#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Construction of composite films using carbon
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Carbon nanodots (CNDs) emission and have
a photoluminescence quantum yield of 45% were designed. Transparent CND-containing composite
films (CND-films), obtained by combining the CNDs with polyvinyl alcohol in different proportions, were
shown to block the UV component of sunlight. Whereas the pure PVA film could not block UV light, the
ability of CND-films to block UV light could be adjusted by altering the proportion of CNDs in the film.
The larger the proportion of CNDs, the greater the extent of UV blocking. CND-film containing 32 wt%
CNDs completely blocked UV light (=400 nm) from sunlight, without affecting the transmission of visible
light (>800 nm). The ability of the CND-films to block the UV component of sunlight was investigated
using a commercially available UV-induced color change card, which confirmed that the capacity of the
CND-films to block UV light could be adjusted by altering the proportion of CNDs in the film. This study

shows that CNDs with concentration-dependent long wavelength emission characteristics can be used

which demonstrate concentration-dependent
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Introduction

Long-term ultraviolet (UV) exposure can cause many problems,
such as eye and skin lesions,* food deterioration,**® wood surface
color change,”® etc. Therefore, research into UV blocking has been
widely conducted by scholars.” With the development of UV
blocking materials, carbon nanodots (CNDs) have gradually been
used to block high-energy short wavelength light due to their
excellent optical absorption and conversion properties.">*%"
CNDs are a new type of carbon nanomaterial with a particle size
<10 nm, excellent resistance to photobleaching and good
responsiveness to changes in pH and temperature,'*® which are
widely used in white light emitting diodes (WLEDs),"”° in anti-
counterfeiting applications,*** as probes,”> and catalysts,***”
and for biological imaging.”®** Among the many possible sources
of carbon for preparing carbon dots, natural resources and
derivatives are particularly attractive because of their abundance,
low price, environmental friendliness and sustainability.**** More
generally, interest in natural resources and their derivatives as
sources of carbon has gradually increased over recent
years."»***3¢ Chitin is a natural biopolymer with wide sources and
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as optical barrier units for the preparation of materials to block high-energy short wavelength light.

abundant reserves,”*® and its deacetylation product, chitosan, is
widely utilised because of its abundant reserves, non-toxicity,
good biocompatibility, and ease of biodegradation® and its use
as a source of carbon has been gradually developed.” Polyvinyl
alcohol (PVA) is a biodegradable, water-soluble, low-cost, film-
forming and stable polymer, which has the potential to replace
non-biodegradable polymers.*® Therefore, in this study, we used
abundant chitosan as the carbon source and ethylenediamine as
the passivator to prepare CNDs that produce concentration-
dependent emission, with a photoluminescence quantum yield
(PLQY) of 45%. The CNDs were mixed with PVA to prepare CND-
based composite films (CND-films) (Scheme 1a). The CND-films
can prevent damage caused by exposure to UV radiation in
sunlight by absorbing high-energy short wavelength light and
converting it into long wavelength emission (Scheme 1b).

Experimental

Raw materials

Chitosan (99.9%) was purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Polyvinyl alcohol (PVA, MW
1750) was purchased from Tianjin Kemeiou Chemical Reagent
Co., Ltd (Tianjin, China). Ethylenediamine (99%, AR) and
absolute ethanol (AR) were purchased from Kemiou Chemical
Reagent Co., Ltd (Tianjin, China). All materials were used
directly without further purification. 365 nm and 450 nm LED
chips were purchased from Looking Long Technology Co., Ltd
(Shenzhen, China).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of (a) preparation of CNDs and CND-films and (b) blocking of UV light by PVA film and CND-film.

Synthesis of biomass-based carbon dots (CNDs)

Chitosan (0.2 g), ethylenediamine (0.5 mL) and deionized water
(10 mL) were mixed in a 50 mL beaker and the mixed solution
was then transferred to a 25 mL polytetrafluoroethylene reactor
and reacted at 200 °C for 3 h. Once the hydrothermal reaction
was complete, the solution was allowed to cool naturally to
room temperature and the resulting solution was filtered

through a 0.22 um water-based microporous filter membrane.
The filtrate was then freeze-dried to provide the CNDs as
a powder.

