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A B S T R A C T

The significant in situ multicolored patterning without changing printing tools nor substrate media still remains 
challenging, especially toward practical applications for anti-counterfeiting. This research invented a unique 
universal approach for the laser-induced in situ synthesis of colorful fluorescent patterns (from blue: CIE 0.15, 
0.18 to red orange: CIE 0.36, 0.39) through the controlled formation of N, S doped carbon dots (CDs) in solid 
composite polymer films or hydrogel with a hierarchical and physically unclonable microsurface architecture for 
anti-counterfeiting. The in situ patterning approach, coupled with multi-layer technique, yielding designable 
blue, yellow, orange, and red orange color under 365 nm in the same pattern. A 5 cm2 colorful pattern can be 
efficiently finished within 5 min without changing the substrate and the line width accuracy can be up to 300 μm. 
The absolute quantum efficiency of the blue pattern reached as high as 23%. The fluorescent patterns can be 
survived at indoor for 24 months. The hydrogen bonding interactions between the CDs precursor and polymer 
facilitated the generation, uniform dispersion and stabilization of CDs during the laser irradiation. The hy
pothesis that laser irradiation induced photochemical reactions of CD precursors within a polymer matrix was 
supported by thermodynamic assessments. The universality of in situ fluorescent patterning strategy was 
demonstrated by developing fluorescent patterns on both solid polymer films, hydrogel, pharmaceutical pack
aging and textile.

1. Introduction

From indoor to outdoor environments, and across scales from micro 
to macro dimensions, colorful photoluminescence patterns have exten
sive applications, including displays, sensors, anti-counterfeiting, and 
signage [1–6]. Especially, for applications like fluorescent anti- 
counterfeiting and information encryption, the incorporation of full 
color fluorescent patterns could enhance the security level. Conse
quently, there exists a necessity to devise a technique of facilitating the 
creation of comprehensive full color fluorescent patterns. The genera
tion of colorful fluorescent patterns can be accomplished using tech
niques such as inkjet printing, overlay printing-based silkscreen 

methods, and multi-step lithography. For inkjet printing, achieving 
uniform luminescence in the resulting patterns necessitates the devel
opment of suitable fluorescent ink formulations. Additionally, technical 
challenges, such as mitigating inhomogeneous defects caused by the 
coffee ring effect, must be addressed to ensure consistent performance 
[7]. Ideally, for practical applications, achieving colorful fluorescent 
patterns on one piece of continuous film based on non-toxic materials 
and employing a straightforward fabrication method would be advan
tageous. However, it posed a straitened circumstance to reaching both of 
the above criteria simultaneously, given the intricate nature of the 
materials and processes involved in luminescent pattern formation.

Carbon Dots (CDs), as a novel class of fluorescent materials, offer 
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distinct advantages, including low toxicity, tunable optical properties, 
and notable photostability [8,9]. Due to their extremely small size and 
abundance of surface defects, CDs produce fluorescence at specific 
wavelengths by electrons jumping between energy levels when excited 
by external energy. At the same time, the quantum confinement effect 
restricts the movement of electrons within the CDs, while the surface 
defects provide additional energy levels, facilitating the excitation and 
leapfrog process. The manipulation of precursor selection and synthesis 
conditions allows for the alteration of functional groups on both the 
surface and core of CDs, yielding full fluorescent color CDs [10,11]. The 
straightforward fabrication of a single-color fluorescent polymer film 
was achievable by simply blending an appropriate concentration of CDs 
or CDs precursors into the polymer matrix [12,13]. The dispersion or 
formation of CDs occurred in the liquid phase within the polymer matrix 
during the process of heating and drying to form composite film. The 
interactions between CDs surface functional groups and polymer chains 
effectively eliminated fluorescence quenching due to aggregation and 
inhibit non-radiative transition, thereby enabling the production of 
solid-state fluorescent polymer films [14–19]. High resolution, large 
area multicolor fluorescent pattern can be effectively obtained by inkjet 
printing, yet the process limits material selectivity due to the ink surface 
tension, viscosity and solvent orthogonality of adjacent layers. To ach
ieve multicolor fluorescent in a single pattern, different colored CDs inks 
must be formulated to meet the specifications for inkjet printing [20]. 
Besides inkjet printing, fluorescent patterns could be fabricated by laser 
pyrolysis or laser-assisted deposition[21–24]. Laser pyrolysis is one of 
the CDs synthesis methods, that exhibits the capability of thermal 
decomposition and inducing photoreaction between small molecules
[25–27].The thermal effect during laser writing is required for carbon
ation during the CDs generation process. The intrinsic bandgap emission 
of the sp2-conjugated domains in carbon core of CDs was considered 
responsible for the luminescence[28,29]. It is generally acknowledged 
that, laser-assisted CDs preparation represented one of the top-down 
synthesis methods, primarily driven by the thermal decomposition of 
larger molecular[30].

In 2023, through the integration of the CDs synthesis methodology 
with laser writing technologies, our prior research innovatively 
demonstrated the feasibility of in situ generating CD-based mono
chromatic fluorescent patterns via laser direct writing on a cellulose 
acetate butyrate film in air [31]. Recently, Zhang et al. reported that 
different CD-based color fluorescent patterns were achieved utilizing a 
laser-assisted nano-printing technique [32]. However, to the best of our 
knowledge, multicolor fluorescent pattern on one piece of monolithic 
polymer film has not been managed so far, since different CDs precursor 
contained film on the intermediate layer have to be switched for 
different colors. As we know, in addition to thermal decomposition, the 
intense infrared (IR) photons emitted by pulsed CO2 lasers can facilitate 
reactions between two reactants by transferring photon energy, thereby 
accelerating them into an excited state [25]. Thus the formation process 
of CDs is dependent with variation of pulsed CO2 lasers energy. There
fore, it is reasonable to assume that different color fluorescent CDs in 
polymer films would be generated by IR CO2 laser-induced in situ 
photochemical reactions which can be regulated through laser scanning 
rate control. Unlike the reported IR laser-induced organic reactions in 
high-pressure gas phases, solid-phase reactions induced by IR laser ra
diation under mild conditions scarcely reported.

