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Hexagonal NaYF4:Tm, Yb upconversion (UC) phosphors with excellent UC luminescence gquantum
efficiency and chemical stability meet demands for applications in bioimaging and anti-counterfeiting
printing. In this work, a series of NaYF4:Tm, Yb upconversion microparticles (UCMPs) with different
concentrations of Yb were synthesized by a hydrothermal method. Then, the UCMPs become
hydrophilic through surface oxidation of the oleic acid (C-18) ligand to azelaic acid (C-9) using the
Lemieux—von Rodloff reagent. The structure and morphology of UCMPs were investigated by X-ray
diffraction and scanning electron microscopy. The optical properties were studied using diffusion
reflectance spectroscopy and photoluminescent spectroscopy under 980 nm laser irradiation. The
emission peaks of the Tm>* ions are 450, 474, 650, 690, and 800 nm, attributed to the transitions from
the excited state to ground state *Hg. These emissions are the results of two or three photon absorption
through multi-step resonance energy transfer from excited Yb®*, confirmed via a power-dependent
luminescence study. The results show that the crystal phases and luminescence properties of the
NaYF4:Tm, Yb UCMPs are controlled by changing the Yb doping concentration. The printed patterns are

Received 30th April 2023 readable under the excitation of a 980 nm LED. Moreover, the zeta potential analysis shows that the
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UCMPs after surface oxidation are water dispersible. In particular, the naked eye can observe the
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Introduction

Studies on rare earth (RE)-doped upconversion (UC) phosphors
have attracted the attention of researchers and developed
rapidly owing to their abundant applications in solid-state
lasers, three-dimensional flat-panel displays, low-intensity
infrared (IR) imaging, optical fiber-based telecommunications,
and  especially  anti-counterfeiting,  bio-probes  and
bioimaging.”* Compared with the traditionally used security
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enormous upconversion emissions in UCMPs. These findings indicated that this fluorescent material is an
ideal candidate for anti-counterfeiting and biological applications.

ink and biological labels such as various organic dyes, metal
complexes, and semiconductor quantum dots (QDs), RE-doped
phosphor materials possess excellent luminescent characteris-
tics consisting of abundant emissions ranging from visible to
near IR, significant Stokes shift, sharp emission peaks, and long
fluorescence lifetime, low toxicity, high thermal stability, long
durability, and negligible photobleaching, etc.** Moreover,
some UC phosphors have excitation and emission lights located
within the NIR spectral range of 750-1000 nm (NIR-NIR UC
emission), considered the “window of optical transparency” for
biological tissues with a relatively high tissue penetration
depth.

For these reasons, (RE)-doped UC phosphors were
synthesized by many methods to replace QDs, such as co-
precipitation, hydrothermal, thermal decomposition, etc.®”®
To obtain high up-conversion efficiency, choosing a host with
low phonon energy is necessary to produce high luminous
efficiency for dispersing RE ions. Due to their desirable
features, such as low phonon energy, low-temperature
synthetic route, and high refractive index, the fluorides-
based host has been widely researched as an effective lumi-
nous matrix among the many classes of host materials.
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NaYF,:Tm, Yb upconversion microparticles (UCMPs) are
constituted by NaYF, host and a pair of Tm and Yb ions,
typically Yb*' ions acting as a sensitizer, and Tm>" ions
playing the role of emitters. This material exhibits
outstanding applications such as photodetectors in NIR
region,” photocatalyst,"** biosensors,"*® and anti-
counterfeit printing.>'” In addition, surface modification
with various ligands has been used to improve the dis-
persibility and colloidal stability of NaYF, UCMPs and the
conjugation of UCMPs with biomolecules, polymers, etc.**2
Thus, these modified UCMPs have more potential uses in
fluorescent cell imaging, drug delivery, and optical tempera-
ture monitoring.

Until now, several articles have concentrated on investi-
gating the influence of factors such as chelator, reaction time,
and Yb**/Tm>"-doped concentrations on the crystal structure
and morphology of NaYF,:Tm, Yb materials.”** However,
there is still a lack of studies about the impact of doping
contents on the luminescent properties of these materials,
wherein the emission efficiency is one crucial factor that
decides their potential applications.

