
https://doi.org/10.1021/acsnano.1c09999
https://doi.org/10.1021/acsnano.1c09999


!"##$%&'#$%())#**%+,,#,%-.%/0%1#23-%4$*-5-6-5.$+2%7#'.*5-."8%

9:.6%*;+"#<%=#%-+>#%)+"#?9%@%/+A#"$#%'".B#)-   
 

;--'*CDD===E.'#$+))#**E$2D#$D8.6 @*;+"# @=# @-+>#@)+"#  

!"#$%&'($)*() '+,'-*"$,)'+)"#$)-./0%'1#")($-"'.+2)"#$)/345'(#$% )
'()"#$)-./0%'1#")#.5,$%).6)"#'()&.%7)*+,)"#$)*3"#.%)3($()"#$)
83"-#)5$1'(5*"'.+)".)9*7$)"#'()&.%7)/345'-: )

!
!



Carbon Dots Embedded in Cellulose Film:
Programmable, Performance-Tunable, and
Large-Scale Subtle Fluorescent Patterning by
in Situ Laser Writing
Yuanyuan Guo, Quan Wang, Hao Li, Yixun Gao, Xuezhu Xu, Biao Tang, Yao Wang,* Bai Yang,
Yi-Kuen Lee, Paddy J. French, and Guofu Zhou

Cite This: ACS Nano 2022, 16, 2910�2920 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Fluorescent patterns with multiple functions enable high-
security anti-counterfeiting labels. Complex material synthesis and patterning
processes limit the application of multifunctional �uorescent patterns, so the
technology of in situ �uorescent patterning with tunable multimodal
capabilities is becoming more necessary. In this work, an in situ �uorescent
patterning technology was developed using laser direct writing on solid
cellulose �lm at ambient conditions without masks. The �uorescent intensity
and surface microstructure of the patterns could be adjusted by programmable
varying of the laser parameters simultaneously. During laser direct writing,
carbon dots are generated in situ in a cellulose ester polymer matrix, which signi�cantly simpli�es the �uorescent patterning
process and reduces the manufacturing cost. Interestingly, the tunable �uorescent intensity empowers the fabrication of visual
stereoscopic �uorescent patterns with excitation dependence, further improving its anti-counterfeiting performance. The
obtained �uorescent patterns still show ultrahigh optical properties after being immersed in an acid/base solution (pH 5�12)
over one month. In addition, the anti-UV performance of the obtained laser-patterned �lm with transmittance around 90% is
comparable to that of commercial UV-resistant �lms. This work provided an advanced and feasible approach to fabricating
programmable, performance-tunable, subtle �uorescent patterns in large-scale for industrial application.
KEYWORDS: �uorescent pattern, tunable intensity, surface microstructure, laser direct writing, carbon dots

Subtle patterning with speci�c optical and structural
characteristics has promising applications, including
bioengineering, anti-counterfeiting, information storage,

and sensors.1�8 Fluorescent patterns have advantages for
applications in sensing and anti-counterfeiting. In general,
�uorescent patterns were made using �uorescent materials
with poor biocompatibility, such as �uorescent dyes, quantum
dots, and rare earth nanomaterials.9�13 A predesigned mask or
an appropriated ink formulation has to match the patterning
processes (UV radiation or inkjet print), which increases the
cost and complexity of the entire process.14�17 Therefore, a
high-e�ciency in situ �uorescent patterning process based on
nontoxic materials with tunable multimode functions becomes
more important and attractive for researchers in the �eld of
anti-counterfeiting. It is known that the combination of tunable
�uorescence and surface structure is one of the e�cient ways
to enhance the anti-counterfeiting performance of the
�uorescent patterns.18,19 Ma et al. invented an intelligent
surface with dynamic hierarchical wrinkles and �uorescence

using a supramolecular network comprising a copolymer
captaining pyridine (P4VP-nBA-S) and hydroxyl distyrylpyr-
idine (DSP-OH).1 Although the dynamic dual-function pattern
exhibits random wrinkled topography and �uorescence
simultaneously, it is challenging to exactly reproduce the
surface microstructure on di�erent samples in their work,
which inhibits the large-scale production of anti-counterfeiting
labels. Hence, a technique for subtle patterning with
controllable and reproducible microstructure is demanded by
practical applications.