In this work, a one-step generation of CD-based multicolor fluores
cent pattern was developed via a laser-induced photochemical reaction 
in air. This achievement combined in situ CDs formation within a solid 
polymer film with construction of multilayer membrane structures. The 
fluorescent color can be modulated by adjusting the laser scanning rate 
even on a single polymer film. To verify the versatility of our approach, a 
hydrogel made from the same material system was also employed. The 
resulting multicolor fluorescent patterns exhibit distinct optical perfor
mance and a physically unclonable surface structure.

2. Experimental Section

2.1. Multilayer polymer substrate preparation

A 20 wt% Polyvinyl Alcohol (PVA) solution was formulated by dis
solving PVA (1788, Sigma) in hot water at 90℃. For the yellow and 
orange fluorescence pattern, precursors of citric acid and thiourea (99 
%, Merck) were incorporated into the PVA solution (solution 1). In 
parallel, for the creation of a blue fluorescence pattern, a precursor of 
citric acid (anhydrous, 99.5 %, Merck) and urea (99 %, Merck) were 
introduced into the PVA solution (solution 2). Varied molar ratios of 
citric acid: urea and citric acid: thiourea, along with diverse total weight 
concentrations were used, as detailed in Table S1.

A 10 wt% and 20 wt% solution of cellulose acetate butyrate (CAB, 
35–39 %, Aladdin) was prepared in ethyl acetate. For the double-layer 
structure, 20 wt% CAB was coated under solution 1 or 2. To construct 
a multilayer polymer film, the following sequence of layers was spin- 
coated onto glass substrates: 20 wt% CAB, citric acid/thiourea PVA so
lution (solution 1), 10 wt% CAB solution, and citric acid/urea PVA so
lution (solution 2). Each layer underwent room-temperature drying after 
spin coating. In addition, hydrogels based on solution 1 and solution 2 
were fabricated using the freeze-dry method [33]. The solutions of 1 and 
2 were applied to the surfaces of thoroughly cleaned tablet packages and 
fabrics using dip-coating and blade-coating techniques, respectively. 
Following natural drying, the QD code and SCNU school bandage were 
inscribed onto the coated surfaces using laser writing.

2.2. Colorful fluorescent patterning by laser writing

A CO2 laser machine, specifically sourced from Shang Hai AoJian 
Laser Co., Ltd, was employed for the precision drawing of fluorescence 
patterns onto the polymer film in an ambient air environment. The 
wavelength of the CO2 plus laser was 10.6 μm with a rated power of 40 
W. For all laser writing processes 15 % of rated power, 25 kHz fre
quency, and 0.02 mm line space were selected. Different colors of 
fluorescent patterns can be obtained by varying the scan rate. The pat
terns were designed by the laser machine drawing software.

2.3. Material and fluorescent patterns characterization

The thermal characteristics of solution 1 and solution 2 were ana
lysed using thermogravimetric analysis (TGA, METTLER). The glass 
transition temperature (Tg) was determined by METTLER TOLEDO 
differential scanning calorimetry with a heating rate of 10 ◦C/min. To 
gain insights into the activation energy of the composite polymer film 
originating from solution 1 and solution 2, the Ozawa-Flynn-Wall 
method was employed. This method, aligned with the ISO11358- 
2:2014(E) standard, facilitated the determination of the activation en
ergy, offering valuable information about the thermochemical behav
iour of the polymer films.

Following the laser-writing procedure on the polymer films, the CDs 
were extracted through the dissolution of the laser-patterned film in cold 
water over three days. The resultant solution underwent concentration, 
followed by a seven-day dialysis process with a molecular weight cut-off 
(MWCO) of 1000 kDa. Subsequently, CDs solutions were obtained after 
further concentration and centrifugation at 10000 rpm for 10 min. The 
optical properties of the CDs solutions were examined utilizing a lumi
nescence spectrometer (RF-6000, Shimadzu, Japan) and a UV–vis 
spectrophotometer (UV-1750, Shimadzu, Japan). The morphology of 
the CDs was characterized through Transmission Electron Microscopy 
(TEM) using a JEM-2010 instrument from JEOL, Japan. Additionally, X- 
ray Photoelectron Spectroscopy (XPS) conducted on a Thermo Fisher 
Scientific apparatus equipped with an Al source (h ν = 1468.6 eV) was 
employed to analyse the elemental composition of the CDs. XRD 
(BRUKER D8 ADVANCE DAVINCI) was used to analyze the graphitiza
tion of the CDs. The Fourier-transform infrared spectrometer (Nicolet 
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6700) was utilized to analyse composition changes post-laser writing. 
The infrared spectroscopy and variable temperature infrared spectros
copy are analysed with Bruker Vertex 70, Germany. Furthermore, the 
quantum yield of the fluorescence patterns at 365 nm was measured by 
an absolute PL quantum yield spectrometer C11347 series (HAMA
MATSU). The surface temperature during the laser direct writing process 
was monitored using a FLIR A 6700 mid-wave infrared thermal imager, 
and the surface topography of the patterned areas was quantified using a 
DECTEC 3D profiler.

3. Results and discussion

3.1. Multicolor fluorescent patterns draw by CO2 laser

Laser writing serves as a versatile technique for modifying the 
physicochemical attributes of transparent polymer films [34]. The hy
drothermal reaction involving citric acid, urea, or thiourea is a classical 
method for CDs synthesis. The variation of fluorescent properties in CDs 
solutions were achieved by adjusting the proportions of citric acid and 
urea, alongside modifications in reaction conditions. In general, the type 
and quantity of surface-doping elements and the size of CDs commonly 
influenced the resultant fluorescent color diversity in CDs synthesis. 
Similarly, by introducing citric acid/urea or citric acid/thiourea into a 
PVA solution, multilayer composite polymer film with uniform- 
thickness can be successfully fabricated through spin coating onto a 
glass substrate. After employing laser writing (4 W, 25 kHz), fluores
cence patterns can be deftly produced in situ on the surfaces of double- 
layer and multilayer films (Fig. 1).

