrates the fluorescence quenching
efficiency across pH conditions with Cu2+ (600 µM), peaking at pH 4.8. This is likely due
to the enhanced affinity between Cu2+ and glycine via electrostatic interactions at this
pH [55], so pH 4.8 was chosen as optimal. Moreover, the fluorescence of Sc-oCDs was
completely quenched by Cu2+ within 1 min (Figure S3C), indicating that Sc-oCDs served
as a fluorescent probe to enable the real-time tracking of Cu2+.

The detection performance of Sc-oCDs for Cu2+ is evaluated under optimal conditions.
Figure 5 shows the fluorescence spectra of Sc-oCDs after adding Cu2+ at various concentra-
tions. At 558 nm, the fluorescence intensity of Sc-oCDs shows a gradual decrease alongside
a rise in Cu2+ concentration. The Sc-oCDs solution undergoes a color change from bright
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yellow to faint yellow as the Cu2+ concentration increased (inset of Figure 5). In the con-
centration range of 1–600 µM, a favorable linear correlation between F0/F and CCu2+ is
observed, where the correlation coefficient reaches 0.99931. The linear regression equation
is F0/F = 0.0206C + 0.9701. The limit of detection (LOD) is determined using the formula
3σ/k, where σ represents the standard deviation of blank measurements and k demotes
the slope of the calibration curve. This is a theoretical LOD based on the instrument noise
level, which is one of the most commonly used methods in spectroscopic techniques. The
LOD achieved in this paper is 0.167 µM, that is to say, 0.011 ppm. The US EPA regulates the
maximum limit of copper ions in drinking water at 1.3 ppm, the WHO sets it at 2.0 ppm,
and China’s standard is 1.0 ppm. In comparison, the detection limit in this study is fully
capable of meeting these requirements for copper ion detection in drinking water.

 

Figure 5. Fluorescent emission spectra of Sc-oCDs with the introduction of Cu2+ at various concen-
trations (from top to bottom, 0, 1, 2, 10, 20, 50, 100, 200, 300, 400, 500, and 600 µM). The inset images
illustrate two key details: the upper one is the dependence of F0/F on Cu2+ concentration over the range
of 1–600 µM, while the inset image below shows photographs of the Sc-oCDs solutions under 365 nm
UV light, with color shifting from bright yellow (without Cu2+) to faint yellow (with 600 µM Cu2+).

3.5. Selectivity of Sc-oCDs in Cu2+ Detection

Anti-interference capabilities are crucial for a sensor. Thus, we investigate the selec-
tivity and competition of Sc-oCDs in Cu2+ detection (Figure S4). After adding different
metal ion solution (such as Mn2+, Mg2+, Ba2+, Cd2+,Co2+, Al3+, Zn2+, Cr3+, Fe3+, Ni2+, and
Fe2+) to the system, the fluorescence quenching values (F/F0) of Sc-oCDs (600 µM) show
no obvious changes. Their quenching effects are negligible compared with Cu2+. This
high selectivity may result from the stronger binding affinity of Sc-oCDs for Cu2+ in acidic
media. These results confirm that the proposed fluorescence sensor exhibits high selectivity
for Cu2+ compared to other metal ions, indicating Sc-oCDs have substantial potential for
applications in real samples.

