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In order to prevent counterfeiting of down fiber from consumers, rare earth fluorescent materials are developed in the field of
material identification and anticounterfeiting. Herein, the development of verifiable down fiber based on infrared excitation-
infrared emission was described. A novel method was approached to prepare security down fiber, which involved modification of
down-conversion nanoparticles (DCNPs) by sulfonic groups and self-assembly onto down fiber through electrostatic force.
DCNPs were successfully prepared from ytterbium-deposited NaYF, nanoparticles using a complexation precipitation approach,
in which the trivalent ytterbium ions served as the luminescent center. Sulfonic down-conversion nanoparticles (SO;-SiO,@
DCNPs) were fabricated by the hydrolysis of 3-mercaptopropyl triethoxysilane (MPTES) and next oxidation to enhance the
combination of the DCNPs with down fiber. The synthesis of DCNPs and SO5-SiO,@DCNPs and its pendant to down were
confirmed by XRD, SEM, XPS, FT-IR, Zeta potential meter, and PL, which revealed the presence of DCNPs in the size average
86 nm. The obtained DCNPs and security down fiber were launching an invisible red-shifted emission of 930~1080 nm (cor-
responding to the *F5,, —> *F, transitions in Yb>*). After washing, the infrared emission of security down fiber was evaluated

and proved to be effective with fine results, which showed its potential application in the field of security.

1. Introduction

Counterfeit product throws a growing threat to both
producers and customers, as it leads to revenue loss and
market chaos [1]. Textiles are prone to be counterfeited
due to their massive manufacture scale. Therefore, var-
ious security technologies have been widely used in
textiles to protect consumers and producers from the fake
and shoddy products [2, 3]. Numerous methods, in-
cluding quick response (QR) codes, radio frequency
identification (RFID), spectroscopy analysis, and pho-
toluminescence materials, were emerged to identify fiber
and textiles [4-6]. Conversely, counterfeiters simulta-
neously contributed by modern science and technology
are rapidly developing among kinds of fields such as raw
fiber [7]. Thus, it remains a challenge for the construction
of a high security level strategy for the anticounterfeiting
of conventional fibers.

Photoluminescence materials with stability and tunable
optical properties are considered reliable for authenticated
matter, such as organic dyes, carbon quantum dots (CDs),
and lanthanide-based materials. Peng et al. had synthesized a
fluorescent tetraphenylethylene derivatives and testing re-
sults indicated a potential application for anticounterfeiting.
[8] Fatahi et al. prepared a fluorescent cotton fiber by dyeing
with hydrophilic CDs which showed an emission peak at
450 nm under UV excitation, whereas the application of CDs
in textile is limited by the low yield of the hydrothermal
preparation. [9] By contrast, inorganic photoluminescence
nanomaterials with characteristic emission, as exemplified
by lanthanide doped materials, received more attention
because of its properties of chemical resistance and ther-
mostability [10]. Although visible emission facilitates the
identification of counterfeit by naked eye, it exposes the
protocol of tracked materials during the checking process
that involves a risk for deteriorating the security level of
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anticounterfeiting [3]. Hence, lanthanide-based materials
with infrared emission are gradually evolved in the appli-
cation of verification [11-13].

The common strategy to pick up fluorescent filaments is
utilizing the mixes of photoluminescence materials and
polymers to turn, for occasion, polyester, polypropylene,
regenerated cellulose, and like that [14-17], yet that is in-
appropriate to raw natural fiber [14, 18]. On the other hand,
the complicated and high-cost preparation of several fan-
tastic photoluminescence materials hinders its pragmatic
application in textiles. In this work, a novel approach for
nature down fiber anticounterfeiting was reported through
electrostatic force between sulfonic down-conversion
nanoparticles (SO3-SiO,@DCNPs) and down, thus to endow
the down with a near infrared emission while illuminating
by a shorter wavelength infrared light. Notably, the com-
bination drive between down and modified nanoparticles
was inspired by protein fiber coloring, which is an adhesive-
free process. The SO3-Si0,@DCNPs with a sulfonic silicon
dioxide shell coated on the surface of down-conversion
nanoparticles (DCNPs) was fabricated by the hydrolysis of
3-mercaptopropyl triethoxysilane (MPTES) and next oxi-
dation. In addition, DCNPs doped with ytterbium ions were
synthesized through a feasible two-step method including
complexing, coprecipitation, and calcination. The concen-
tration of ytterbium ions and calcination temperature were
moreover investigated to optimize the fluorescence feature
of DCNPs.