It is known that laser direct writing technology is the most
high-e�ciency way to fabricate 3D micro-/nanostructure
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arrays on a large scale.20,21 Especially, it has widely been used
for patterning or architecting polymer materials.22�27 In recent
years, polymer-based laser direct writing technology has
attracted tremendous interest and has commonly been utilized
to fabricate micro�uidic channels, optical waveguides, �exible
electronics, etc.28�31 Meanwhile, ablation during laser radiation
also provides more possibility to in situ synthesize functional
�uorescent materials.32�35 Typically, Smalyukh et al. used
femtosecond lasers to reduce graphene sheets in discotic liquid
crystal gels, successfully creating 3D �uorescent solid micro-
structures and patterns.12 Similarly, Dong et al. produced 2D
and 3D �uorescent patterns using in situ forming perovskite
quantum dots inside glass by a femtosecond laser, which is
promising in high-capacity optical data storage and information
encryption.36 In particular, �uorescence patterns could be
formed by laser direct writing on rare metallic nanoparticle
composited polymers such as Ag/PVA and Au/PVA
composites, but it is impossible to build subtle microstructures
on the surface of the patterns.37�40 Unlike sensitive perovskite-
based and precious metal composited materials, �uorescent
patterning on common polymers will have promising
prospects. To the best of our knowledge, �uorescent patterning
by laser direct writing on a cheap, accessible, and single-
component polymer is rarely reported.41,42

Nowadays, �nding carbon dots (CDs) has added a fresh
stream to the �uorescence materials family.43�45 It is time-
consuming to synthesize CDs, and the yield was normally low,
which made CDs very expensive. The patterning of CDs was
usually involved in redistributing pure CDs in a particular
medium followed with a multistep process, which limited its
large-scale application.46 Through the laser direct writing
process, a pattern can be synthesized in situ in one step in the
demanded area, which would robustly increase the patterning
e�ciency. As a biocompatible polymer, cellulose is a well-
known source to prepare CDs and �uorescence polymers,47�52

but no one has tried to obtain CDs by laser ablating cellulosic
polymers. Considering its outstanding optical, �lm-forming,
thermal, and chemical properties, cellulose acetate butyrate
(CAB) was selected for in situ �uorescent patterning in this
work. A series of subtle �uorescent patterns with a tunable
“�ngerprint” microstructure were prepared by laser direct
writing on a CAB �lm. The intensity of the �uorescent pattern
and the microstructure on the patterned surface can be
regulated simultaneously by modulating the laser direct writing
parameters. We con�rmed that the �uorescence of the patterns
originated from CDs generated in situ in CAB �lms. The
transformation of CAB into CDs was attributed to the laser
irradiation-induced photothermal e�ect. In addition, while
retaining the polymer properties of CAB, laser direct writing
enables dual-function �uorescent patterns on the CAB �lm.
The obtained �uorescence patterns had higher anti-counter-
feiting performance and showed promising prospects for
application.

RESULTS AND DISCUSSION
In Situ Fluorescence Patterning by Laser Direct

Writing. A mid-IR laser (CO2 laser) can e�ectively carbonize
polymer materials to produce functional materials.53,54 In this
work, a CO2 pulsed laser (wavelength 10.6 �m) with a line
scanning function was chosen to draw �uorescent patterns on
the surface of the CAB �lm. The peak power during laser direct
writing can reach 8 kW with a pulse energy of 0.16 mJ (energy
density of 8.15 J/cm2). The single pulsed laser etched depth

was decreased with decreasing �uence, and the threshold
energy density was 1.63 J/cm2 (20% power) for CAB (10 �m
�lm) (Figure S1i). Considering the thickness of the CAB �lm
(5 ± 1 �m) from 10 wt % solutions and a broader scan rate
range, the power for drawing �uorescent patterns was
estimated to be 4 W, which was below the threshold energy
density. The laser machine we used has the most stable output
at a frequency of 25 kHz; thus, all experiments in this work
were carried out under laser power 4 W and frequency 25 kHz.

As illustrated in Figure 1b (inset image), these lines are
formed by setting the distance between two adjacent spots
center equal to the radius of the spot. The areas of the CAB
surface exposed to the programming-controlled laser beam
were converted into �uorescent patterns, while the unexposed
area remained unchanged (Figure 1b,c). With the help of
computer controlling, �uorescent patterns of various geometric
shapes can be drawn quickly on CAB �lm according to
predesign graphs (Figure 1h).

