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Abstract
Wood is a sustainable building material that can help to achieve carbon neutralization but, because wood is easily damaged 
by ultraviolet (UV) light, it is important to protect wood from this harmful radiation. Here, we synthesized sustainable 
biomass-based carbon dots (Bio-CDs) using only microcrystalline cellulose, which was concentration-dependent and capable 
of absorbing short wavelength and converting it to long wavelength light emission. Furthermore, the Bio-CDs were mixed 
with poly (vinyl alcohol) (PVA) to produce robust optical shielding films (OSFs). The results showed that OSFs had good 
optical properties, which could effectively block UV and high-energy blue photons radiation by absorbing short wavelength 
light and converting it into longer wavelength (> 450 nm) light. The extent of UV and high-energy blue photons blocking can 
be easily adjusted by varying the proportion of Bio-CDs in the film. The OSFs have good optical properties and have been 
successfully used to protect wood from UV damage. This study, which uses environmentally friendly and simple methodol-
ogy, provides an example of sustainable research.

Keywords  Cellulose · Biomass-based carbon dots (Bio-CDs) · Concentration-dependent emission · Optical shielding film 
(OSF) · Wood protection

1  Introduction

Wood is an important sustainable building material that has 
a key role in achieving carbon neutralization [1–3]. Because 
of its good mechanical strength and attractive texture, wood 
is highly prized for both outdoor construction projects and 
interior decoration [4–7]. One downside of wood, however, is 
that long-term exposure to the short wavelength radiation in 

sunlight leads to degradation of lignin, the main component 
of wood [8, 9]. This leads to changes in the surface color of 
the wood and loss of mechanical strength, which affects the 
processing and use of wood products. Current, several mate-
rials including inorganic nanoparticles and organic materials 
have been developed to protect wood from damaging ultra-
violet (UV) irradiation [10–12]. These substances usually 
fill the interior spaces between wood fibers or form coatings 
on the surface and are difficult to remove [11, 12]. Available 
protective materials are also limited by lack of sustainability 
and high cost of preparation, which means that there is a real 
need for new, sustainable, inexpensive, and easily prepared 
UV-blocking materials to protect wood from damaging UV 
irradiation [12, 13]. Therefore, it is particularly important 
to find protective materials that can directly block UV rays.

Carbon dots (CDs) are a new type of zero-dimensional 
nanomaterial. Compared with traditional photoluminescent 
materials, such as rare earth elements and semiconductor 
quantum dots, CDs have the advantages of easy preparation, 
abundant raw materials, low price, tunable emission, opti-
cal stability, and good biocompatibility, thus represent a new 
generation of photoluminescent materials with light absorp-
tion and conversion properties [14, 15]. Among many raw 
materials that can be used for the preparation of CDs, biomass 
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is particularly attractive because of its abundant sources, 
low price, green environmental, and sustainability [16–19]. 
Among them, cellulose is an abundant biomass resource that 
has been widely studied and used because it is environmen-
tally friendly and highly sustainable [20–24]. With the exten-
sive research of biomass carbon dots [16], cellulose has also 
become one of the sustainable carbon sources [5, 25].

In this work, biomass-based CDs (Bio-CDs) were synthe-
sized by one-step hydrothermal method, with microcrystalline 
cellulose as the raw material and deionized water as the sol-
vent. Aqueous solutions of the Bio-CDs show concentration-
dependent optimum excitation and maximum emission tun-
able properties. As the concentration of Bio-CDs increases, 
so does the ability of the Bio-CDs to absorb short wavelength 
light and convert it into long wavelength light emission. This 
showed that the Bio-CDs could absorb UV and high-energy 
blue photons to convert them into long wavelength emission. 
The Bio-CDs thus can be used as UV and high-energy blue 
photons blocking units, which can be mixed with polyvinyl 
alcohol (PVA) to prepare optical shielding films (OSFs) 
(Scheme 1). As expected from the optical properties of the 
Bio-CDs in solution, the OSFs can absorb short wavelength 
and convert it into long wavelength emission. Covering the 
surface of wood with OSF provides good protection from UV 
and high-energy blue photons while maintaining the texture 
and surface color of the wood (Scheme 1). No organic sol-
vents are used in the preparation of the OSFs and the whole 
process is not only green and environmentally friendly, but 
also conforms to the concept of carbon neutralization. This 
study provides an example of sustainable research and illus-
trates the potential of biomass-derived Bio-CDs for blocking 
UV and high-energy blue photons.