The fluorescence created from the double-layer structure was 
initially investigated (Fig. 2). A 7.0 μm CAB film was applied beneath the 

PVA composite polymer film as the base layer and peelable layer. The 
total thickness of double was 40 ± 2 μm. The film from PVA solution1 
(PVA1) demonstrated transparency within the visible light spectrum 
(90 % transmittance), while at 10.6 μm, a transmittance of 80 % was 
observed, which meant the CO2 laser can be absorbed (Fig. S1a). During 
laser writing process, the absorption of the CO2 laser was expected to 
intensify due to alterations in surface structure and components. The 
upper layer of PVA1 underwent complete pyrolysis and gasification at 
scanning rates between 1000 and 1800 mm/s. Below 1000 mm/s, the 
laser writing etched on the CAB layer, resulting in the formation of CDs 
within the CAB film (Fig. 2a) [31]. The resulting CDs-composited CAB 
patterns displayed a light yellow-green fluorescence, suggesting that the 
CAB layer and the PVA1 film did not merge during laser writing at 
speeds below 1000 mm/s. As depicted in Fig. 2f, the solid-state fluo
rescence exhibited excitation dependence consistent with the charac
teristic luminescence features of CDs. The modulation of the scan rate 
within the range of 2000 ~ 3500 mm/s yielded a transition in fluores
cence color from yellow (CIE 0.34,0.36) to orange (CIE 0.36,0.39), with 
maximum fluorescence intensity achieved at 2200 mm/s and 3500 mm/ 
s, respectively (Fig. 2f). The surface roughness increased while the etch 
depth decreased with rising scan rate due to less accumulated adsorbed 
energy (Fig. S2,3). At scan rates exceeding 1800 mm/s, laser writing 
predominantly affected the PVA1 layer, leading to the formation of 
bubble-like morphologies and an increase in film thickness. For com
parison, laser writing was also conducted on a single-layer PVA1 film, 
varying the scan rate from 1000 mm/s to 3500 mm/s. The resulting 
fluorescent patterns all exhibited yellow color without any gradual 
changes, revealing that the CAB layer would influence the color varia
tion (Fig. S4a). The line widths by laser writing range from 320 to 1100 
μm at the same laser scanning rate (Fig. S4c). The IR photon-induced 

Fig. 1. The illustration of CO2 laser writing fluorescent patterns on two distinct material platforms made by spin coating and freeze–thaw from composite PVA. a) On 
dual-layered composite polymer film of PVA1(PVA with citric acid/thiourea) /CAB and PVA2 (PVA with citric acid/urea)/CAB), the yellow, orange and blue squares 
present the laser patterned areas under made under different laser scanning rate, and the sample pictures taken under 365 nm UV light exhibited the flexibility of the 
self-standing patterned films, (the scale bar was 5 mm). b) On the PVA1 and PVA2 hydrogel, the photographs shown laser patterned hydrogels with yellow and blue 
squares under different laser parameters under 365 nm UV light, (the scale bar was 5 mm). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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thermochemical reaction on the single layer and double layer structure 
were testified by the Fourier Transform Infrared Spectroscopy (FTIR) 
(Fig. 2d and Fig. S5). The FTIR spectra of laser-written single and double 
layers at 3500 mm/s were identical. In addition to the characteristic 
peaks associated with pure PVA, vibrational modes corresponding to C 
= N (1620 cm− 1), C-N (1420 cm− 1), and N-H (3210 cm− 1), indicative of 
CDs synthesized from citric acid/thiourea (molar ratio 1:3.6, total con
centration 20 wt% in PVA solution), were discerned in both single and 
double-layer film structures. Notably, the stretching vibrations of C-S, C 
= S, and SO3H were identified by an absorption peak ranging between 
1030 to 1220 cm− 1 at higher scan rates [35].The reduction of the C = O 
(1710 cm− 1) bond on the surface of CDs at a lower scan rate suggested 
the increased carbonation. The presence of a peak at 2050 cm− 1 indi
cated the − NCS structure, derived from one of the thermal decomposi
tion products of thiourea (isothiocyanic acid) [36]. Notably, the 
fluorescence turned to yellow as the − C-S bond decreased at lower laser 
scanning rate. An increase in the number of S can diminish the energy 
band gap between the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO), resulting in surface 
defects that act as energy traps, further contributing to the redshift of the 
emission wavelength [37,38].This suggested that with reduced radia
tion energy (at high scan rate), the increased sulphur content in the CDs 
induced a redshift, resulting in an orange fluorescence color.

After laser writing, the patterned films (CD-Y@PVA1/CAB) with 
double layer structure detached from the glass substrate, yielding flex
ible, self-standing fluorescent patterned film (Fig. 1). The detachment 
was primarily attributed to the weak adhesion of cellulose acetate 
butyrate (CAB) on glass. Such a characteristic presented significant 
potential for anti-counterfeiting packaging materials, especially 
considering the inherent advantages of CAB material in packaging ap
plications, such as high transparency and durable weather resistance.

To verify the universality of this method, the same strategy for 
making colorful patterns was also testified with the hydrogel made from 
solution 1 by the freeze-drying method (Fig. 1). From scan rate 800 to 
3400 mm/s, bright yellow fluorescent patterns (CD-Y@PVA1) can be 
created on the surface of hydrogel. Different from double layer film, no 
change of fluorescent color was observed. The hydrogel films could be 
readily detached from the glass surface then adhered well to the skin, 
and the fluorescence of the pattern on hydrogel remain constant during 
stretching (Fig. S6b-c, SI move). The flexible self-standing fluorescent 
patterned hydrogel film would have potential applications on anti- 
counterfeiting of electronic skin or biosensor.