In this work, the effects of Yb concentrations on structural
and optical properties were investigated in detail. In partic-
ular, the oxidation of oleic acid makes UC particles hydro-
philic with plenty of carboxyl groups. This surface
functionalization process improves water dispersion and the
conjugation ability with biomolecules of UCMPs. The emis-
sion mechanism of the NaYF,:Tm, Yb system was also
proposed and clearly explained. In addition, polyvinyl alcohol
(PVA) based printing inks were also developed for screen
printing in security applications.

Experimental and characterization

Sample preparation

Synthesis of NaYF,:Tm, Yb UCNPs. A series of NaYF,:Tm, Yb
UCMPs with different concentrations of Yb and one mol% Tm
were prepared through the process of two steps described in our
previous studies™ and summarized in Fig. 1. Firstly, the RE
stearates salts were produced through the below reactions:

C,H OH  [Cp7H,COOH
NaOH 2 RE(NO;);, nH,0

2 5
Stirred @Centrifuged G
e © | 74°C, 30 mins Washed .
RE Stearate
OA

C,H;OH

H,0
Hydrothermal

180°C, 24 hrs

Centrlfuged
Washed

Stlrred

30 mins
NaYF
or NaYF,: lm Yb

Fig. 1 Schema of preparation (a) stearate salts of REs and (b)
NaYF4:Tm, Yb UCMPs.
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RE(NO3); + NaOH — RE(OH); + 3NaNO; (1.1)
RE(OH); + 3C{7H35COOH — (C;7H35COO0); RE + 3H,0 (with
RE: Y, Tm, or Yb) (1.2)

Next, the hydrothermal method synthesized the NaYF,:Tm,
Yb UCMPs at 180 °C for 24 hours using oleic acid (OA) as
a surfactant substance. Then, the products were washed with
ethanol, deionized, and dried at 100 °C for 24 hours to obtain
the white powders. These powders illuminate the intense blue
and NIR emission under a LED of 980 nm.

Surface modification of NaYF,:Tm, Yb. Due to the oleate
groups formed on the surface particles in the hydrothermal
process, the as-prepared NaYF,:Tm, Yb UCMPs are hydrophobic
particles. Oxidation of oleic acid utilized Lemieux-von Rodloff
reagent to change hydrophobic UCMPs into hydrophilic
Ones.19,20,26

As described in Fig. 2, firstly, 0.02 g of UCMPs, 20 mL
cyclohexane, 14 mL tert-butanol, 2 mL DI, and 0.95 mL K,CO;
5% were added into a becher and magnetic stirred at room
temperature for 20 minutes to obtain mixture A. Then, a mix of
4 mL Lemieux-von Rodloff reagent solution consisting of
KMnO,:NalO, was slowly added into mixture A to form a purple
iridescent color. This solution was continued stirring at 40 °C
for 3 hours. Then, they were washed with DI, acetone, and
ethanol and collected by centrifugation at 4900 rpm for 10
minutes.

The sample was dispersed in 10 mL of HCI solution (pH = 4-
5) combined with magnetic stirring for 30 minutes to eliminate
produced MnO, and residual KMnO,, then collected by centri-
fugation of 4900 rpm for 15 min. Finally, the product was
washed twice with DI and dried at 80 °C for 16 hours. The
UCMPs after oxidation are named OUCMPs.

Preparation printing ink. The luminescent inks were devel-
oped based on polyvinyl alcohol (PVA), deionized water (DI),
ethylene glycol (EG), and OUCMPs used as a pigment. PVA was
dissolved in DI by stirring vigorously at room temperature for 15

Cyclohexane
Tert-Butanol

\9/?

DI
EgMPSPotassium Carbonate 5%

) Lemieux-Von
_ _~ Rodloff Reagent

Ji— Stirred at RT Stirred
" 20 mins ‘, 40°C, 3 hrs "

Centrifuged
Washed

rled M
O“C 30 mins
2 18hrs Washed 245

UCMPs color after oxidation
b under 980 nm laser light

UCMPs
after oxidation

Fig. 2 Process of NaYF4.Tm, Yb surface modification.
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minutes. The mixture is then heated to 50 °C for 15 minutes
under ultrasonic treatment to obtain a transparent solution. In
this work, the ratio of PVA glue and EG as PVA:EG = 5:1. To
disperse the pigment well in the PVA, OUCMPs were added into
the PVA solution with a ratio of 6 mg mL ™" and ultrasonicated at
50 °C for 1 hour. Fluorescent ink solutions exhibit suitable
viscosity for screen printing.