2. Experimental Section

2.1. Materials. YbCl5-6H,O (299.99%) and YCl;-6H,O
(>99.99%) were purchased from Zhongxin New Materials
Co., Ltd. Sodium benzoate (SB, >99.7%), NaF (>99.7%),
ethanol (EA, >99.7%), hydrogen peroxide (H,O,, 30%),
acetic acid (Ac, 30%), NH5-H,O (27%), NaOH (99.7%), and
HCI (36~38%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. 3-Mercaptopropyl triethoxysilane
(MPTES, 98%) was purchased from Shanghai Vita Chemical
Reagent Co., Ltd. (Shanghai, China). Pristine down fiber was
purchased from Hangzhou Xiaoshan Xintang Feather Co.,
Ltd. (Hangzhou, China). All the chemicals were used as
received without any further purification and ultrapure
water was used in all experiments.

2.2. Preparation of Fluorescent DCNPs. In order to improve
the conversion yield of products, SB with higher solubility
than previous complexants was used as an alternative to
synthesize a series of fluorescent DCNPs with various ratios
of ytterbium ions and yttrium ions according to the liter-
ature [19]. Briefly, a 20 mL solution with 0.2 M gross cation
concentration were prepared by YbCl;:6H,O and
YCl;-6H,0 dissolving in deionized water. Then, 0.012 mol
SB was added into the solution to form the metal-SB
complex under vigorous stirring. The complex solution was
injected into 60 mL 0.83 M NaF solution rapidly, following
was stirred for 1h. The precipitates of raw nanoparticles
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were gained by centrifuging and washing twice by deionized
water and EA.

Afterwards, the raw nanoparticles were annealed under a
nitrogen atmosphere at 400°C and maintaining the tem-
perature for 4h. The resulting DCNPs were collected
eventually after cooling down to room temperature.

2.3. Preparation of Anticounterfeiting Particles SO3-SiO,@
DCNPs. The as-prepared inorganic DCNPs were func-
tionalized with sulfonic groups in two steps. Firstly, 50 mL
EA, 1.5mL MPTES, and 0.1 g DCNPs were mixed by son-
ication for 30min to form a suspension. Then, 0.5mL
NH;-H,0 was added into this mixture quickly followed by
stirring for 4 h to obtain an intermediate product (SH-SiO,@
DCNPs) which is a modification with a sulthydryl silica shell
[20, 21]. After that, a solution consisting of 5mL H,0, and
25mL Ac was added to oxidate the sulthydryl group into the
sulfonic group. Finally, the sulfonic functionalized core-shell
nanoparticles SO;-Si0,@DCNPs were collected by centri-
fugation, followed by washing with EA for 4 times and
drying.

2.4. Preparation of Security Down Fiber by Finishing.
Considering the performance decrease contributed by
binder, the combination drive between down and mark
particles, SO;-Si0,@DCNPs, was inspired by protein fiber
coloring, that is, an adhesive-free process. Typically, a
mixture of 0.5g down fiber, 0.15 g SO3-SiO,@DCNPs, and
100mL deionized water was stirred for 2h, which was
previously adjusted pH to 3. Afterwards, the security down
fiber was separated by filter, followed by washing with
deionized water for 4 times and drying in vacuum at the
temperature of 105°C for 30 min.