By varying the CDs precursor (citric acid/urea molar ratio 1:10, total 
concentration 3.6 wt% in PVA solution) in PVA film (PVA2), the color of 
the fluorescent pattern can be regulated to blue. The composite PVA film 
(PVA2) and PVA2 hydrogel were prepared after spin coating and 
freeze–thaw (Fig. 1). The absorption of 10.6 μm CO2 laser played a 
pivotal role in converting infrared (IR) photon energy, exciting the re
actants into a vibrational state, and facilitating in situ CDs formation 
within the molten polymer matrix (Fig. S1b). On the double layer film 
surface, the fluorescence patterns (CD-B@PVA2/CAB) can be draw by 
CO2 laser within the scan rate 800–3200 mm/s (Fig. 2b). The fluorescent 
intensity of the blue patterns (CD-B@PVA2) on hydrogel was less than 
on the composite PVA dry film. For double layer film structure, under 
high laser energy (800–1000 mm/s), the PVA2 layer almost completely 
pyrolysis. CDs were formed in situ within the CAB layer through the 

pyrolysis of CAB molecules while the laser reached CAB layer, resulting 
in a light yellow-green fluorescence pattern (Fig. 2bi, g). Elevating the 
scan rate to 1200–2000 mm/s induced a transition in fluorescence from 
yellow-green to light blue (Fig. 2b). While the scan rate excessed 1000 
mm/s, bubbles were formed in PVA2 layer during laser writing process, 
and the CD-B@PVA2/CAB film thickness increased (Fig. 2b). As the scan 
rate reached 2200 to 3200 mm/s, a stable bright blue was observed. The 
solid phase fluorescent has excitation dependent properties also indi
cating that the CDs were the source of the emission fluoresce (Fig. 2g). 
The CD-B@PVA2/CAB film thickness decreased again, when the scan 
rate over 2200 mm/s simply because that the lower laser energy at high 
scan rate was not high enough to melt composite PVA film. The laser- 
written single-layer PVA2 film and double-layer PVA2/CAB were char
acterized by FT-IR individually (Fig. 2e). The asymmetric stretching 
vibration of N-H cannot be distinguished from the O-H between 3200 to 
3500 cm− 1 due to overlapping. At a scan rate of 2000 mm/s, the bending 
vibration peak of urea amide groups manifested between 1650 to 1620 
cm− 1, along with the vibration of C-N around 1430 cm− 1. Increasing the 
scan rate to 3000 mm/s, led to an increase in the tension vibrations of O- 
C = O, sp3 C-H, and the C-NH-C groups at 2713, 1373, and 1243 cm− 1, 
respectively. The increased N doping in CDs induced the blue shift 
emission. Similarly, flexible CD-B@PVA2/CAB film can be obtained 
after detaching from the glass substrate, and the flexible blue fluores
cence patterned hydrogel can be formed by laser drawing on PVA2 
hydrogel surface under scan rate 800–3600 mm/s (Fig. 1).

Different from the preparation of fluorescent composite polymer film 
by the physical mixing of CDs and polymers, the fluorescent color of the 
patterns cannot be regulated from yellow to red orange by altering the 
molar ratio of citric acid/urea or the laser writing parameters. It was 
known that the red CDs synthesized from citric acid/urea possess a 
bigger carbon core size with fewer surface functional groups, which was 
very challenge for laser-induced synthesis technology [39].

The multi-fluoresce color cannot be generated by mixing the three 
components together in a PVA solution, due to the similarity in laser 
energy requirements for producing distinct fluorescence colors and the 
low selectivity for laser-induced reactions within this system. To solve 
this problem, a multi-layer structure was constructed for making 
multicolor fluorescent patterns, as depicted in Fig. 3. A thin CAB layer (1 
± 0.2 μm) was strategically introduced between two-layer of PVA 
composite polymer films to prevent reactant mixing during drying steps.

Due to changes in structure and composition, the thermal conduc
tivity would be changed with a multilayer structure, thus higher radia
tion energy was needed to draw through each layer. Varied fluoresce 
colors, blue, yellow orange and red orange were successfully achieved at 
scan rates of 3300 mm/s, 2200 mm/s, 1000 mm/s, and 500 mm/s, 
respectively (Fig. 3a, b). When considering an equivalent area of 0.5 
mm2, both the total scan time and the surface temperature increased 
with reducing scan rate (Fig. 5b). At a higher scan rate of 3300 mm/s, 
the thermal-chemical reaction exclusively occurred within the top layer 
(PVA2) during laser writing, resulting in the creation of a blue color 
(Fig. 3di). The maximum emission wavelength was around 450 nm. 
Under laser radiation, the composite PVA2 film underwent molten, 
expansion and gasification, creating noticeable bubbles between PVA2 
and thin CAB layer, a phenomenon more obvious in the multilayer film 
structure. The gas bubbles formed during laser writing caused increasing 
of surface roughness, and the surface morphology of the film after laser 