The screen-printing frame was used to print the patterns
with a width and height of 1.5 x 1.5 cm on paper. No visible
images were seen under normal light, but the blue patterns
were observed under exposure to a 980 nm excitation.

Characterization

The structural properties and vibrations of groups were inves-
tigated using Raman and Fourier transform infrared spectros-
copy (FT-IR). These spectra were recorded on an Xplora PLUS
Raman spectrometer (Horiba-France) and a Bruker Vertex70
spectrometer.

In addition, studies of the structural properties were also
carried out through X-ray Diffraction (XRD) patterns under Cu
Ko, radiation (A = 1.5406 A), voltage 40 kV, current 40 mA of
a Bruker D8-Advance diffractometer. The crystallite size D was
determined using the Scherrer equation,

09
" Bcosf

where 8 is a full-width half maximum (FWHM), and 6 is
diffraction angle. The a and c lattice constants of the hexagonal

(1.3)

structure were also calculated through the formula:
1 4(R+hk+k\ P
— == Rkt + —, in which d is a distance between
a3 a? c?

crystal planes (hkl).

The morphology of UCMPs is studied under Scanning Elec-
tron Microscopy (SEM) of JEM-400 (JEOL, Japan) with a voltage
of 100 kV. Zeta potential was detected by Malvern Instruments
Ltd Zetasizer Nano ZS 90.

The NIR absorption spectra of samples were determined
using a UV-VIS-NIR spectrophotometer JASCO V-780 using an
integrating sphere. The upconversion emission measurements
were performed under excitation at 980 nm using a diode laser.
The upconversion emission signal was collected and analysed
by Jobin Yvon, Spec mod. 1401, double grating monochromator
with resolution in the visible region of 5 cm ™", photon counting
measurements regime. All measurements were performed
under the same conditions at room temperature.

Results and discussion
Structure and morphology

XRD, Raman spectroscopy, and SEM images were utilized to
study the structure and morphology of NaYF,:Tm, Yb UCMPs
systems. XRD patterns of NaYF,:1TmxYb UCMPs are presented
in Fig. 3. The pattern of 17Tm5Yb sample appears peaks at 26 =
29.95%; 30.79°; 34.69%; 39.61°; 43.42°; 46.84°; 53.56° and 53.59°
corresponding to (110), (101), (200), (111), (201), (210), (102) and
(300) planes of hexagonal structure of B-NaYF, (according to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of NaYF4:1TmxYb with x = 5, 10, 15, 20, 25, and
30 mol% & OUCMPs 1Tm10Yb.

JCPDS 16-0334 standard). No peaks of o phase cubic structure
and no appearance of intermediate or doped phases are
observed in this pattern. The patterns with different Yb*"
concentrations from 5 mol% to 30 mol% reveal the peaks of the
hexagonal structure. In addition, the appearance of two weak
peaks in the 1Tm30Yb pattern at 26 = 28.3° and 47° corre-
sponding to planes (111), (220) of the cubic structure implies
that a high doping content of 30 mol% Yb controls the crystal
phase transformation of NaYF, from cubic to hexagonal. All
findings exhibit that the doping range of 5 mol% and 30 mol%
Yb almost does not affect on the hexagonal structure of NaYF,.

70k @ UCMPs
O OUCMPs
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Fig. 4 (a) Crystallite size and (b) lattice constants a, ¢ of NaYF, as
a function of Yb concentrations.
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The crystal sizes were deduced from Scherrer's formula and
displayed in Fig. 4. The calculated results show that the pres-
ence of Tm, Yb ions leads to a negligible increase of NaYF,
crystallite size from 50 nm to 61 nm and lattice parameters (a, c)
decreased slightly as a function of Tm**/Yb®>" doping concen-
trations. This finding suggests that Tm**-Y**, Yb**~Y*" substi-
tutions occurred. The Tm**, Yb*" dopants with a radius of rg+ =
0.881 A, ryp» = 0.87 A are a little bit smaller than those of Y**
ions (ry» = 0.9 A) in the host matrix, so the substitution of Tm**,
Yb** for Y** ions cause a compressive strain. As a result, the
lattice constants of NaYF, crystals in co-doped samples slightly
decreased, and the NaYF, crystal size increased. However, the
crystallite size and the lattice parameters a and ¢ of NaYF, are
almost unchanged for surface oxidation of UCMPs because the
modification process only occurs on the surface of UCMPs.