Preparation of CND-based composite films (CND-films)

A mixture of PVA (1.0 g) and deionized water (25 mL) in
a 100 mL beaker was magnetically stirred for 1 h at 95 °C and
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Fig. 1 (a) TEM image of CNDs, inset: high resolution TEM image and

particle size distribution; (b) full XPS spectrum of CNDs; (c) C 1s XPS

spectrum of CNDs; (d) O 1s XPS spectrum of CNDs; (e) N 1s XPS spectrum of CNDs; (f) FTIR spectrum of CNDs.
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then filtered through a 0.22 pm microporous membrane to
provide an aqueous solution of PVA. Five pieces of PVA aqueous
solutions were prepared under the same conditions, and then 0,
1, 9, 19, 47 mL of CNDs aqueous solution (10 mg mL ") were
added respectively, stirred for 1 h, ultrasonic for 1 h. The
mixture was slowly poured into a Petri dish and dried naturally
at room temperature to produce the CND-films. CND-films
containing 0 wt%, 1 wt%, 8 wt%, 16 wt% and 32 wt% CNDs
were prepared using this method.

Fabrication and electroluminescence performance of LED

(1) CND-films containing different proportions of CNDs were
cut into circles with diameters of 0.7 cm and the circular pieces
of film were used to encapsulate 365 nm semiconductor chips,
using epoxy resin as the fixative. The different LEDs were ob-
tained after drying and curing at 40 °C for 12 h.

(2) The WLED produced using CND-films was powered by
a universal DC power supply with an operating voltage of 3.0 V
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and an operating current of 20 mA. An OHSP-350 spectrometer
was placed in front of the light source to measure the CIE1931
chromaticity coordinates of the LED.

Test of ability of CND-films to block UV light

The ability of PVA film and CND-films to block UV light was
determined using outdoor sunlight as a source of UV light
(=400 nm). The spectra after light conversion through the
different films were recorded using an OHSP-350 spectrometer.

Results and discussion

Transmission electron microscopy (TEM) images showed that
the as-prepared CNDs have a well-dispersed granular structure
(Fig. 1a), with a 0.22 nm lattice (Fig. 1a inset) corresponding to
the (100) crystal facet of graphite carbon.** The particle diam-
eters of the CNDs are in the range 2-5 nm (Fig. 1a inset), with an
average particle size of 3.26 nm. The full X-ray photoelectron
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Fig.2 (a) UV absorption spectra of aqueous solutions of CNDs with different concentrations (0.01-0.2 mg mL™) (inset: locally enlarged image);
(b) normalized emission spectra of aqueous solutions of CNDs with different concentrations (0.1-32 mg mL™); (c) optimal excitation and
maximum emission wavelengths of aqueous solutions of CNDs with different concentrations (0.1-32 mg mL™?); (d) fluorescence decay curve of
aqueous solutions of CNDs; (e) schematic illustration showing mechanism of fluorescence emission of CNDs; (f) fluorescence intensity of
aqueous solution of CNDs (2 mg mL™Y) irradiated (Ex = 365 nm) for 50 min; (g) fluorescence intensity of aqueous solutions of CNDs (2 mg mL™)
at different temperatures (0-90 °C, Ex = 370 nm); (h) fluorescence intensity of aqueous solution of CNDs (2 mg mL™%) on repeated cycling
between 27 °C and 70 °C (Ex = 370 nm); (i) fluorescence intensity of aqueous solution of CNDs at different pH (Ex = 370 nm).
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spectrum (XPS) indicates that the CNDs contain the elements C
(54.22%), N (25.77%) and O (20.01%) (Fig. 1b). Compared with
the hydrothermal product formed from chitosan alone, the
addition of ethylenediamine to the reaction mixture signifi-
cantly increases the proportion of N in the CNDs (Fig. S1 and
Table S1%). The high-resolution C 1s spectrum (Fig. 1c) of the
CNDs shows characteristic peaks at 284.5 eV, 285.8 eV and
288.2 eV, corresponding to C-C/C=C, C-N/C-0 and C=0/C=N
groups, respectively."*> The high-resolution O 1s spectrum
(Fig. 1d) shows characteristic peaks at 530.8 eV and 531.6 eV,
which can be attributed to C=0 and C-O groups,**** respec-
tively. The high-resolution N 1s spectrum (Fig. 1e) shows char-
acteristic peaks at 399.1 eV and 400.7 eV, corresponding to
amino N and graphite N,* respectively. These results confirm
the formation of a graphitized carbon core. The Fourier-
transform infrared (FTIR) spectrum of the CNDs (Fig. 1f)
shows the characteristic absorption peaks of -OH/-NH,*® C=0/
C=N/C=C"*** and C-N (1376 cm™ ") bonds,*® indicating the
presence of hydroxyl, amino, carbonyl and other functional
groups on the surface of the CNDs. Taken together, the XPS and
FTIR spectra confirm that the CNDs have a graphitized carbon
core and abundant surface groups.