3.6. Possible Quenching Mechanism of Sc-oCDs by Cu2+

Generally, fluorescence quenching may result from the dynamic quenching effect
(DQE), static quenching effect (SQE), or their combination [56]. To explore how Cu2+-
induced fluorescence quenching in Sc-oCDs, further experiments are conducted. The
quenching effect typically follows the Stern–Volmer equation [57]: F0/F = 1 + KS [Q],
where F0 and F are the steady-state fluorescence intensities at 558 nm without and with
Cu2+, respectively; KS is the Stern–Volmer constant, and [Q] denotes the concentration of
quencher (Cu2+). The linear relationship in Figure 5 confirms the equation’s applicability.
However, both DQE and SQE comply with the Stern–Volmer equation, making them
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indistinguishable via this equation alone. For a deeper understanding of the fluorescence
quenching mechanism, time-resolved fluorescence measurements are performed to identify
the specific type of quenching involved. Figure 6A shows that the fluorescence decay of
Sc-oCDs could be deconvoluted using a biexponential decay function. Given the relatively
homogeneous nature of the Sc-oCDs, the intensity-weighted method was selected in the
software for fitting to calculate the average fluorescence lifetime. Sc-oCDs have an average
fluorescence lifetime of 4.14 ns (black line). With the addition of Cu2+, the lifetime drops to
3.14 ns (red line). The significant reduction in average fluorescence lifetime demonstrates
the occurrence of dynamic quenching. Additionally, UV-vis absorption spectra of the
Sc-oCDs solution are recorded prior to and following the addition of Cu2+. The absorption
peak of Sc-oCDs remains unchanged following the addition of Cu2+, as shown in Figure 6B,
indicating the absence of new substances formation. While this observation does not
preclude aggregation or non-covalent interactions, the decrease in fluorescence lifetime
collectively confirms that dynamic quenching [58], rather than static quenching, occurs
between the carbon dots and Cu2+.

Figure 6. (A) Time-resolved decays (420 nm excitation) and (B) UV–vis absorption spectra of Sc-oCDs
with (red line) and without (black line) Cu2+.

3.7. Real Application

Finally, the prepared Sc-oCDs are applied as a sensor to detect Cu2+ in Yellow River
water and tap water, with both results showing no detection. To further verify the accuracy
of this method, Cu2+ in water samples is determined via the standard addition method,
with the results presented in Table 1. The detection recoveries are found to range from 98.2%
to 106.1%, with relative standard deviation (RSD) of 0.13% to 3.8% across three parallel
experiments. Such results confirm the method’s applicability for Cu2+ determination
in actual samples. It is worth noting that the RSD of tap water is higher than that of
Yellow River water. This can be attributed to the simpler matrix of tap water, rendering
it more susceptible to pH variations and instrumental signal fluctuations in the reaction
system. Residual chlorine and disinfection by-products in tap water may also compromise
fluorescence intensity stability. In contrast, the complex composition of river water [59]
diminishes the impact of matrix viscosity and homogeneity on operational variability.
Additionally, the application of this upconversion material for Cu2+ detection in live HeLa
cells was also investigated. However, the material was found to compromise cell viability.
Therefore, we are currently modifying the material to endow it with biocompatibility and
further develop its application potential in biological samples.
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Table 1. Analytical results for the detection of Cu2+ in water samples.

Sample Detected (µM) Found (µM) Recovery (%) RSD a (%, n = 3)

Yellow river
20.0 19.7 98.6 0.14
80.0 84.9 106.1 1.3

320.0 321.9 100.6 0.13

Tap water
20.0 20.8 104.0 3.8
80.0 82.8 103.5 1.9

320.0 314.2 98.2 3.5
a The RSD values are derived from a set of three recovery data points.

For the detection of Cu2+ in water samples, the performance of the present work was
benchmarked against existing approaches (Table 2). The solid-phase synthesis method,
which produces Sc-oCDs after a mere 2 h reaction at 120 ◦C, offers markedly lower energy
consumption due to its mild conditions. The process utilizes only centrifugation and
dialysis for purification. Compared with solution-phase synthesis methods such as the
solvothermal method, the solid-phase synthesis method requires very little organic reagent
and does not generate a large amount of waste liquid, underscoring its potential for
scalable production. In practical terms for water sample analysis, the material enables
rapid detection of Cu2+, with immediate signal stabilization within one minute without any
incubation step. Table 2 also compares previously reported CDs for Cu2+ detection, listed
in order of increasing LOD from 0.0023 µM to 4.7 µM [60–68]. Although the detection limit
of the present method is not the lowest reported, it is well below the WHO guideline value
of 31.2 µM for copper in drinking water, confirming its practical adequacy for compliance
monitoring. With the advantages of low energy consumption and rapid response, the
method reported in this paper is of great practical application value in the detection of
actual water samples.