Raman spectroscopy was used to investigate the phonon
bands of the NaYF, crystals and the vibrations of organic
groups in samples. Fig. 5 shows the Raman spectra of samples
NaYF,:1TmxYb as a function of Yb®" concentrations. The
Raman spectrum of the 17Tm5Yb sample displays five prom-
inent peaks from 200-650 cm ‘. Three dominant peaks
around 250 and 360 cm ™" are the characteristic hexagonal
crystal structure of NaYF,. Peaks at 492 and 626 cm ™' were
assigned to the Na-F bonding vibrational frequencies.?”">®
Nevertheless, two dominant broad bands around 275 cm™
and 745 cm ™' attributed to the cubic phase of NaYF, are not
observed in all spectra.>® An increase in Yb concentrations
does not affect the crystal structure of NaYF,. The NaYF, host
remains in the hexagonal phase. The typical bands of a-NaYF,
not detected in the 17Tm30Yb sample can be due to the small
crystal volume of the cubic phase. This behavior reveals that
the hexagonal phase is more dominant than the cubic struc-
ture. This finding in Raman spectra is well correlated with the
XRD data.

The Raman spectrum of surface-modified sample
ONaYF,:1Tm10Yb was also recorded and inserted in Fig. 5.
Besides the characteristic crystal peaks of the B-NaYF, host, no
prominent peaks of organic groups as well as of a-NaYF, were
observed.

1

O 1Tm 10Yb

1Tm 25Yb

Intensity (a.u.)

1Tm 15Yb

200 600 800 1000

Wavenumber (cm™)

200

Fig. 5 Raman spectra of NaYF4:1TmxYb with x = 5, 10, 15, 20, 25, and
30 mol% & OUCMPs 1Tm10Yb.
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Fig. 6 SEM images of 1Tm20Yb (a and b) and 1Tm30Yb (c and d).

SEM images of representative samples with 20 mol% and
30 mol% Yb were recorded and presented in Fig. 6.

The SEM images of 17Tm20Yb show the morphology of micro
blocks with the size from one to several hundred nanometers.
However, SEM images of the 1Tm30Yb exhibit two kinds of
morphologies: micro blocks and small particles of 30, 50 nm.
Moreover, the XRD data also reveals that the 17Tm30Yb sample
has a hexagonal crystal structure and a part of cubic crystals,
wherein 1Tm20Yb has only the hexagonal crystals. Thus, the
micro blocks are contributed by B-NaYF, and small particles are
a-NaYF,. This finding is according to that obtained by other
authors.*"?

Surface functionalization study

FT-IR spectra were monitored to investigate the existence of
organic bonds on the surface of UCMPs and OUCMPs presented
in Fig. 7a.

For the spectrum of UCMPs, the broad bands located at
3430 cm ! and 1640 cm ™' correspond to the O-H stretching
and bending vibrations of residual molecular water in the
samples. The appearance of bands at 2930 and 2680 cm™"
relates to C-H stretching. The peaks at 1058 cm-1, 1163 cm ™,
and 1436-1460 cm " attributed to the stretching vibration of
the C-O, asymmetric, and symmetric carboxylate groups (COO)
stretching modes, respectively. After the surface modification
by oxidation, the profile of its FT-IR spectrum changed, where
the characteristic peaks corresponding to COO™ groups at 1163
and 1425 cm ! decrease in intensity. A new peak appeared at
1740 cm™’, ascribed to the symmetrical stretching »,(C=0)
vibration of COOH. This is an indication of a successful
oxidation process. Modifying carboxyl groups onto the surface
of UCPMs guarantees the mono-dispersibility of the UCMPs in
polar solvents and provides plenty of functional groups for
further biomolecule conjugation. This step spreads the poten-
tial use of UCMPs in anti-counterfeiting printing, bioimaging,
fluorescence sensors, etc.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FT-IR spectra (a) and zeta potential dispersed in water (b) of
UCMPs and OUCMPs.