2.5. Measurements and Characterizations. Fluorescence
emission spectra of DCNPs, SO;-SiO,@DCNPs, and
security down fiber were characterized by Edinburgh
Instruments FLS980 fluorescence spectrometers using
980 nm and 900 nm lasers (both lasers were purchased
from Changchun New Industries Optoelectronics Tech.
Co., Ltd.) as excitation light. The Fourier transform in-
frared (FT-IR) spectra were obtained using Thermo
Scientific Nicolet iS10 FT-IR spectrometers ranging from
400cm™ to 4000cm™. X-ray diffraction (XRD) mea-
surement was recorded on Bruker D2 PHASER diffrac-
tometer with Cu Ka radiation (40kV, 20mA). X-ray
photoelectron spectroscopy (XPS) was carried out using
Thermo Fisher Escalab 250Xi with the Al K radiation.
The morphology and size distribution of as-prepared
products were examined by transmission electron mi-
croscopy (TEM) using a JEM-2100 electron microscope
operating at 200 kV. The surface charges of down fiber
previously ground into powder and SO;3-SiO,@DCNPs
were studied at different pH levels by Zeta potential
analysis using a Malvern Zetasizer Nano.
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3. Result and Discussion

3.1. Morphology and Structure Analysis of DCNPs. The size
of as-prepared DCNPs was analyzed by TEM. It can be
seen from Figures 1(a) and 1(b) that the particles are
almost spherical in shape with a mean diameter of ap-
proximately 86 nm. Unlike raw nanoparticles, the DCNPs
after annealing were agglomerated, which can be at-
tributable to the calcination atmosphere opposite to
previous literature [19]. In terms of the lack of equip-
ment, no further improvement of the preparation was
investigated. The crystal phase of DCNPs was further
confirmed by X-ray diffraction, as shown in Figure 1(c).
Peaks appearing in DCNPs before annealing can be
assigned to the cubic phase NaYF4 (JCPDS No. 77-2042),
whereas DCNPs tuned to be hexagonal phase (JCPDS 16-
0334) after annealing [22]. Generally, the hexagonal
phase NaYF, crystals are fascinated materials for fluo-
rescence owing to the low phonon energy of the crystal
lattice [23]. The diffraction pattern exhibits six peaks at
29.75% 30.64°, 39.46°, 43.29°, 52.90°, and 53.47°, corre-
sponding to (110), (101), (111), (201), (300), and (211) of
hexagonal phase NaYF,, respectively.

The DCNPs, as a tracing element in the anticoun-
terfeiting system, are expected to launch infrared fluo-
rescence rather than visible light under being illuminated,
thus the optical characteristics of as-prepared DCNPs
with different ytterbium doping concentrations were
investigated. Figure 1(d) depicts the photoluminescence
(PL) spectra of DCNPs excited at 900 nm, indicating that
the whole samples of DCNPs emitted a broad down-
conversion infrared emission corresponding to *Fs/, —
’F,,, transitions of trivalent ytterbium ions. [24] The
DCNPs possessed a strongest down-conversion infrared
emission when the ytterbium ion doping concentration
was 5%. Additionally, the infrared emission was multi-
modal at possible 976 nm, 986 nm, 993 nm, and 1025 nm.
A popular explanation was that Stark splitting occurred
to both ground state and excited state of Yb>" in glasses,
therefore resulting in the multiple energy transitions- that
leaded to the multimodal emission [25].

Surprisingly, an apparent green fluorescence was si-
multaneously observed in some samples and further spec-
ulated that was a cooperative up-conversion luminescence.
For convenience, a more common 980 nm laser was applied
as an excitation to survey the visible luminescence of
DCNPs. Figure 2(a) shows that the intensity of visible lu-
minescence was weakest, which could not be able to be
detected by naked eye, when the ytterbium ion doping
concentration was 5%. The power dependences of the visible
emissions were examined to investigate the luminescence
mechanism, as shown in Figure 2(b). The slope of log-log
plot of the luminescence intensities as a function of the
pump powers was 1.7, which confirmed that the fluorescence
mechanism of visible emission was a two-photon process. To
obtain strong infrared emission and reduce the intensity of
green luminescence, the DCNPs of 5% ytterbium ion doping
concentration were selected as tracing elements in the an-
ticounterfeiting system.