Table 2. Analytical performance comparison of various QDs for sensing of Cu2+ in water samples.

Carbon Dots Synthesis Method Synthesis
Conditions

Response
Time

Detection
Limits (µM) Applications Ref.

NCDs Solid-state pyrolytic method 200 ◦C to 300 ◦C,
1 h 5 min 0.0023 Tap water [60]

QDs@Cu NCs
Copper nanoclusters conjugated
to silica coated CdSe quantum

dots (QDs)

Room
temperature,

>12 h

37 ◦C for
10 min 0.0089

River water, well
water,

industrial sewage
[61]

S-C-Dots Base-catalyzed synthesis
method

Room
temperature, 12 h / 0.052 / [62]

Red dual-
emissive CDs Solid-phase synthesis 200 ◦C, 12 h / 0.145 Tap

water, seawater [29]

Sc-oCDs Solid-phase synthesis 120 ◦C, 2 h 1 min 0.167 River water and
tap water This work

BP/NS-CDs Hydrothermal method 180 ◦C, 12 h / 0.18 Tap and
lake water [63]

4-ASA/GdCDs Hydrothermal method 200 ◦C, 3 h 2 min 0.23 Tap water [22]

R-CDs Hydrothermal method 180 ◦C, 10 h / 0.58 Tap water, river
water, seawater [64]

AuNCs/CQDs Hydrothermal synthesis 200 ◦C, 12 h 4 min 0.65 Tap water and
lake water [65]

B&Y-CQDs Hydrothermal method 180 ◦C, 12 h / 0.73 Tap water and
rice samples [66]

N-L-Ser-CDs Solid-state pyrolysis method 180 ◦C, 2 h 5 min 3 / [67]

N,S-CQDs Hydrothermal method 150 ◦C, 4 h / 4.7 Deionized water
and tap water [68]
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4. Conclusions
This study reported the preparation of Sc-oCDs using a facile solid-phase synthetic

method. The as-obtained Sc-oCDs was spherical with an average particle size of around
6.0 ± 1.2 nm. Optimal excitation at 420 nm and emission at 558 nm were observed for
these Sc-oCDs, accompanied by remarkable optical stability against fluctuations in acidity,
ionic strength, and photobleaching. Notably, the introduction of Sc not only enhanced the
fluorescence quantum yield but also conferred upconversion properties (excitation: 980 nm;
emission: 540 nm). Moreover, the synthesized Sc-oCDs were employed as a sensor for
Cu2+ detection with a linear detection range of 1–600 µM (LOD: 0.167 µM) under optimal
conditions. The detection mechanism was dynamic quenching. The method was effectively
applied to real water samples, achieving satisfactory recovery rates, which confirms its
practical value for water sample monitoring. The material exhibits both upconversion and
downconversion luminescence; however, its effectiveness in cellular imaging is currently
constrained. The limited amount of Sc, compounded by the unclear mechanism of action,
also presents a constraint in this study. Overcoming these limitations is an important
objective for our subsequent research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors13120430/s1, Figure S1: EDS analysis (A) and
element mapping (B) of C (C) and Sc(D) for Sc-oCDs. The Sc-oCDs aggregated after being dropped
from uniform solution onto the silicon wafer and dried, with a portion forming microspheres with
a particle size greater than 2.5 µm; Figure S2: Fluorescence responses of Sc-oCDs toward (A) pH,
(B) concentrations of NaCl and (C) light illumination (λex = 420 nm); Figure S3: The effect of
(A) various buffer solution (10 mM, pH 4.8), (B) pH and (C) reaction time on the fluorescence intensity
of Sc-oCDs with the addition of Cu2+ at room temperature ([Cu2+] = 600 µM); Figure S4: Fluorescence
quenching values (F/F0) of Sc-oCDs in the presence and absence of different metal ions (600 µM).
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