The dispersion stability was also studied by zeta potential
measurement. Zeta potential shows a value of —2.4 mV for
NaYF,:Tm, Yb dispersed in DI (Fig. 7b). This finding reveals that
the NaYF,:Tm, Yb colloid systems are unstable and tend to
coagulate. However, after the oxidation surface, OUCMPs have
a zeta potential of 38.1 mV. The value is sufficiently high to
stabilize a dispersion. This finding implies that the modified
UCMPs are a suitable pigment for preparing water-based
printing inks.

Optical properties

UV-Vis Diffuse Reflectance (DRS) spectroscopy was used to
determine the absorption bands of samples. Fig. 8 presents the
DRS spectra of 1Tm10Yb and 1Tm30Yb powders. For the
1Tm10Yb powder, the DRS spectrum exhibited absorption
peaks at 692 nm and 790 nm, corresponding to the transitions
from *Hg ground state to °F; and *H, levels of Tm®" ions.
Besides the characteristic absorption peaks of Tm*®", the band at
980 nm was super strong, attributed to the transition 2Fy1y—"Fs)s
of Yb**, which indicates the large absorption cross-section at
NIR regions of Yb*". This peak intensity increases as a function
of Yb** concentrations. Moreover, this energy of Yb®" ions
coincides with the *H¢—>Hj transition of Tm>" so that they will
be the most suitable sensitizers for Tm** ions in the Tm, Yb co-
doped NaYF, systems.

Photoluminescence (PL) spectra of samples as a function of
YD concentrations in visible and NIR regions under excitation at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 DRS spectra of 1Tm10Yb and 1Tm30Yb powders.

980 nm was monitored and presented in Fig. 9a and b. The PL
spectrum of 1Tm5Yb shows the emission band at 450 nm,
474 nm, 650, and 694 nm, which were assigned to the transi-
tions of 'D, — °F,, 'G, — >Hs, 'G, — °F, and °F; — *Hg of
Tm®', respectively. In addition, the PL spectrum also presents
a strong emission at 800 nm, attributed to the transition of *H,
— *Hg of Tm*" ions. The intensity of the NIR band is more
vigorous than that of blue emission, a factor of 25 times.

An increase in Yb doping concentrations results in a rise of
the luminescence intensity in both visible and NIR emissions,
as presented in Fig. 9c. With an increase in the Yb** doping
content, the more excited Yb ions transfer their energy to Tm
ions for emitting. However, high doping will lead to concen-
tration quenching. Moreover, at a high Yb’" content, for
example, 30 mol% as in the case of 17Tm30Yb sample, there is
a competition of crystal phases between a-NaYF, and B-NaYF,.
Meanwhile, the B-phase crystals showed higher luminescence
intensity than a-phase and «/B-phase crystals since the B-phase
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Fig.9 PL spectra of NaYF4:1Tm, xYb with x =5, 10, 20 and 30 mol% (a

and b); integrated intensity and CIE of samples (c); PL spectra of

1Tm20Yb and O1Tm20Yb (d).
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is less symmetric than the a- and o/f-phases.*® As a result, the
increased magnitude of upconversion emission depends non-
linearly on the Yb** content. The higher the Yb*" concentration,
the lower the enhancement of Tm®" emissions. The oxidation
process leads to a reduction of the emission intensity by a factor
of 2 times (Fig. 9d). However, surface modification is necessary
to improve the dispersion stability and make UCMPs biocom-
patibility and easy to conjugate with different molecules for
broadening the UCMPs' applications in anti-counterfeit, bio-
imaging, etc.

When Yb concentrations rise, the increased magnitude of NIR
emission is more significant than that of visible, which implies
that the energy transfer for NIR emission is more efficient than
others. Nevertheless, the CIE chromaticity coordinates (x = 0.158,
y = 0.114) taken from PL data of the UC emission spectra of
samples using Origin software show the color of all contents to be
blue in the visible range, as shown in Fig. 9d.

To investigate the mechanism of UC emission in NaYF,:Tm,
Yb systems, the PL spectra were monitored as a function of
excitation power and displayed in Fig. 10a and b. The relation
between the emission intensity and power obeys I « P in
which I, P, and n are the UC emission intensity, excitation
power, and number of required pumping photons, respectively.
The fitting curves and n values are shown in Fig. 10 (c-f). The n
values are around 1.5 for emissions at 800 nm and 2.0 for
emissions at 477 nm and 647 nm. This finding implies that
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Fig. 11 The UC emission mechanism of NaYF4:Tm, Yb.