Fig. 2. a) The surface profile of fluorescent squares made by in situ laser writing at scanning rate from 500 to 3500 mm/s on the surface of dual-layer PVA1/CAB film, 
the inset showed a fluorescent “wheel” image. The different fluorescent color areas on the “wheel” were made at different laser scanning rate (i at 1000 mm/s, ii at 
2200 mm/s and iii at 3500 mm/s separately). The scale bar is 5 mm. b) The surface profile of fluorescent squares made by in situ laser writing at scanning rate from 
500 to 3500 mm/s on dual-layer PVA2/CAB film, the inset showed a fluorescent label indicating battery level. The different fluorescent color areas were made at 
different laser scanning rate (i at 900 mm/s, ii at 2000 mm/s and iii at 3200 mm/s respectively). The scale bar is 5 mm. c) The FT-IR spectrum of pure PVA film. d) 
The comparison of FT-IR spectrum between single layer PVA1 film before and after laser writing, and the FT-IR spectrum of fluorescent pattens on dual-layer PVA1/ 
CAB film by laser writing at scanning rate of 2200 mm/s and 3500 mm/s. e) The comparison of FT-IR spectrum between single layer PVA2 film before and after laser 
writing, and the FT-IR spectrum of fluorescent pattens on dual-layer PVA2/CAB film by laser writing at scanning rate of 2000 mm/s and 3200 mm/s. f-g) The solid 
fluorescence spectra of the i-iii area in the “wheel” and the battery level indicator label (the inset in Fig. 2a and be).
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Fig. 3. a) Illustration of in situ fabrication multi-color fluorescent patterns on composite polymer film by CO2 laser writing. The insets showed the schematic diagram 
of microstructure in the fluorescent pattern and laser path. Inset v showed the images of multicolor fluoresce patterns by in situ laser writing on monolithic composite 
polymer film with multilayer structure under 365 nm UV light. b) A colorful fluorescent pattern drawn in situ on composite film by CO2 laser. The scale bar is 5 mm, 
the inset showed the fluorescent squares (5 mm2) made by laser writing at laser scanning rates from 500 mm/s to 3300 mm/s. c) The surface profile of fluorescent 
patterns made at laser scanning rate from 500 to 3300 mm/s, where the point i, ii, iii, vi corresponds to area i, ii, iii, vi, and the insets showed the fluorescence 
microscope pictures of each area, the scale bar is 500 μm. d) The solid fluorescent spectra of blue, yellow, orange and red orange area in the book image made at laser 
scanning rates of 3300, 2000, 1000, and 500 mm/s respectively, the excitation wavelength range from 300 nm to 420 nm for each fluorescent color. e) The EDS of i, 
ii, iii, vi area. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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writing was more convex than the original (Fig. 3c and Fig. S2). As the 
laser scanning rate decreased from 3300 mm/s to 500 mm/s, a gradual 
change in the fluorescent coloration of the squares depicted in Fig. 4a 
was observed. Specifically, as the laser scanning rate was reduced, the 
etching depth of the laser increased, leading to the gradual scorching 
and eventual complete vaporization of the PAV2 layer. Upon reaching 
the CAB layer, the formation of yellow-green CDsin the intermediate 
CAB layer was also noted [31]. Consequently, the resultant integration 
of the yellow-green CDs from the CAB and blue CDs from PAV2 layers 
produced a comprehensive color, which appeared the final transitional 
fluorescent color. Furthermore, with a continued decrease in the laser 
scanning rate, and as the removal of PAV2 was completed, a new tran
sitional color emerged from the integration of yellow-green CDs origi
nating from the first intermediate CAB and orange CDs from PAV1 
layers. This color transition persisted until the complete removal of the 
first intermediate CAB layer. The generation of a fluorescent yellow 
pattern was achieved through the simultaneous formation of CDs on the 
top layer and the inter-media thin CAB layer within the melted matrix, 
exhibiting a maximum emission at approximately 480 nm (Fig. 3dii). 
The surface morphology did not change too much while the scan rate 
decreased from 3300 to 2200 mm/s. As the scan rate was further 
reduced to 1000 mm/s, the laser burned through the inter-media CAB 
layer and the accumulated heat energy facilitated the formation of CDs 
from citric acid/thiourea in the middle layer, resulting in an increased 
sulphur content and patterns exhibiting an orange color (Fig. 3d).

The maximum emission was around 480 nm with broad emission 
band over 500 nm. The surface temperature reached approximately 
350 ◦C at scan rate 500 mm/s, leading to the decomposition of all layers 
except the base CAB layer (Fig. 5b). At a laser scanning rate of 500 mm/ 
s, the laser penetrated to the bottom CAB layer. According to our 

previous report, the fluorescent pattern produced by laser writing on 
CAB is expected to exhibit a greenish-yellow hue. However, in the case 
of the multilayer structured film, we observed that the fluorescent 
pattern on the bottom CAB layer appeared red–orange. Energy Disper
sive Spectroscopy (EDS) analysis of the patterned area revealed the 
presence of not only C and O but also N and S on the patterned surface 
(Fig. S7d). Based on these findings, we propose that the darker fluo
rescent color arises not only from the extending of thermal reaction but 
also from the retaining of the nitrogen and sulfur atoms those initially 
existed in the overlying layers and were incorporated into the CDs 
during the pyrolysis of the CAB layer. (Fig. S7d). The maximum emis
sion shift to 500 nm and the broad emission band over 550 nm 
(Fig. 3div). The etching depth increased while the laser scan rate less 
than 1400 mm/s, the laser written surface became smooth when the 
scan rate less than 1000 mm/s.

Therefore, by adjusting the laser scan rate, a diverse range of 
multicolor fluorescent patterns with different surface morphology can 
be intricately drawn on polymer composite film through the in situ for
mation of distinct CDs via infrared laser-induced thermal-chemical re
actions. The distinctive fluorescence color and surface structure 
imparted non-replicable characteristics to the patterns, rendering the 
patterns particularly suitable for applications in anti-counterfeiting. In 
addition, fluorescent patterns fabricated via laser direct writing exhibit 
remarkable photostability, retaining their luminescence for up to 24 
months under indoor conditions (Fig. 4a). Our experimental results 
reveal that while the absolute quantum efficiency of CD-B@PVA2/CAB 
film surpasses that of other colors, their rate of fluorescence decay is also 
higher, with yellow patterns demonstrating superior stability. Further
more, we discovered that applying an organosilicon polymer coating to 
the surface of the laser-written fluorescent patterns effectively stabilizes 

Fig. 4. a) The stability of the colorful pattern in the laboratory environment from 1 month to 24 month. b) The image of laser written blue fluorescent square (5 
mm2) in water solution of pH 1, pH 7, and pH 12. c) The image of laser written fluorescent QR codes on pharmaceutical packaging with CAB/PVA1 coating and d) 
The image of laser written fluorescent SCNU school logo on a piece of textile with CAB/PVA2 coating under daylight and UV light. e) The image of laser written 
fluorescent SCNU school logo on a piece of textile without CAB/PVA2 coating under daylight and UV light. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