3.2. Morphology and Structure Analysis of SO3-SiO,@DCNPs.
Although the as-prepared DCNPs were proven to be po-
tential for authentication, the challenge of linkage between
DCNPs and down fiber hindered the anticounterfeiting
application by the lack of active groups of DCNPs. The
modification to DCNPs was implemented to introduce the
negative sulfonate groups, as functional groups that forced
on the forming of assembly security down fiber, which
imparts a driving force, the electrostatic interaction, between
DCNPs and the down. Figure 3(a) illustrates the coated
materials SO3-Si0,@DCNPs with a layer of thickness
ranging from 10 to 20 nm. Nevertheless, the volume of SO;-
SiO,@DCNPs enlarged dramatically due to previous ag-
glomeration of DCNPs.

FT-IR was carried out to characterize the chemical
structure of synthetic SO3-Si0,@DCNPs and the precursor,
as shown in Figure 3(b). After the hydrolysis of MPTES, two
new presences of peaks at 2556 cm™ " and 2930 cm™" in SH-
SiO,@DCNPs can be assigned to the stretching vibration of
S-H and asymmetric stretching vibration of -CH,-, re-
spectively. By contrast to SH-SiO,@DCNPs, a stronger peak
at 3438 cm™ ! resulted from the vibration of O-H group in
SO;-Si0,@DCNPs, which could be contributed to the in-
troduction of Si-O, a group easy to form hydrogen bonds.
Upon treatment with oxidation, the S-H stretching vibration
disappeared in SO;-SiO,@DCNPs, which could be attrib-
uted to the conversion of sulthydryl group to sulfonic group.
Furthermore, a broad peak, being attributed to the stretching
vibration of Si-O-Si, ranging from 1000 cm™" to 1350 cm ™'
became stronger and wider gradually during the modifi-
cation process, since it was overlapped with the peak cor-
responding to the stretching vibration of S=0O, which
demonstrated the successful modification of SO5-SiO,@
DCNPs.

X-ray photoelectron spectroscopy (XPS) was used to
analyze the surface of SO;-SiO,@DCNPs and characterize
the sulfur oxidation state. The XPS survey spectra presented
several predominant peaks at 1072eV, 532eV, 685eV,
285eV, 159V, and 103 eV, corresponding to Na 1s, O 1s, F
Is, C 1s, Y 3d, and Si 2p elements, respectively, as shown in
Figure 3(c). As shown in Figure 3(d), the peak observed at
169 €V in the SO3-SiO,@DCNPs could be attributed to the
high valent S 2p, indicating the presence of sulfonate group.
In addition, no obvious peak at 162 eV of lower valent S was
found at such a range of spectra, confirming that the sulf-
hydryl group was completely tuned to sulfonic group by
oxidation [26, 27].

The down-conversion infrared fluorescence of SOs-
SiO,@DCNPs was investigated, as shown in Figure 4. Upon
900 nm excitation, the SO53-SiO,@DCNPs has a similar
broad multimodal emission ranging from 940nm to
1100 nm to the DCNPs, which had already been interpreted
that the emission was assigned to the *Fs5, — °F,, tran-
sitions of Yb**. Since the coating process decreased the
surface defects of the DCNPs, the intensity of red-shifted
emission became stronger after modification, which is
beneficial to anticounterfeiting [28]. Additionally, no visible
fluorescence was detected by naked eyes, as the ytterbium
doping concentration of SO;-SiO,@DCNPs was 5%.
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FIGURE 1: (a) TEM images of DCNPs. (b) Size distribution of DCNPs. (c) XRD patterns of DCNPs. (d) PL spectra of DCNPs upon 900 nm
excitation at various ytterbium doping concentrations, ranging from 5% to 30%.