Tm*" ions absorb more photons to emit visible emissions than
NIR light.

Based on the DRS spectra and PL data study, the UC process
can occur through multiple absorptions or energy transfer (ET).
Fig. 11 shows the energy level diagram of Tm>" and Yb** ions
and the UC process. The UC mechanism could be described as
follows: first, under the 980 nm laser excitation, Yb*' ions
absorbed energy and excited from the ground state *F-, to the
excited state °F5/,. Because the *Hs level of Tm?" ions matches
state *F5), of Yb®", the Yb®" ions transfer their energy efficiently
to excite the Tm** ions from the ground state *Hg to the higher
excited state *Hs. The non-radiative decay occurred from *H; to
the energy level of *F,. Then, a second photon is absorbed,
causing the transition from level °F, to level *F, and then
a nonradiative decay to the level *H, due to the multi-phonon
relaxation. The recombination of electrons between the *H,
and *Hg states emits an intense light at 798 nm. Meanwhile, the
474 and 650 nm emission requires much more energy to pump
Tm ions from the excited *H, state to the higher excited states
'G, and 'D,. That is why the n value corresponding to visible
emission is always bigger than that of NIR emission for all Yb
concentrations. Subsequently, the electrons at the 'Gj level
depopulating to the ground state *Hg and the *F, metastable
state emit weak blue and red emissions at 474 and 650 nm,
respectively. Moreover, the level *F; of Tm>" decays to the *Hg
level, yielding red UC luminescence at 694 nm.**

Application of UCMPs in screen printing

After the preparation of the ink consisting of OUCMNSs as
a pigment, PVA, and solvents, the screen printing was per-
formed on a paper substrate. The patterns with the size of 1.5 x
1.5 cm are invisible under daylight and illuminate the blue light
under excitation at 980 nm of LED (Fig. 12a). In addition, these
materials can be used as a blue pigment in RGB color systems
(RGB: red, green, and blue). Fig. 12c displays the printed

patterns from the fluorescent ink consisting of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Screen printing patterns of NaYF4:1Tm,30Yb (a); NaYF4:1-
Er,20Yb (b); the combination of NaYF4:1Tm,30Yb and NaYF4:1Er,20Yb
with a ratio of 90:10 (% w/w) (c).

NaYF,:1Tm,30Yb and NaYF,:1Er, 20Yb with a ratio of 90: 10 (%
w/w). The designs are white under ambient light. However, they
emit cyan color under the excitation of a 980 nm LED. These
experiments suggest that the NaYF,:Tm, Yb UCMPs can be
utilized as one main component of the RGB color model in
fluorescence labelling anti-counterfeiting.

Conclusions

The hydrophilic NaYF,;:Tm, Yb UCMNs were prepared by
a combination of the hydrothermal method and the oxidation
of oleic acid using the Lemieux-von Rodloff reagent. The crys-
tallite size and lattice parameters q, ¢ are negligibly influenced
by Yb concentrations even at 30 mol% Yb**. However, at Yb
contents as high as 30 mol% NaYF,:Tm, Yb systems form cubic
and hexagonal structures instead of only the hexagonal phase as
at the lower concentrations of Yb*". Moreover, the blue, red, and
NIR emissions of Tm>" ions are enhanced as a function of Yb*"
contents. The luminescence mechanism of Tm** ions obeys the
absorption of two or three photons depending on emissions in
the NIR or visible region. The emission intensity of the 800 nm
band is stronger than blue emission a factor of 25 times. The
hydrophilic OUCMPs show a high dispersity due to the forma-
tion of free carboxylic acid. The printed patterns from NaYF,:-
Tm, Yb pigment, and PVA additive illuminate blue under
excitation at 980 nm. Moreover, the emission of NaYF,:Tm, Yb
OUCMNSs belongs to one of three primary colors (red, green,
blue). Thus, NaYF,:Tm, Yb has excellent potential in anti-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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counterfeiting ink and biomedical applications, such as bio-
imaging, biosensing, and targeted therapy.
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