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White light illumination is essential in daily life, however, the substantial amount of blue light it contains
can damage human eyes. Therefore, it is important to block this high-energy blue light to protect visual
health. In this study, yellow-emitting carbon dots (CDs) with a quantum yield exceeding 94% were syn-
thesized using citric acid and urea. These CDs effectively absorb blue light. By incorporating them into
polystyrene, multiple films termed CDs-based blue light blocking films (CBFs) were developed, each offer-
ing different levels of blue light absorption. These CBFs exhibited excellent transparency and efficient blue
light filtering capabilities. This study highlights the potential of high quantum yield CDs, which specif-
ically absorb blue light, as foundational materials for developing light-blocking solutions against high-
energy short-wavelength light.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In contemporary society, electronic devices such as comput-
ers and smartphones are essential, influencing every aspect of
daily life from work to leisure. These devices predominantly utilize
white light-emitting diodes (WLEDs) for screens and lighting due
to their efficiency, energy-saving benefits, and durability. However,
a key drawback of WLEDs is their emission of cool white light,
which contains high levels of blue light intensity. Several studies
have indicated that extended exposure to blue light can negatively
impact human health, causing issues such as eye strain, retinal
damage, photodynamic damage to aging lenses, and potential mac-
ular degeneration. These concerns are increased in the digital era,
where frequent use of electronic devices has become widespread,
contributing to a rise in eye problems linked to blue light exposure
[1-3].

Various strategies have been investigated to reduce the detri-
mental effects of blue light [4], such as the use of blue and UV
cutoff filters, antioxidants, blue-light-reducing intraocular lenses,
and blue-light-blocking films [5]. However, these solutions are still
constrained by factors such as dependency on the angle of light
incidence, inadequate blocking efficiency, poor transparency, and
long-term instability [6]. Therefore, there is an urgent need for
more effective, reliable, and versatile blue light protection tech-
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nologies. Photoluminescent materials are being considered as po-
tential options due to their capability to absorb high-energy blue
light and convert it into less harmful wavelengths. Rare earth el-
ements, semiconductor quantum dots, and carbon dots (CDs) are
the primary focus of research in this field [7-10]. However, the
high cost and limited renewability of rare earth elements, as well
as the toxicity associated with cadmium-containing quantum dots,
present substantial challenges. In contrast, CDs offer numerous ad-
vantages, such as easy synthesis, tunable optical properties, diverse
sources, non-toxicity, and renewability. These attributes make CDs
particularly attractive for applications in blue light protection [11-
13].

Blue light-blocking CDs must absorb light in the blue region,
which requires them to emit yellow light [14-16]. For instance,
Zhao et al. produced concentration-dependent CDs derived from
biomass. These CDs were then combined with polyvinyl alcohol
(PVA) to form optical blocking films capable of effectively block-
ing short-wavelength light [17]. Developing CDs with high quan-
tum yields is advantageous for blue light-blocking materials as it
enhances their ability to absorb incident light. Han et al. synthe-
sized biomass-derived CDs with a quantum yield of 10%, which,
when combined with PVA, effectively absorbed short-wavelength
light [18]. Furthermore, Guo et al. developed yellow-light-emitting
CDs with a high quantum yield of 71% using ethylenediamine and
1-amino-2-naphthol-4-sulfonic acid as precursors [19]. When inte-
grated into PVA, these CDs were used to prepare flexible films that
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Fig. 1. Structural characterization of CDs. (a) Schematic illustrating the production process of the CDs. (b) TEM, (c) XRD patterns and HRTEM (inset), (d) XPS spectrum, (e)
FTIR spectrum, (f) "H NMR spectrum and >C NMR (inset), and (g) TGA spectrum of CDs.

block blue light effectively and provide retina protection. This high-
lights that improving the quantum yield of yellow-light-emitting
CDs substantially enhances their efficacy in blue light-blocking ap-
plications.

To overcome these challenges and broaden the application of
CDs in blue light blocking, yellow light-emitting CDs were synthe-
sized with a high quantum yield of 94% using urea and citric acid
as precursors. These CDs exhibited minimal concentration depen-
dence. Mixing CDs with polystyrene (PS) resulted in the produc-
tion of CDs-based blue light-blocking films (CBF). By adjusting the
proportion of CDs, varying degrees of blue light blocking capability
were achieved in CBFs. Through their ability to absorb and convert
light, these films effectively block the blue light wavelengths emit-
ted by phones, WLEDs, and sunlight. These findings present a new
alternative to conventional blue light-blocking films, offering ma-
terial support for future research into next-generation displays and
lighting devices focused on blue light protection.