2 � Experimental section

2.1 � Synthesis of Bio‑CDs

The Bio-CDs were synthesized using a hydrothermal 
approach. Microcrystalline cellulose (0.2 g) was placed in a 
100-mL teflon-lined autoclave, and deionized water (70 mL) 
was added. The mixture was stirred thoroughly for 10 min 
using a glass rod until the microcrystalline cellulose was 
completely dispersed. The solution was then heated to 200 
°C for 12 h. After cooling naturally to room temperature, 
the solution was filtered through a 0.22-μm micro-filtration 
membrane to remove insoluble matter and the filtrate was 
freeze-dried to provide a sticky solid. The viscous solid was 
redissolved in deionized water and filtered through a 0.22-
μm micro-filtration membrane to remove further insoluble 
matter. The filtrate was allowed to stand at room tempera-
ture for 3 days and then filtered through a 0.22-μm micro-
filtration membrane to remove the precipitate. The filtrate 
was freeze-dried to provide Bio-CDs.

2.2 � Preparation of optical shielding films (OSFs)

Add an appropriate amount of Bio-CDs aqueous solution 
(5 mg/mL) to a mixture of PVA (1 g) and deionized water 
(25 mL) in a glass beaker. The solutions were stirred in a 
constant temperature water bath at 95℃ for 1 h and then 
ultrasonicated for 1 h. Then, cool naturally to room tem-
perature, pour the mixed solution into the square petri dishes 
(5 cm × 5 cm) and dried at room temperature to form eight 
different optical shielding films (OSFs), containing 0, 4.5, 6, 
7.5, 9, 10.5, 20, or 30% Bio-CDs, respectively.

Scheme 1   Schematic showing 
formation of OSF and its use as 
a protective coating for wood
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2.3 � Measurement of wood surface color

The surface color of wood is obtained by averaging value 
of testing three times with NR110 precision colorimeter 
(Suzhou Tianyuli Instrument Co., Ltd., Suzhou, China), 
according to the L*, a*, and b* color system set out in the 
Commission Internationale de I'Eclairage (CIE) Proceedings 
(1931). The color difference value (ΔE) was calculated using 
the following formula (1):

where △L*, △a*, and △b* are the total changes of L*, a*, 
and b* values, after illumination, respectively.

3 � Results and discussion

Observation of the microscopic morphology of the Bio-
CDs by TEM showed small particles with good dispersion 
(Fig. 1a), no lattice and an average particle size of 7.83 nm 
(Fig. 1b). AFM analysis was essentially consistent with the 
TEM analysis and confirmed that the Bio-CDs were small 
spherical particles (Fig. S1). The XRD pattern of the Bio-
CDs showed an obvious diffraction peak at 20.35° (Fig. 1c), 
corresponding to the (002) plane of graphitic carbon [25, 26]. 
Raman spectroscopy showed that the Bio-CDs had a mainly 
a disordered D band (1351 cm−1) and an ordered G band 
(1590 cm−1) [27, 28] (Fig. 1d), and the IG/ID was 0.97, indi-
cating that the Bio-CDs have a graphite-like structure [29, 30].

We also investigated the structure of the Bio-CDs by 
X-ray photoelectron spectroscopy (XPS) and FT-IR spec-
troscopy. XPS showed that the Bio-CDs contained the 

(1)ΔE =

√

ΔL ∗
2
+ Δa∗2 + Δb ∗

2

elements C (70.7%) and O (29.3%) (Fig. 2a). The high-
resolution C 1 s spectrum showed three peaks at 284.5 eV, 
285.8 eV and 287.8 eV, corresponding to C–C/C = C, C-O, 
and C = O bonds [31–33], respectively (Fig. 2b). The O 
1 s spectrum showed two peaks at 530.7 eV and 532.1 eV, 
corresponding to C = O [34] and C-O bonds [34, 35], 
respectively (Fig. 2c). The FT-IR spectrum of the Bio-
CDs showed characteristic absorption peaks corresponding 
to − OH groups (3300 cm−1) [36, 37], − CH3/ − CH2 groups 
(2875–2930 cm−1) [36, 38], C = O groups (1665 cm−1) [39, 
40], aromatic rings (1600 cm−1, 1516 cm−1, 1450 cm−1) [41, 
42], and C-O groups (1192 cm−1) [41] (Fig. 2d), confirmed 
the presence of abundant functional groups on the surface of 
the carbon cores. The existence of these groups may cause 
diversification of the surface states of Bio-CDs [25], thus 
increasing the capacity of the Bio-CDs to absorb short wave-
length light [25, 26].