Y. Guo et al.                                                                                                                                                                                                                                     Chemical Engineering Journal 504 (2025) 158749 

7 



them in aqueous solutions with pH values of 1, 7, and 12 (Fig. 4b).
Beyond the use of spin-coating for the fabrication of high-precision 

colored fluorescent patterns, our study suggests that for applications 
with lower precision requirements, simple dip-coating or blade-coating 
techniques can be employed. These methods allow for the deposition of 
pre-formulated CAB, PVA1, and PVA2 onto target surfaces, streamlining 
the production of fluorescent markers. Notably, due to the favourable 
biocompatibility of the selected materials, this coating can be applied to 
pharmaceutical packaging or textiles (Fig. 4c). Following a straightfor
ward drying process and laser direct writing, fluorescent QR (quick 
response code) codes and specific pattern markers can be readily 
achieved.

In summary, our findings further validate the broad applicability of 
the proposed method for fabricating colored fluorescent patterns, 

highlighting its potential for diverse practical applications.
In addition, under 365 nm UV light, all colors were distinguishable, 

and the absolute quantum efficiency at 365 nm was quantified. As 
depicted in Fig. 5a, the highest absolute quantum efficiency for the blue 
color reached 23 %. The robust intermolecular interaction between N-H 
on CDs and OH on the PVA matrix significantly enhanced the blue 
fluorescence quantum yield. Further validation of the color transition 
from orange, yellow to blue under 365 nm UV was evident in the CIE 
coordinates (Fig. 5b).

3.2. Characterization of CDs from the fluorescent patterns

To identify the CDs generated during laser writing within the 
patterned area, the patterns were immersed in OR water at room 

Fig. 5. a) The absolute quantum efficiency and b) The CIE color coordinate of blue, yellow and orange fluorescent patterns. c) The FL spectra of CD-B solution. d-f) 
The HRTEM images of CD-Y, CD-B and CD-O at 400 k, the insets showed the crystalline space in single CDs. g-i) The TEM images of CD-Y, CD-B and CD-O at 200 k, 
the insets showed the CDs size distribution. j-k) The FL spectra of CD-Y and CD-O solution. l) UV–vis and FL excitation spectra of CD-B, CD-Y, and CD-O. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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temperature for one week. The CDs solution was obtained through 
dialysis and centrifugation. The TEM images revealed that the average 
size of CDs varied from 2.9 nm (from orange pattern) to 3.35 nm (from 
yellow pattern), all with crystalline structure. The lattice spacing was 
almost the same for the CD-Y (0.226 nm, from yellow pattern) and CD-O 
(0.227 nm, from orange pattern), where the lattice spacing of CD-B 
(from blue pattern) was the largest (0.293 nm) and it had a wide size 
distribution (Fig. 5g-i). The broad size distribution of the CDs synthe
sized in our study leads to a diversity of energy band structures, resulting 
in distinct absorption and emission characteristics based on size, which 
further influences excitation dependence [40]. The fluorescence spec
trum of the CD-Y solution demonstrated an excitation-dependent prop
erty, with the maximum excitation wavelength recorded at 425 nm 
(Fig. 5j). And the maximum excitation wavelength for CD-O was 
observed at 316 nm (Fig. 5l).

Similarly with CD-Y, the CD-B solution derived from the blue pattern 
showed excitation dependency, with the maximum excitation wave
length measured at 321 nm (Fig. 5l). Doping with N altered the distri
bution of surface states within the CDs, affecting their fluorescence 
emission properties, electronic structures, and energy level distributions 
of different surface states, all of which contribute to the observed exci
tation dependence [41]. From the high-resolution transmission electron 
microscopy, there was a blur shell without a crystal structure around the 
CDs. The CD-Y solution exhibited no obvious n-π* or π-π* conjugation 
peak in the UV–vis spectrum, which could be attributed to the polymer 
chain grafting onto the surface of the CDs during growth or the forma
tion of a polymer shell due to hydrogen bonding between the CDs and 
Polyvinyl Alcohol (PVA). Especially, in the solution of CD-B, the pres
ence of large particles indicated the existence of a polymer shell grafted 
outside the CDs, explaining the high absolute quantum efficiency of the 
fluorescence pattern (Fig. S8b). The incorporation of PVA chains 
effectively mitigated the aggregation of CDs, thereby enhancing the 
absolute quantum yield. The interaction between the CDs and the PVA 
matrix also affected the fluorescence properties. This interaction may 
modify the electronic structure and energy level distribution of the CDs, 
thereby further contributing to the excitation dependence. In compari
son, the generation of orange patterns, facilitated by higher laser energy 
and an extended thermal-chemical reaction time, resulted in small 
particle size without shell under more thorough carbonization 
(Fig. S8a). The π-π* conjugation peak at 320 nm in the UV–vis spectrum 
can be determined (Fig. 5l). The hydrogen bonding between the CDs and 
the PVA matrix was examined by FT-IR with increasing temperature 
(Fig. S10 b-d). In the FTIR spectrum, hydrogen-bonded O-H stretching 
vibrations typically appear as broader peaks (around 3300 cm− 1). As 
temperature increases, we observed a shift in the O-H stretching peak to 
higher frequencies (higher wave number) as hydrogen bonds weaken in 
blue fluorescent pattern which indicated the broken of hydrogen bonds 
between CDs and PVA [42]. A reduction in hydrogen bond strength 
results in a lesser extent of dipole–dipole interaction, which could 
impact the intensity of the corresponding peak. The intensity of the O-H 
stretching band decreased with increasing temperature as the extent of 
hydrogen bonding decreases. There was a similarly trend in yellow and 
orange pattern, and the shoulder peaks are also more pronounced in the 
higher bands. In addition, the peak around 2400 cm− 1 belonged to the 
CO2 in the test environment. DSC of the fluorescent patterns and PAV1, 
PAV2 were also tested to verify the presence of hydrogen bonding be
tween CDs and polymer matrix [43]. The increasing Tg of CD-B@PAV2 
and decreasing Tg of CD-O@PVA1 related with change of hydrogen 
bonds in blue and orange patterns after laser writing, which corre
sponding to the absolute quantum efficiency (Fig. S10 e-h).