After structural characterization of the CNDs, we next
investigated their optical properties. The UV absorption spectra
of aqueous solutions of CNDs with different concentrations are
shown in Fig. 2a. As the concentration increases, UV absorption
is enhanced and the absorption threshold extends to 400 nm
(Fig. 2a inset). This may be caused by aggregation of CNDs at
higher concentrations, leading to enhanced m—mt* transitions of
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C=C bonds and n-7* transitions of C=0/C=N bonds.'*** The
fluorescence emission of aqueous solutions of CNDs is excita-
tion wavelength-dependent (Fig. S2t), which means that short
wavelength light is absorbed and converted into longer wave-
length emission.>'*** As the concentration of CNDs in the
solution increases, the maximum emission redshifts to longer
wavelength (Fig. 2b and c) and the corresponding optimal
excitation wavelength also redshifts (Fig. 2c), indicating that the
emission of the CNDs is concentration-dependent. At low
concentrations, as the concentration of CNDs in the aqueous
solution increases, aggregation of the CNDs enhances radiative
transition, leading to a gradual increase in emission intensity.
When the concentration of the solution increases beyond 2 mg
mL~" (Fig. S3%), aggregation enhances -7 interactions
between carbon cores and aggregation-caused quenching
occurs, leading to a decrease in emission intensity."** Addi-
tionally, fluorescence resonance energy transfer (FRET) or
reabsorption may be also partially responsible for the decrease
in emission intensity.***> The fluorescence decay curve of an
aqueous solution of CNDs can be fitted to a double exponential
decay lifetime (Fig. 2d and Table S27), indicating that the CNDs
have a double fluorophore composed of a carbon core and
a surface fluorophore.®®* The fluorescence lifetime of an
aqueous solution of CNDs was calculated to be 5.67 ns. The
luminescence mechanism of solutions of CNDs with

concentration-dependent emission can be interpreted as
follows: at low concentrations, the carbon core state dominates,
with emission of blue light; as the concentration increases, the
states

surface become dominant and absorbed short
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(a) Fluorescence color photos of QR code pattern printed using solution of CNDs before and after 5 h irradiation with 365 nm light; (b)

color photos of CND-films containing different proportions of CNDs under natural and 365 nm light; (c) UV transmittance spectra of different
CND-films; (d) photos of different CND-films coated onto 365 nm chip and energized; (e) CIE1931 chromaticity diagram of WLED constructed