Having determined the structure of the Bio-CDs, we 
next investigated their optical properties. The UV absorp-
tion spectrum showed two absorption peaks at 226 nm and 
282 nm (Fig. 3a), which were attributed to the π-π* transi-
tion of C = C bonds and the n-π* transition of C = O bonds, 
respectively [27, 42, 43]. The absorbance of Bio-CDs aque-
ous solution intensified and extended to longer wavelengths 
as their concentration increased (Fig. 3a), demonstrating 
that Bio-CDs have adjustable capacity for optical absorp-
tion in the UV to blue light region. Solutions of Bio-CDs 
with different concentrations all showed excitation wave-
length dependence (Fig. S2), and the excitation spectra of 
Bio-CDs solutions were consistent with the results of the 
emission spectra (Fig. S3). We further showed that the 

Fig. 1   a TEM image of Bio-CDs; b particle size histogram of Bio-
CDs; c XRD spectrum of Bio-CDs; d Raman spectrum of Bio-CDs

Fig. 2   a XPS spectrum of Bio-CDs; b C1s XPS spectrum of Bio-
CDs; c O1s XPS spectrum of Bio-CDs; d FT-IR spectrum of Bio-
CDs
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optimal excitation wavelength redshifted from 300 to 440 nm 
(Fig. 3b) and the corresponding maximum emission wave-
length redshifted from 411 to 541 nm as the concentration 
of Bio-CDs solution was increased (Fig. 3c); meanwhile, the 
CIE coordinates showed consistent color changes (Fig. S4). 
This is due to the increases of concentration, the Bio-CDs 
monomer aggregation leading to enhanced absorption and 
extends to longer wavelengths (Fig. 3a), which promotes n-
π* electron transition, thus causes long wavelength fluores-
cence emission [44, 45]. The above results showed that the 

optimal excitation and maximum emission wavelengths of 
Bio-CDs solution can be tuned by varying the concentration, 
that is, Bio-CDs has concentration-dependent long wave-
length emission performance. Meanwhile, it confirmed the 
ability of Bio-CDs solution to absorb short wavelength light 
and convert it into long wavelength emission enhance with 
increasing concentration. Moreover, the emission intensity 
under optimal excitation first increases and then decreases 
as the concentration increases (Fig. 3d). This is explained by 
the fact that at low concentrations fluorescence enhancement 

Fig. 3   a UV–Vis absorption spectra of Bio-CDs aqueous solutions 
with different concentrations (0.01–0.1 mg/mL); b fluorescence exci-
tation and emission intensities of Bio-CDs aqueous solutions with 
different concentrations (0.02–9  mg/mL); c normalized intensity 
spectra of Bio-CDs aqueous solutions with different concentrations 
(0.02–9  mg/mL, Ex = 365  nm); d emission intensities of Bio-CDs 
aqueous solutions with different concentrations (0.02–9  mg/mL) at 
optimum excitation wavelength; e fluorescence decay curves of Bio-

CDs aqueous solution (0.02 mg/mL); f fluorescence intensity of Bio-
CDs aqueous solution (0.02 mg/mL) on repeated cycling between 26 
and 77  °C; g fluorescence intensities of Bio-CDs aqueous solution 
(0.02 mg/mL) containing 0–90% glycerin; h fluorescence intensities 
of Bio-CDs aqueous solution (0.02  mg/mL) at different pH values; 
i fluorescence intensity of Bio-CDs aqueous solution (0.02  mg/mL) 
after continuous excitation at 365 nm for 50 min
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could be caused by the effect of increased concentration. At 
high concentrations (> 5 mg/mL), enhanced π-π interactions 
between carbon core leads to aggregation-caused quenching 
(ACQ) and a consequent reduction in emission intensity. In 
addition, re-absorption and excitation-dependence may also 
be reasons for the red shift and the emission intensity reduc-
tion [46]. The photoluminescence quantum yield (PLQY) of 
Bio-CDs aqueous solution was 6.3%, and the fluorescence 
lifetime was 3.56 ns. The decay curves of Bio-CDs solu-
tions can be fitted to a double-exponential function (Fig. 3e, 
Table S1), indicating the presence of two fluorescence emit-
ters, namely the carbon cores and surface fluorophores. 
Therefore, the luminescence mechanism of Bio-CDs solu-
tion is proposed: at low concentration, the carbon core state 
dominates the blue fluorescence emission, while at higher 
concentration, the surface state dominates the long wave-
length fluorescence emission [17, 44].