The X-ray photoelectron spectroscopy analysis of CDs from the three- 
colour fluorescent patterns was presented in Fig. S9. Due to the presence 
of thiourea in the reactants, the compositions of CD-Y and CD-O were 
essentially similar, comprising C, O, N, and S. And the blue CDs con
sisted of C, O, and N. As the laser scanning speed decreased from 3500 to 
1000 mm/s, the polymer surface obtained higher energy, leading to an 

increase in surface temperature. With the increasing of surface reaction 
temperature and reaction time, the carbon content raised from 67.88 % 
to 67.99 %, oxygen content decreased from 23.13 % to 22.86 %, and 
nitrogen content increased from 6.1 to 6.63 % (Tables S2, S3). C-C/C =
C, C-N, C-O, C-S, and C = C/C = O were the main types carbon in CDs. 
Compared to CD-Y, the carbon content in CD-O was slightly higher, with 
a noticeable increased in graphitic carbon content, indicating a higher 
degree of graphitization. Besides sulphur, nitrogen elements predomi
nantly consisted of pyridinic nitrogen (399.2 eV), pyrrolic nitrogen 
(400.7 eV), and graphitic nitrogen (401.7 eV). As reaction time and 
temperature increased, the content of pyrrolic nitrogen rose while the 
content of pyridinic nitrogen decreased. The high radiation energy led to 
the removal of polymer segments from the surface of CDs, resulting in a 
corresponding decrease in C-O content. The average size of CD-O was 
smaller than CD-Y, and the particle size distribution was more uniform 
that was consistent with the XPS results. The redshift in the fluorescence 
color of CDs was attributed to sulphur element doping. The content of C- 
S in CD-Y and CD-O was essentially the same, indicating that the redshift 
in the orange color could be attributed to a higher degree of carbon
ization in the CDs. Additionally, a peak around 165.8 eV revealed the 
presence of sulfate ions (at the end of the molecular chain) or sulfite ions 
(in the middle of the molecular chain) in the fluorescent pattern, which 
mainly originating from urea sulphur in the reactants.

The blue fluorescence pattern was obtained at higher scanning rates, 
and the average radiation temperature on the material surface during 
the preparation process was relatively low. The CD-B contained pyridine 
nitrogen, pyrrole nitrogen, etc (Fig. S9). According to the literature, 
nitrogen doping can enhances the surface characteristics of CDs, alter 
the electronic and energy band structure as well as the conjugation 
system and the introduction of heteroatomic jumps within the molecular 
framework which would result in a blue shift of the fluorescence emis
sion peaks [44]. In CD-B, the oxygen content was higher than in CD-Y 
and CD-O, indicating a greater presence of oxygen functional groups 
on the surface of the CD-B. These additional functional groups were 
likely derived from the PVA molecules serving as reaction media. The 
functional groups encapsulated on the surface of CD-B effectively miti
gated fluorescence quenching, allowing the blue fluorescence to achieve 
a high absolute quantum yield. The XRD was examined to analyze the 
degree of graphitization (Fig. S10). There were broad peak appeared at 
around 25◦ for all three CDs which should correspond to the 002 crystal 
plane and also provided the interlayer spacing information in graphitic 
materials. The broad peak indicated the highly disordered carbon atoms 
and a lower degree of graphitization.

3.3. Thermodynamic analysis of the laser direct writing process for 
fluorescent pattern fabrication

In liquid-phase CDs synthesis reactions, molecules were activated 
under high-temperature and high-pressure conditions, leading to 
chemical reactions between activated functional groups of different re
actants, followed by further carbonization to produce CDs. Apart from 
liquid phase reaction, the synthesis of CDs using two solid reactants had 
been demonstrated to be able to exhibit solid-state fluorescence prop
erties. Normally, solid phase reactions involved the catalytic synthesis 
and carbonization of materials under high-temperature and high- 
pressure conditions, with the addition of inert dispersants. However, 
the mechanisms behind laser-induced CDs formation in solid polymer- 
doped systems have been reported with unclear clarity. Generally, the 
reactive species can be produced by laser-powered homogeneous py
rolysis (LPHP) of a single precursor through photosensitization such as 
by sulphur hexafluoride, or by thermal chemistry in binary mixtures 
initiated via infrared multiphoton excitation and decomposition of one 
component [26,45]. The utilization of the IR laser technique proved 
highly effective in the creation of innovative organic and organometallic 
polymeric coatings. For CO2 lasers, the process was primarily governed 
by thermal absorption. The energy transfer can also occur through 
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multi-photon absorption or avalanche ionization processes. Chemical 
reactions induced by a single laser, where the irradiating wavelength 
was absorbed by one of two distinct reactants, can manifest through 
three distinct mechanisms. Firstly, primary dissociation of the absorbing 
species takes place, leading to subsequent reactions of the resulting 
products. The second mechanism involved a photosensitized process, 
while the third was a mode induced through reactive collisions between 
both energized reactants.

Citric acid, urea, and thiourea were chosen as CDs precursors in PVA 
since the performance of the synthesis CDs by solvent-thermal reactions 
can be manipulated by changing reaction temperatures and times. As we 
noticed, the pure PVA exhibited no fluorescence within the utilized laser 
scan rate range. This not only benefited that the patterned fluorescence 
colors remain distinct between different layers, but also indicated that 
the CDs formed during laser writing were mainly due to the laser induce 
reaction of CDs precursors. The hydroxyl groups on PVA polymer chains 
formed hydrogen bonds with the amino and carboxyl groups of urea, 
thiourea, and citric acid [46]. This interaction played a crucial role in 
ensuring the laser-induced reactions of small molecules within the PVA 
film matrix (Fig. 6).