using CND-films.
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wavelength light is converted into long wavelength light emis-
sion (Fig. 2e). The absolute PLQY of CNDs is 45%, which is
higher than that of the hydrothermal product formed from
chitosan alone (4.81%) and also higher than that reported for
other carbon dots (Table S31). These results confirm that the
participation of EDA in the reaction can increase the absolute
PLQY of CNDs. The optical stability of the CNDs was further
analyzed. The fluorescence intensity of an aqueous solution of
CNDs only declined by 1.1% following continuous excitement at
370 nm for 3000 s (Fig. 2f), indicating that aqueous solutions of
CNDs have good resistance to UV bleaching. Moreover, the
CNDs solution was still transparent after being placed indoors
for 12 days, and the fluorescence emission did not change
(Fig. S47). The fluorescence emission of aqueous solutions of
CNDs was also measured at different temperatures (Fig. S57).
The intensity of fluorescence emission of the solutions gradu-
ally decreased as the temperature increased (Fig. 2g) because of
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decreased radiative transition.>»* The intensity of the fluores-
cence emission of an aqueous solution of CNDs showed a stable
recovery after six consecutive cycles of temperature change
(Fig. 2h). These results confirm that the fluorescence emission
of solutions of CNDs is both stable and reversible. The fluo-
rescence emission spectra of aqueous solutions of CNDs at
different pH are shown in Fig. S6.7 The fluorescence intensity of
an aqueous solution of CNDs decreased significantly under
strongly acidic (pH < 3) or strongly basic (pH > 9) conditions but
was relatively stable over the pH range 3-9 (Fig. 2i). This is
caused by protonation-deprotonation of functional groups on
the surface of the CNDs*****” These results confirm that CNDs
not only have tunable emission and stable optical properties,
but can also absorb short wavelength light and convert it into
long wavelength light emission, thereby preventing damage
caused by short wavelength light. Aqueous solutions of CNDs
have good optical properties and can thus be used as
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(a—c) Normalized emission spectra of CND-films (1-32 wt% CNDs) under different wavelength excitation (365 nm, 405 nm and 450 nm);

(d—f) CIE (1931) coordinates diagram of CND-films (1-32 wt%) under different wavelength excitation (365 nm, 405 nm and 450 nm); (g) blocking
of UV in sunlight (=400 nm) by different CND-films (0—32 wt%); (h) extent of blocking of UV in sunlight (=400 nm) by different CND-films (0—
32 wit%); (i) schematic showing mechanism of blocking of UV light by CND-films.
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fluorescent inks. A QR code pattern printed using an aqueous
solution of CNDs is colorless under natural light but fluorescent
blue under 365 nm UV light, allowing the hidden information to
be readily accessed using a mobile phone (Fig. 3a). The QR code
can still be rapidly read after 5 h irradiation with 365 nm UV
light (Fig. 3a and Video S11). These results further indicate that
aqueous solutions of CNDs have good resistance to photo-
bleaching and can be used as stable fluorescent inks.

Building on the observed concentration correlativity and
optical stability of the fluorescence emission of solutions of
CNDs, we next prepared CND-films containing different
proportions of CNDs by compounding the CNDs with PVA. As
the proportion of CNDs was increased, the CND-film changed
from colorless to brown under natural light because of the color
of the CNDs (Fig. 3b top panel and Fig. S71). Scanning electron
microscopy (SEM) images showed that the surface of the
prepared CND-films was smooth and that the thickness of the
films ranged from 37 pm to 44 pm (Fig. S87). The stress-strain
curves of PVA film and CND-film (Fig. S9 and Video S37) showed
that the maximum fracture strain and toughness of CND-film
were significantly higher than those of pure PVA film, which
is attributed to the strong hydrogen bonding between CNDs and
PVA.*® The transmittance of violet and blue light (=450 nm) by
pure PVA film exceeds 90% (Fig. 3c). The transmittance of
=450 nm light by CND-films gradually decreases as the
proportion of CNDs in the film is increased, especially for UV-C
(230-280 nm) and UV-B (280-315 nm) and UV-A (315-400 nm),
which also have more obvious blocking ability whereas there is
little change in the transmittance of >800 nm visible light
(Fig. 3c). This is because CNDs in the CND-film can absorb short
wavelength light and convert it into longer wavelength emis-
sion; the higher the proportion of CNDs in the CND-film, the