To determine their practical utility, we also studied the 
effects of temperature, viscosity, and pH on the fluorescence 
emission intensity of the Bio-CDs. The emission intensity of 
the Bio-CDs gradually decreased with increasing tempera-
ture (Fig. S5). This temperature-induced photoluminescence 
quenching is thought to be closely associated with enhanced 
nonradiative relaxation [47, 48]. Reversible fluorescence 
emission was observed during several heating and cooling 
cycles (Fig. 3f). This good thermal cycling stability indicates 
that Bio-CDs can convert short wavelength light to long wave-
length light emission at high temperatures. Glycerin was used 
to adjust the viscosity of the Bio-CDs solutions. The inten-
sity of the fluorescence emission of the Bio-CDs in solution 
increased as the proportion of glycerin was increased (Figs. 3g 
and S6), consistent with previous reports on the nature of 
CDs [17, 25]. Changes in pH had little effect on the fluores-
cence emission intensity of Bio-CDs solutions (Figs. 3h and 
S7). When continuously excited with 365 nm UV light for 
50 min, the emission intensity of an aqueous solution of Bio-
CDs barely changed (Fig. 3i), demonstrating that the Bio-CDs 
have good resistance to photobleaching. These results confirm 
that the lack of sensitivity of the emission intensity of the Bio-
CDs to pH, and that emission intensity of Bio-CDs solutions 
can be adjusted by changing the temperature and viscosity, 
while maintaining the ability to absorb short wavelength light 
and convert this into long wavelength emission. It is further 
shown that Bio-CDs can be used to block short wavelength 
photodamage in practical applications.

The Bio-CDs with good optical properties can be used for 
ink-jet printing and ion detection. First, an aqueous solution 
of Bio-CDs was used as a fluorescent ink to print different 
images. These images are colorless in natural light and pro-
duce blue fluorescence under 365 nm irradiation (Fig. S8). 
Next, we investigated the effects of different ions on the 
fluorescence intensity of aqueous solutions of Bio-CDs. 
Different anions (Fig. S9a) and most cations (Fig. S9b) had 

no effect on the fluorescence of the Bio-CDs. On the other 
hand, Fe3+ ions showed selective, concentration-dependent 
fluorescence quenching (Fig. S9c), with essentially complete 
quenching at an Fe3+ concentration of 1280 μM (Fig. S9d). 
Fluorescence quenching occurs because hydroxyl groups on 
the surface of the Bio-CDs form complexes with Fe3+, lead-
ing to transfer of electrons from the Bio-CDs to the d orbit-
als of Fe3+ [49], thereby reducing the radiative transitions 
and inhibiting exciton recombination. The limit of detection 
(LOD) was 6.83 μM (Fig. S9d). The above results show that 
the Bio-CDs can be used as a fluorescent ink and for detec-
tion of Fe3+ ions.