As depicted in Fig. 1a, CDs were synthesized using citric acid
and urea through a one-step solvothermal method, employing
toluene as the reaction solvent. This method involves high tem-
perature and pressure to carbonize the precursors effectively. Tra-
ditional hydrothermal methods typically yield blue-emitting CDs
from the citric acid and urea system. Introducing toluene as an im-
miscible solvent facilitates the direct carbonization of citric acid
and urea. The water produced during polycondensation quickly
separates from toluene, promoting increased graphitization of the
CDs and resulting in a red shift in the emission wavelength.

Following this, the CDs were characterized using transmission
electron microscopy (TEM). TEM images in Fig. 1b illustrate the

uniform shape of the CDs, with a 2.79nm average particle size.
High-resolution TEM (HRTEM) analysis confirmed the high crys-
tallinity of the CDs [20], revealing lattice fringes with 0.21 nm
spacing corresponding to the (001) plane of graphite carbon (inset
of Fig. 1c). The X-ray diffraction (XRD) pattern of the CDs showed a
distinct peak at approximately 21.1°, consistent with the XRD find-
ings (Fig. 1c). Importantly, the XRD pattern of the CDs did not ex-
hibit peaks from the precursors, indicating the high purity of the
synthesized CDs. X-ray photoelectron spectroscopy (XPS) was uti-
lized to analyze the elemental composition and chemical state of
the CDs’ surface. The XPS survey spectrum indicated the presence
of carbon (C), nitrogen (N), and oxygen (O) at binding energies of
284.4, 398.5, and 531.6eV, respectively [21]. The atomic percent-
ages for these elements were 66.9%, 7.8%, and 25.3%, respectively
(Fig. 1d). The HR C 1s spectrum of the CDs showed peaks at 284.4,
285.6, and 288.3 eV, corresponding to C-C/C=C, C-0/C-N, and C=0
bonds, respectively [22]. The N 1s spectrum exhibited three com-
ponent peaks at 399.0, 400.1, and 400.9 eV, representing pyridinic
N, pyrrolic N, and graphitic N, respectively. In the HR O 1s spec-
trum, peaks were observed at 531.5 and 532.9 eV, indicative of C-O
and C=0 bonds, respectively (Fig. S1 in Supporting information).
The functional groups on the CD surfaces were examined using
Fourier transform infrared spectroscopy (FTIR). In the FTIR spec-
trum of the CDs (Fig. 1e), distinct peaks were observed correspond-
ing to different functional groups: O-H/NH (3200-3400cm™!), C=0
(1660 cm™!), C=C (1480 cm™!), C-N (1390 cm™!), and C-O (1150
cm™!) [23]. In the proton nuclear magnetic resonance ('H NMR)
spectrum of the CDs (recorded in DMSO-dg, ppm). The signals
of the uncarbonized precursors were detected in the range of
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2-4ppm, primarily originating from methyl and ethyl hydrogens.
The multiple peak observed at 4.1 ppm can be attributed to the
hydroxyl hydrogen in the -CH,_OH group. Aromatic hydrogen sig-
nals appear in the 6-8 ppm range, indicating the presence of both
conjugated and non-conjugated carbon domains in the cross-linked
carbon dots (Fig. 1f) [24]. The 3C NMR spectrum further con-
firms the hybridized structure of the carbon dots, with signals
around 140-150 ppm attributed to aromatic ring carbons, while the
resonances between 160 ppm and 170 ppm indicate the presence
of amide functional groups. Signals in the range of 170-180 ppm
can be attributed to carboxyl functional groups (inset of Fig. 1f).
This analysis suggests that the CDs exhibit a typical sp?/sp> hy-
bridization model, featuring numerous surface functional groups
and side chains [25]. Thermogravimetric analysis (TGA) and deriva-
tive thermogravimetric analysis (DTG) were used to characterize
the carbon cores and polymer features within the CDs (Fig. 1g).
The CDs exhibited a typical one-step decomposition process, sim-
ilar to that of conventional polymers, suggesting the incorpora-
tion of polymer chains. The DTG curve, which illustrates the rate
of weight loss, displayed distinct peaks used to evaluate thermal
degradation. Specifically, it revealed a two-stage degradation pro-
cess of the CDs: Initial degradation occurred between 200°C and
300°C due to polymer chain breakdown, followed by a second
stage around 450 °C involving the pyrolysis of internal cross-linked
polymer chains and the polymer network. At 700°C, the residual
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weight was 23%, indicating the weight percentage of the carbon
cores within the CDs. These DTG findings support the presence of
both polymer chains and carbon cores in the CDs [26].
Subsequently, the optical properties of the synthesized CDs
were further explored in toluene. When dispersed in toluene,