3.3. Zeta Potential Examination. As an outstanding filler for
thermal garments, down fiber is facing the increasing
pressures of counterfeiting. Down-conversion fluorescent
materials can be used to mark down fiber to distinguish the
certified products among fakes. In this paper, the key of
preparation of security down fiber is the rational pH value,
since potential of both down fiber and mark particles are
affected (SO5-SiO,@DCNPs) by the pH value of finishing
suspension. Figure 5 shows the Zeta potential value of down
fiber and mark particles upon different pH values. The Zeta
potential value of down fiber and mark particles declined
with the increase of pH value, and the potential of mark
particles remained negative. Nevertheless, an obvious
transition at pH of 3 to 4 could be observed in the plot of
down fiber, in which the potential of down fiber beginning
tuned from positive to negative. According to this result, the
pH of 3 was selected as a parameter of finishing suspension.

3.4. Morphology and Optical Property Analysis of Security
Down Fiber. The morphologies of the security down fiber
were captured by scanning electron microscopic (SEM)
images, as shown in Figure 6. Figure 6(a) shows that nu-
merous microscale mark particles attached to the surface of
fiber at random or lived in the bifurcation after finishing,
indicating that the mark particles were successfully loaded
on the fiber. To investigate the combination between down
fiber and mark particles, the washing process of security
down fiber against repeated launderings was implemented
according to GB/T 8629-2001 standard method. Figure 6(b)
displays the morphology of down fiber after washing six
times (once experimental washing equal to five times home
washing). After washing, the mark particles were almost
invisible, but it was found stored in fiber bifurcation under a
smaller microscope, which demonstrated that the combi-
nation between down fiber and mark particles was valid.
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FIGURE 2: (a) PL spectra of DCNPs upon 980 nm excitation at various ytterbium doping concentrations, ranging from 5% to 30%, and inset
in the left is a sketch map of cooperative luminescence for Yb**-Yb*" pair. (b) PL spectra of DCNPs with different excitation powers, ranging
from 0.3 W to 1.53 W, and inset in the left is the log-log plot of the cooperative luminescence intensities as a function of the pump powers.
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FIGURE 4: PL spectra of SO5-Si0,@DCNPs upon 900 nm excitation at ytterbium doping concentration of 5%.

Further fluorescence performance of security down fiber
was studied by PL spectra, as shown in Figure 7. An infrared
emission distinguished from the excitation was emerged,
when the security down fiber was illuminated by 900 nm.
The broad emission with a Stokes shift of approximately
90 nm was assigned to the *Fs;, —> “F, transitions of Yb*",
and the multimodal feature of the emission was contributed

to the Stark splitting of Yb** in crystal. The security down
fiber after washing had a comparable luminescent property,
yet the intensity of emission became weaker due to the
decrease in total loading amount of mark particles on fiber.
The mark particles, SO5-SiO,@DCNPs, are promising for
commercial anticounterfeiting of down fiber owing to its
secret infrared emission and easy preparation.
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4. Conclusions

The preparation of DCNPs with characteristic fluorescence
and its further application on the anticounterfeiting of
down fiber were reported in this paper. The fluorescence
for anticounterfeiting is a red-shifted emission approxi-
mately ranging from 940 nm to 1100 nm, corresponding to
*Fs;, — °F,, transitions of Yb’" in hexagonal NaYF,.
These processes were carried out in a solution without any
extreme conditions, which is friendly to pragmatic ap-
plication. As expected, the security down fiber had a
comparable down-conversion infrared emission to
DCNPs at 900 nm excitation, and the visible fluorescence
was weakened by regulating the ytterbium doping con-
centration to 5%. In addition, the red-shifted emission of
security down fiber did not disappear after washing
according to GB/T 8629-2001 standard method, indicating
that the combination between down fiber and modified
DCNPs is feasible. This strategy, of infrared fluorescence
and no adhesive, may open up new possibilities for the
anticounterfeiting of superior protein fiber, such as silk,
cashmere, and vicuna.
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