The concentration-dependent long wavelength emission 
properties of the Bio-CDs aqueous solutions were well suited 
for applications field in blocking UV and blue light. The 
Bio-CDs were mixed with PVA to prepare optical shielding 
films (OSFs) with blocking UV and high-energy blue pho-
tons, which changed from colorless to brown with increasing 
concentrations of Bio-CDs (Fig. S10). Compared with pure 
PVA film, the OSFs had no effect on the visibility of the 
word “cellulose,” indicating good transparency (Fig. S10). 
Enlarged cross-sectional SEM images of the OSFs showed 
that the Bio-CDs were uniformly dispersed in the PVA, and 
that the morphology of OSFs containing different propor-
tions of Bio-CDs was similar (Fig. S11). The transmittance 
of pure PVA film in the blue-to-visible region (> 450 nm) 
is about 90% (Fig. 4a). As the proportion of Bio-CDs in the 
OSF increased, the transmittance at 200–450 nm gradually 
decreased (Fig. 4a), this was due to the increase of Bio-CDs 
content, which promotes the absorption for short wavelength 
light and thus reduced the transmittance (Fig. 3a), indicating 
that the OSFs strongly block both UV and high-energy blue 
photons. The emission of the OSFs is excitation wavelength-
dependent (Fig. 4b) because of the presence of the Bio-CDs. 
After continuous excitation at 365 nm for 50 min, the emis-
sion intensity of the OSF was basically unchanged, showing 
good stability against photobleaching (Fig. 4c). As the pro-
portion of Bio-CDs in the OSF was increased, the fluores-
cence emission spectra under excitation at 365 nm, 405 nm, 
and 450 nm showed that the OSFs can convert UV and high-
energy blue light into harmless green-to-red light emission 
(Fig. S12), consistent with the CIE (1931) color coordinates 
(Fig. 4d–f). These results demonstrate that OSFs can absorb 
short wavelength light and convert it into long wavelength 
light, in the same way as Bio-CDs aqueous solutions.

The ability of the OSFs to block UV and blue light was 
investigated next using 395 and 450 nm LEDs. The extent of 
blocking of both 395 and 450 nm light increased as the pro-
portion of Bio-CDs in the film increased and OSF containing 
20% Bio-CDs completely blocked both 395 and 450 nm light 
(Figs. 4g–h and S13). OSFs thus have potential applications 
in blocking UV and blue light and the extent of blocking can 
be varied by adjusting content of Bio-CDs in the film. The 
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ability of pure PVA and different OSFs to block UV radiation 
(≤ 400 nm) from the sun was also tested. As the proportion 
of Bio-CDs in the film was increased, the ability of the film 
to block solar UV light became greater and greater. When the 
proportion of CDs reached 10.5%, 100% of solar UV radia-
tion was blocked (Figs. 4i and S14). The ability of OSFs to 
block UV rays from the sun was further investigated using 
commercially available UV test cards. Pure PVA film did not 
block UV light whereas OSFs very noticeably blocked UV 
radiation (Video S1). As the proportion of Bio-CDs in the 
OSFs was increased, the OSFs had better and better ability to 

block solar UV light. OSFs containing higher proportions of 
Bio-CDs provided a complete block.

As a practical application, we investigated the ability of 
OSFs to protect wood from discoloration damage caused 
by UV exposure, using white maple, basswood and balsa 
wood for the experiments (Fig. 5a–c, top). Sections of each 
wood were covered with OSFs (Fig. 5a–c, center) and the 
wood samples were then irradiated with intense UV light 
(340 nm, 80 W) for 90 h. Both uncovered woods and woods 
covered with pure PVA film became darker after UV irradia-
tion (Fig. 5a–c bottom). The sections of the woods covered 

Fig. 4   a Transmittance of OSFs containing different proportions of 
Bio-CDs (0–30%); b normalized fluorescence emission spectra of 
OSF (10.5% Bio-CDs) at different excitation wavelengths; c fluores-
cence intensity of OSF (10.5% Bio-CDs) during continuous excita-
tion at 365  nm for 50  min; d, e, f CIE (1931) coordinates diagram 