400
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stronger its ability to convert incident light to longer wavelength
emission. As the proportion of CNDs in the CND-film increases,
the fluorescent color of CND-film can be seen to change from
colorless to blue to yellow-green at 365 nm (Fig. 3b bottom
panel). The ability of the CND-film to absorb short wavelength
light and convert it into longer wavelength emission is thus
related to the proportion of CNDs in the CND-film. These
results indicate that the CND-films may have potential appli-
cations in blocking UV and high-energy blue photons."*** To
further investigate the light absorption and conversion char-
acteristics of the CND-films, a 365 nm semiconductor chip
(purple) was selected as the excitation source and different
CND-films were used to encapsulate the chip (Fig. 3d). As the
proportion of CNDs was increased, the film transformed
365 nm incident light into long wavelength emission, resulting
in blue to orange LEDs (Fig. 3d and e). Since blue and yellow-
green (or yellow) light can combine to produce white light,
a WLED with pure white light can be obtained by super-
imposing CND-films containing 32 wt% and 16 wt% CNDs,
using a 450 nm (blue) semiconductor chip as the excitation
source (Fig. S10af inset). The CIE1931 chromaticity coordi-
nates, correlated color temperature and color rendering index
were (0.3570, 0.3527), 4568 K and 83.8, respectively (Fig. S10at).
The electroluminescence spectrum of the WLED is shown in
Fig. S10b.t These results further demonstrate the ability of
CND-films to absorb short wavelength light and convert it into
long wavelength emission. To further investigate the ability of
CND-films to absorb short wavelength light and convert it into
long wavelength emission, the normalized emission spectra of
CND-films under light excitation at 365 nm, 405 nm and 450 nm
were recorded (Fig. 4a—c). As the proportion of CNDs increased,
the CND-films converted absorbed short wavelength light to
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longer wavelength emission and the CIE1931 coordinates also
showed red-shifted color changes (Fig. 4d—f). All of the above
results confirm that CND-films containing different proportions
of CNDs have different abilities to convert short wavelength
light into long wavelength emission. To assess the practical
ability of CND-films to block UV rays from sunlight, their ability
to block UV rays (=400 nm) in outdoor sunlight was measured.
As the proportion of CNDs in the film increased, the intensity of
UV radiation passing through the CND-films gradually
decreased (Fig. 4g) and extent of UV blocking gradually
increased (Fig. 4h). The UV blocking mechanism of CND-film
can be summarized as follows: high-energy short wavelength
light in sunlight is absorbed by the CND units in the CND-film
and converted into long wavelength emission, thus effectively
preventing damage caused by short wavelength light (Fig. 4i).
When the proportion of CNDs was 32 wt%, the CND-film
completely blocked the UV rays in sunlight (Fig. 5) and also
blocked the direct incidence of a large amount of high-energy
blue light (Fig. 5). A commercially available UV-induced color
change card showed that whereas pure PVA has next to no
ability to block UV rays from sunlight, the ability of CND-films
to block UV rays becomes stronger and stronger as the
proportion of CNDs in the film increases (Video S2t). The CNDs-
films can not only block UV light, but also maintain good
transparency,® > and also reduce the doping amount of CNDs,”
compared with the reported UV-blocking film. These results
confirm that CNDs with concentration-dependent emission can
be used as optical barrier units in materials designed to block
high-energy short wavelength light.

Conclusions

In summary, CNDs with concentration-dependent emission
and a high PLQY (45%) were synthesized in one step from
sustainable chitosan resources. Aqueous solutions of the CNDs
showed good temperature responsiveness and cyclability, as
well as good stability against photobleaching. A “QR code”
printed using a solution of CNDs, which was invisible under
natural light, could be quickly identified under 365 nm light
using a mobile phone and remained visible even after 5 h
exposure to 365 nm irradiation, demonstrating that solutions of
CNDs can be used as stable fluorescent inks. Transparent CND-
films containing different proportions of CNDs were obtained
by mixing the CNDs with PVA. These films block short wave-
length light (=450 nm), suggesting that they can be used to
block UV and high-energy blue light. CND-films can efficiently
block the transmission of short wavelength light (=450 nm),
without affecting or weakening visible light (>800 nm). As the
proportion of CNDs in the film increased, the intensity of
transmitted UV light (=400 nm) gradually decreased and the
extent of UV blocking by the CND-film gradually increased.
When the proportion of CNDs reached 32 wt%, UV light in
sunlight was completely blocked. Moreover, using a commer-
cially available UV-induced color change card test, it could be
clearly seen that pure PVA film does not block UV light whereas
CND-films have a marked ability to block the UV component of
sunlight. This study shows that CNDs with concentration-
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dependent emission can be used as optical barrier units for
the preparation of materials to block high-energy short wave-
length light.
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