We systematically investigated the relationship between
optical property and the laser writing parameter to optimize
the photoluminescent properties of �uorescent patterns. Our
experiments found that the �uorescent intensity was related to
the scan rate and line spacing. With �xed line spacing (0.02
mm), the �uorescent intensity could be regulated by varying
the scan rate from 800 to 1400 mm/s (Figure 1a). The
�uorescent intensity increased with scan rate (700�1000 mm/
s), and it decreased as soon as the scan rate was higher than
1000 mm/s (Figure 1e). The maximum emission wavelength
was 450 nm excited by 360 nm and did not shift with the scan
rate. No �uorescence was observed when the scan rate
exceeded 1500 mm/s due to low adsorbed energy. The highest
�uorescent intensity was formed at a scan rate of 1000 mm/s
with 0.02 mm line spacing. Under this condition, an SCNU
school badge (2 × 2 cm2) could be drawn within 20 s (Figure
2i inset). There was pyrolysis gas emission during the laser
writing process; more extensive gas emission was observed
because more energy was absorbed by the unit area at a lower
scan rate (Figure S1). The scan rate range for generating the
�uorescent pattern was also di�erent for di�erent line spacing
settings. The maximum intensity peak appeared at di�erent
scan rates (Figure 1g). For instance, the �uorescent intensity
could be varied by changing the laser scan rate in the range
from 80�300 mm/s for 0.1 mm line spacing, where the scan
rate range was 300�500 mm/s for 0.05 mm line spacing,
respectively.

According to the literature, the etch depth was related to
laser ablation time. The etching process occurred layer by layer
on the polymer surface.24 The “�ngerprint” surface micro-
structures were achieved by varying the scan rate with the line
spacing wider than the diameter of a single laser pulse spot (50
± 5 �m). The height of the line structure increased from 0.5
�m (80 mm/s) to 3 �m (200 mm/s) with increasing
�uorescent intensity at 0.1 mm line spacing (Figure 1d-i,ii).
The longer drawing time induced by a slow scan rate resulted
in more laser pulse per unit area; thus, more material on the
CAB surface was ablated. During laser writing on the surface of
CAB �lm, emission gas and some short-chain molecules would
burst from the surface and absorb part of the laser energy.
Together with the quick heat transfer between the air, �lm, and
the glass substrate, the molten material solidi�ed as soon as the
laser beam left, resulting in a �uorescent pattern with line
structures. Most of the CAB was vaporized by laser-induced
photolysis at a lower scan rate (80 mm/s), resulting in
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relatively more shallow lines compared with the lines produced
at higher scan rates of 200 and 300 mm/s (Figure 1f). The
exposed CAB �lm mainly was melted at a high scan rate (200
mm/s) instead of vaporized due to less heat absorption

(Figure 1g). The line-height did not further increase with
increasing scan rate (300 mm/s).

The �uorescent intensity of the pattern did not increase
linearly with the increase of the line height (Figure 1b-iii). The

Figure 1. (a) Fluorescent intensity gradient from at a scan rate ranging from 1400 to 800 mm/s at laser power 4 W, 25 kHz, and line space
0.02 mm. (b) Schematic of in situ laser direct writing �uorescent pattern on CAB �lm. (c) Three-dimensional �uorescence triangle pattern
formed by di�erent �uorescent intensity sections under daylight and UV light. (d) Microscope image (up) and 3D pro�le (down) of the
“�nger-print” microstructure on di�erent positions with various �uorescent intensities: i, scan rate 80 mm/s; ii, scan rate 200 mm/s; and iii,
scan rate 300 mm/s (at laser power 4 W, frequency 25 kHz, and line space 0.1 mm); the orange and white arrows shown the laser trace
direction. (e) Relationship between scan rate and �uorescent intensity (at laser power 4 W, frequency 25 kHz, and line space 0.02 mm). (f)
Height di�erence with a laser scan rates of 80, 200, and 300 mm/s. (g) Relationship of patterned �uorescence intensity with di�erent laser
scan rates and line space under laser power 4 W and frequency 25 kHz. (h) Fluorescent doves by laser direct writing at laser power 4 W, 25
kHz, and with line space 0.02 mm and scan rate 1200 mm/s.
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