of OSFs (4.5–30% Bio-CDs) under different wavelength excitation 
at 365  nm, 405  nm, and 450  nm; g, h, i extent of blocking of UV 
(395 nm) light, blue (450 nm) light, and sun light by OSFs containing 
different proportions of Bio-CDs (0–30%)
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with the OSFs better retained their original color when the 
proportion of Bio-CDs in the OSF was higher because of 
the improved UV-blocking effect. These experiments dem-
onstrate that the Bio-CDs contained in OSFs can effectively 
block the effect of UV rays on wood color. We next used a 
precision colorimeter to measure the changes in light and 
shade (△L*) before and after exposure of the wood to UV 
light and calculated the color difference (△E) by formula 
(1). The greater the absolute value of △L* and △E, the 
greater the change in color of the wood surface. The absolute 
value of △L* and the △E value calculated after UV irradia-
tion for the three woods covered with pure PVA film were 
the largest (Fig. 5d, e), that is, the surface color of the wood 
became darker. For wood samples covered with OSFs, the 
absolute value of △L* and the △E value became smaller 
and smaller as the proportion of Bio-CDs in the OSF was 
increased (Fig. 5d, e), indicating a greater and greater degree 
of UV-blocking by the OSF. And OSF of 20% Bio-CDs can 
complete protect wood (Fig. 5d, e). This is because increased 
content of Bio-CDs in the OSF promote UV absorption and 
more efficient conversion of UV to longer wavelength light, 
thereby protecting the wood from UV damage. The effect 
of solar irradiation on the surface color of the wood was 
investigated by irradiating bare wood and wood with an OSF 
coating for 120 h, using a xenon lamp to simulate standard 
sunlight (AM1.5, 100 mW/cm2) (Fig. S15). The color of the 
wood covered with pure PVA film darkened after simulated 
solar irradiation whereas wood covered with OSFs retained 
its original color. This is because, as the proportion of Bio-
CDs in the film is increased, the OSF eventually absorbs all 

UV and high-energy blue photons and converts them into 
longer wavelength light emission [30], which then irradi-
ates the surface of the wood, thus the direct exposure of UV 
light to the wood is avoided (Fig. 5f). These results clearly 
demonstrate that the newly developed OSFs can protect 
wood from damage caused by UV irradiation. A compari-
son of 20% OSF with other reported UV-blocking materi-
als, in terms of environmental friendliness of raw materials, 
process simplicity, transparency, and sustainability, shows 
that 20% OSF has many advantages (Fig. 6 and Table S2). 
Therefore, the Bio-CDs are expected to find numerous prac-
tical applications in situations where it is desirable to protect 
materials from UV and high-energy blue light.

Fig. 5   a Photograph of initial basswood color (top), after coating with 
OSF (center) and after UV light irradiation (bottom); b photograph 
of initial balsa wood color (top), after coating with OSF (center) and 
after UV light irradiation (bottom); c photograph of initial white 
maple wood color (top), after coating with OSF (center), and after 

UV light irradiation (bottom); d curves showing changes in shade 
index value (ΔL*) of OSF-coated woods after exposure to UV light; e 
curves showing changes in color difference value (ΔE) of OSF-coated 
woods after exposure to UV light; f schematic showing mechanism of 
blocking of UV/blue light by OSF

Fig. 6   Comparison of 20% OSF with other UV-blocking materials in 
terms of environmental friendliness of raw materials, process simplic-
ity, transparency and sustainability
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4 � Conclusions

In summary, Bio-CDs with concentration-dependent emis-
sion were prepared using a one-step hydrothermal method, 
with microcrystalline cellulose as the raw material. OSFs, 
which could effectively block UV and high-energy blue pho-
tons, then were prepared by mixing the Bio-CDs with PVA. 
The blocking performance of the OSFs was studied using 
395 nm and 450 nm LEDs as violet and blue light sources, 
respectively. As the proportion of Bio-CDs in the OSF was 
increased, the blocking of 395 and 450 nm light gradually 
increased until a complete barrier was formed. The OSF con-
taining 10.5% Bio-CDs can completely blocked solar UV 
radiation (≤ 400 nm). Our results demonstrate that the OSFs 
can block UV and high-energy blue photons and that the 
extent of blocking can be adjusted by varying the propor-
tion of Bio-CDs in the OSF. The ability of OSFs containing 
different proportions of Bio-CDs to protect basswood, balsa 
wood, and white maple from UV-induced color changes was 
then investigated. Wood samples were coated with PVA film 
or OSFs and then irradiated with 340 nm UV light for 90 h. 
The surface color of uncoated wood and wood coated with 
pure PVA film became significantly darker. Wood coated 
with OSFs darkened to a lesser extent, and the protective 
effect increased gradually as the proportion of Bio-CDs in 
the film was increased. Wood coated with OSF containing 
20% Bio-CDs can completed retain its original color. The 
same results were observed when the wood samples were 
irradiated with sunlight. OSF containing Bio-CDs can thus 
be used as an effective optical barrier material to protect 
wood from UV damage. This study implies that other CDs 
with concentration-dependent tunable emission can also be 
used as optical shielding units and are widely used in materi-
als for blocking UV and high-energy blue photons.
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