Firstly, the intermolecular interactions between PVA and CDs pre
cursors facilitated the uniform dispersion of the precursors within the 
PVA network, preventing the recrystallization and precipitation during 
film formation. During laser writing, CDs can be uniformly generated 
and distributed in the laser radiation region on film surface. Secondly, 
the homogeneous dispersion of CDs precursors within the PVA films was 
crucial for effective laser-induced synthesis within micrometre-scale 

regions. The uniform distribution of CDs precursors enhanced the 
laser-induced photochemical reaction efficiency, which in turn pro
moted the CDs dispersion the PVA film matrix, yielding fluorescent 
patterns exhibiting elevated absolute quantum efficiency. In compari
son, the colorful fluoresce cannot be observed if the PVA changed into 
CAB, which either due to the generation of CDs from CAB itself that 
potentially obstructing the visibility of other fluorescence colors, or due 
to the inefficiently distribution of CDs precursors in CAB. This indirectly 
corroborated the importance of hydrogen bonding in promoting the 
formation of fluorescent patterns.

During laser writing process, both types of doped PVA materials 
exhibited two thermal decomposition reaction stages (Fig. S11). For 
PVA1, the first reaction stage occurred around 350 ◦C, primarily 
involving the thermal decomposition of PVA and the reaction between 
citric acid and thiourea molecules. The second stage occurred around 
450 ◦C, corresponding to the carbonization process. In the case of PVA2, 
the first stage occurred at around 220 ◦C, and the second stage occurred 
at around 400 ◦C, indicating slightly lower reaction energy requirements 
than PVA1. Additionally, the temperature of photochemical reactions 
decreased with an increase in the amount of small molecules in PVA 
(Fig. S12). The glass transition temperature (Tg) of PVA1 and PVA2 also 
decreased with an increase in the quantity of the CDs precursors 
(Fig. S13).

Lower thermodynamic reaction temperatures suggested that more 
molecules could be activated at the same temperature, and the chemical 
reactions of CDs precursors more efficient. By measuring TGA curves at 
different heating rates and employing the Flynn-Wall-Ozawa method 

Fig. 6. A) The illustration of intermolecular force influence between polymer chain and the precursor of CDs on CO2 laser induced photochemical reaction. b) The 
surface temperature during laser writing on composite film while making multicolor fluorescence patterns, the insets showed the temperature curve during laser 
writing process at different scanning rates. c) The illustration of active energy change occurring during photo-thermal reaction under laser writing process, the active 
energy of citric acid (CA), urea (Ur) and thiourea (Tur) were referred to the literature of [36,47 and 48].
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along with ASTM E1641-2018 standards, the reaction activation en
ergies for the PVA1 and PVA2 were determined to be 132.87 and 118.46 
kJ/mol, respectively [49]. The total laser radiation energy during the 
laser writing process (with a single laser pulse energy density of 122 J/ 
mm2 and 25,000 pulses per second) significantly surpasses the required 
activation energy for the reactions.

Therefore, the IR photo-induced synthesis of CDs from citric acid and 
thiourea, as well as citric acid and urea, can occur within the molten 
PVA polymer. Under the radiation of laser in composite PVA, the ma
terial initially reached a molten state. In this molten state, the reactive 
groups of small molecules vibrated intensively upon absorbing photons. 
Upon surpassing the activation energy barrier, chemical reactions could 
occur among molecules. Subsequently, as the absorbed energy 
continued to increase, the material underwent carbonization, leading to 
the formation of CDs. During the photochemical reaction process, PVA 
molecular chains actively participated in the reaction, grafting onto the 
surface of the CDs. This involvement to some extent played a role in 
separating the CDs. In the irradiation of CO2 laser processing, the surface 
temperature of the polymer film increased as the scanning rate 
decreased, reaching a maximum temperature of around 450 ◦C. At this 
temperature, the residual material was approximately 20 %, indicating 
that most of the material was gasified at high temperatures (Fig. S11). 
TEM analysis indicated that CD-O were smaller in size compared to CD-B 
due to more completely carbonization. Consequently, the functional 
groups on the surface of the obtained CDs were reduced, and fluores
cence mainly originates from the conjugated structure of the carbon 
core. Since the higher laser energy has to be used for generation CD-O, 
which will largely reduce the amounts of functional groups on the sur
face, the aggregation of CD-O is more likely to occur in PVA, resulting in 
decreasing of absolute quantum efficiency [16].

4. Conclusions

In conclusion, our study presented a versatile and efficient method 
for the fabrication of multicolor fluorescent color (blue, yellow and or
ange) in one pattern on the solid polymer films, hydrogel surface using 
IR CO2 laser writing. Our fluorescent patterning methodology can effi
ciently finish a 5 cm2 colorful pattern within 5 min with line width ac
curacy up to 300 μm. This study unveiled the thermal dynamics 
governing the laser-induced formation of CDs in doped PVA polymer. 
The interaction between PVA molecular chains and CDs precursors 
before laser induces photochemical reaction ensuring the homogenously 
formation of CDs, together with the interaction between PVA chain and 
CDs contributes to the high absolute quantum yield (23 %). This in- 
depth understanding of the photochemical reactions and thermal ki
netics provided a foundation for further exploration and optimization of 
the synthesis conditions, opening avenues for tailored applications in 
diverse fields such as optoelectronics and biomedicine. The universality 
of this approach was testified by fabricating fluorescent QR code and 
school logo on pharmaceutical packaging and fabrics respectively. The 
tunability of fluorescence colors through precise control of reaction 
conditions, hierarchical structure of patterns and the physically 
unclonable surface morphology offered promising prospects for prac
tical applications, particularly in anti-counterfeiting.
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