the purified CDs showed a single emission peak, demonstrating
excitation-independent behavior (Fig. S2 in Supporting informa-
tion) [27]. This emission peak was observed at 574nm, with a
quantum yield of 94.43% (Fig. S3 in Supporting information). When
toluene is used as the solvent, citric acid, and urea are insolu-
ble in toluene. At high temperatures, the precursors will acceler-
ate carbonization to form a conjugated structure, thereby increas-
ing its solubility in toluene. Compared with CDs prepared in po-
lar solvents, this type of CDs has a higher degree of carboniza-
tion, so the emission wavelength will be red-shifted to the yel-
low light region. The UV absorption peak at 259nm was due to
the m-m* electronic transition within the conjugated structure of
the carbon core, while the absorption at 430nm originated from
the n-m* electronic transition of C=0/C=N groups (Fig. 2a) [28].
The steady-state photoluminescence lifetime of the CDs was de-
termined using single-photon counting. The decay curve of the
CDs exhibited a fast component attributed to intrinsic state radia-
tive recombination and a slow component corresponding to sur-
face state recombination processes. The average lifetime measured
was 8.48 ns (Fig. 2b). The extended fluorescence lifetime suggests
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Fig. 2. Optical properties of CDs. (a) Absorption spectra, PL excitation, and emission spectra. (b) Fluorescence decay curve. (c) Temperature-dependent fluorescence spectra of
CDs. (d) Fluorescence decay curve with different excitation (d) and emission (e) wavelength. (f) Storage stability of CDs solution. (g) UV absorption, (h) fluorescence emission,
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a minimal non-radiative decay rate for the CDs, potentially con-
tributing to their high quantum yield. Subsequently, temperature-
dependent fluorescence spectra of the CDs solution were exam-
ined. As the temperature varied from freezing point to room tem-
perature, a slight decrease in the fluorescence intensity of the CDs
was observed, confirming their high quantum efficiency (Fig. 2c).
During fluorescence decay measurements with varying excitation
wavelengths, it was noted that shifting the excitation wavelength
towards longer wavelengths resulted in a gradual increase in the
fluorescence lifetime of the CDs. This phenomenon is attributed to
the core-shell structure of CDs, where the carbon core states are
typically deeper and more stable, with fewer non-radiative decay
pathways (Fig. 2d and Table S1 in Supporting information). Longer-
wavelength excitation primarily activates the deeper core states
of CDs, thereby extending their fluorescence lifetime. Additionally,
states excited by longer wavelengths tend to be more stable and
exhibit fewer non-radiative decay pathways than those excited by
shorter wavelengths. This reduced non-radiative decay enhances
the probability of radiative decay, contributing to longer fluores-
cence lifetimes. Time-resolved emission spectra (TRES) indicated
that CDs displayed consistent fluorescence decay processes across
various emission wavelengths (Fig. 2e and Table S2 in Support-
ing information) [29]. This suggests that both absorption and sub-
sequent emission processes follow uniform pathways, irrespective
of the specific emission wavelength, ensuring consistent decay be-
havior. Importantly, the CDs showed remarkable long-term stabil-
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ity throughout a storage duration of 7 weeks at room temperature,
as depicted in Fig. 2f. In addition, the concentration dependence of
the as-prepared CDs was studied. The absorbance of the CDs exhib-
ited a positive correlation with the concentration, suggesting that
CDs possess adjustable light absorption properties within the blue
spectral range (Fig. 2g). From Fig. 2h, it is evident that the emission
wavelength exhibits a redshift as the CDs concentration increases.
This aggregation-induced redshift is common in the field of CDs,
primarily due to the stronger m-m interactions between the con-
jugated domains of adjacent CDs caused by aggregation. However,
as the concentration increased, the fluorescence lifetime of the CDs
also increased. This occurs because the distance between the CDs
decreases at higher concentrations, facilitating energy transfer be-
tween particles. This energy transfer delays the emission process,
effectively lengthening the observed fluorescence lifetime. Specif-
ically, Forster Resonance Energy Transfer (FRET) can occur, where
energy is transferred non-radiatively between closely spaced CDs,
thus extending the fluorescence lifetime (Fig. 2i and Table S3 in
Supporting information) [30].

By using the CDs’ capacity to absorb short-wavelength light and
emit long-wavelength light, the prepared CDs were mixed with PS
and spin-coated to prepare CDs-based optical blocking films (CBFs).
As the CD content increased from 1 wt% to 10 wt%, the normal-
ized fluorescence spectrum of the CBFs remained nearly constant
(Fig. 3a). The absorption spectra revealed a gradual increase in ab-
sorption intensity with higher CDs content in the CBFs, similar to
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the behavior observed in CDs solution. Subsequently, the transmit-
tance of the CBFs was evaluated (Fig. 3b). When the CDs were
doped at 1%, the CBFs demonstrated effective absorption in the
blue light region, thereby blocking blue light. As the CDs content
increased, the transmittance at 450 nm decreased gradually, indi-
cating enhanced absorption of light in the ultraviolet to blue spec-
tral regions by the CBFs (Fig. 3c). When comparing the lifetimes
of CBFs at different doping levels, an increase in CDs content led
to longer lifetimes, which is consistent with the trend observed for
CDs in solution (Fig. 3d and Table S4 in Supporting information). To
enhance the commercial potential of CBFs, large-area films mea-
suring 100 cm? were fabricated, making them suitable for blue-
light blocking applications in mobile phones (Fig. 3e and Fig. S4
in Supporting information). The fluorescence intensity at five dif-
ferent positions on the large-area film was assessed using 365 nm
excitation. These positions exhibited consistent fluorescence emis-
sion wavelengths and intensities, confirming the uniformity of the
CBFs. Reversible fluorescence changes were observed over several
heating and cooling cycles, demonstrating good heat and cold re-
sistance, making CBFs suitable for everyday use (Fig. 3f). The de-
crease in fluorescence with increasing temperature was attributed
to non-radiative transitions. Subsequently, to expand the applica-
tion scenarios of CBFs, we analyzed the toxicity of the CDs to en-
sure their safety for daily use. Cellular immunofluorescence imag-
ing and analysis experiments demonstrated the bioluminescence
properties of CDs. Figs. 3g and h show brightfield and fluorescence
images of human erythroleukemia cell line (K562) cells stained
with CDs. Fluorescence images show uniform cytoplasmic staining
in the cells and that CD can penetrate the nuclear membrane into
the nucleus. CCK-8 performed the biological evaluation of CDs to
detect the cytotoxicity of CDs against K562 cells, as shown in the
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above. The results showed that CDs acted on K562 cells at an ICsq
of 108.9 ng/mL, indicating that K562 cells survived only 50% of CDs
at 108.9pg/mL. When the concentration of CDs is below 25pg/mL,
the K562 cell survival rate can reach 83%, which is less toxic to
K562 cells (Fig. 3i).

To investigate the practical application of CBFs for blocking blue
light, the ability of CBFs to block blue light emitted by an iPhone
15 screen was first measured (Fig. 4a). Comparing the blue light
blocking capabilities of CBFs with varying CDs doping levels, it was
observed that as the proportion of CDs increased, CBFs enhanced
their ability to block blue light from the iPhone screen. This led to
a gradual reduction in the proportion of transmitted blue light, ac-
companied by an increase in the green and red-light components.
The CIE diagram (Fig. 4b) illustrates that with the increase in CDs,
the spectrum of light emitted from the iPhone screen shifted from
white light to warm white light, and eventually into the yellow
light region. At the 1% doping level, the CDs were most effective
in reducing blue light emission without causing color distortion.
In another practical demonstration, a WLED was fabricated using
CDs prepared in this study and a blue light-emitting chip (Fig. 4c).
Applying CBFs over the WLEDs resulted in a gradual decrease in
the peak intensity of the blue light chip as the CDs content in-
creased. At a doping level of 10%, the film completely blocked the
peak of the blue light chip, resulting in a shift in the CIE coordi-
nates (Fig. 4d). The optical photographs of the WLEDs illustrated
that as CDs doping increased, the WLEDs emitted yellow light (Fig.
4e). Finally, the ability of CBFs to block the blue light band in in-
door natural light conditions was explored (Figs. 4f and g). CBFs
demonstrated a similar blue light-blocking effect as observed with
the phone screen and WLEDs. These findings confirm that CBFs,
with their adjustable blue light blocking capabilities, can serve as
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effective films to protect human eyes from blue light damage. The
film doped at 1% also exhibited high transmittance without caus-
ing color distortion, making it particularly suitable for commercial
applications.

In summary, this study developed yellow-emitting CDs with
high quantum yield and strong absorption capabilities in the
blue light region. These CDs were subsequently integrated into
polystyrene and fabricated into various CBFs with varying CDs con-
tents using the spin-coating method. In contrast to traditional ap-
proaches, the spin-coated films exhibited superior uniformity, high
transparency, and scalability. CBFs containing 1% CDs effectively fil-
tered out blue light emitted by devices without altering the CIE
coordinates, thereby preserving the light color. Furthermore, by
changing the contents of CDs in the film, different levels of blue
light-blocking CBFs can be made to meet different needs. The CBFs
developed in this study have potential applications in blocking the
harmful effects of blue light emitted by electronic devices in daily
life.
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