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In recent years, up-conversion luminescence nanoparticles have attracted significant atten-
tion from researchers in fields such as analytical chemistry (for example qualitative and quan-
titative analysis of metal and non-metal ions) and biomedicine (cancer imaging, drug delivery,
treatment, etc.) due to their high rate of emission efficiency, easy surface functionalization,
great chemical and thermal and photostability and other favorable properties. NaYF, in par-
ticular has attracted interest of researchers as a host material due to its low phonon energy,
thus increasing the efficiency of emission. In this study, the synthesis of NaYF,:Yb*",Tm*
nanocrystals using the hydrothermal method was successfully carried out. Refined sunflower
oil containing oleic acid was used as a solvent instead of analytical grade oleic acid and octa-
decene-1, reducing the cost of the synthesis. Using semi-quantitative XRD measurement anal-
ysis, it was determined that 25.3 % hexagonal B-NaYF,:Yb*",Tm’" as well as 23.8 % cubic
a-NaYF, nanocrystal crystalline phases were found in the synthesized sample. The sample
showed mainly luminescent characteristics typical of hexagonal NaYF,:Yb* ,Tm*" lattice
nanoparticles.

Keywords: NaYF :Yb*, Tm'™, refined sunflower oil, thermal decomposition, up-conver-
sion luminescence.

1. INTRODUCTION

Nanoparticles  emitting  up-conver-
sion luminescence (UCNPs) are a type of
nanoparticles that are able to emit visible
and even ultraviolet (UV) light upon excita-
tion by near infrared (NIR) radiation via the
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anti-Stokes process, where multiple IR pho-
tons absorbed by a material are converted
into photons with higher energy [1]. NaYF,
nanoparticles in particular have attracted the
interest of researchers due to low phonon



energy, resulting in enhanced emission char-
acteristics [2]. Like other UCNPs, they have
shown to exhibit properties such as relatively
high rate of emission efficiency, great chemi-
cal and thermal photostability, low toxicity,
easy surface functionalization, and excel-
lent biocompatibility (e.g., with human cells,
blood serum). Due to these abilities, the
research so far has been primarily focused
on biosensing and cancer imaging, drug
delivery, virus detection and treatment [3]—
[6], as well as quantitative analysis of metal
and non-metal ions, inorganic compounds,
organic compounds in water, food, saliva
and human blood/serum [7]-[12].

In particular, the hexagonal crystalline
phase of NaYF,:Yb*",Tm* several nanopar-
ticle synthesis methods can be found in aca-
demic literature. Hexagonal crystalline phase
nanocrystals and their synthesis methods are
of particular interest, since the hexagonal
crystalline phase of NaYF,:Yb*",Tm*" exhib-
its better up-conversion (UC) luminescence
properties as opposed to the cubic crystalline
phase [13]-[14].

There are several methods that
can be wused to synthesize hexagonal
NaYF,:Yb**,Tm’* nanoparticles, including
co-precipitation, microemulsion, thermal
decomposition, combustion synthesis, sol-
gel method, and hydro/solvothermal syn-
thesis. Co-precipitation method is useful for
creating small nanocrystals. The method is
cheap and time-efficient. It is economical,
eco-friendly, and needs low (ambient) tem-
perature, which allows for its application in
large-scale production to afford nanocrystals
with high aqueous solubility.

Moreover, the reaction conditions for
precipitation are mild and can be easily
adjusted to achieve the desired outcome.
The downsides of this method are the syn-
thesized UCNPs need for high temperature
calcination and post-annealing, as well as the
tendency towards poor/undesired morphol-
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ogy and uneven size distribution. Additional
drawback of this method is the formation of
hard aggregates, mainly due to the bridg-
ing of adjacent particles with H O through
hydrogen bonds and the corresponding
broad capillary forces created during drying.
Another synthesis method is thermal decom-
position. Its advantages include monodis-
persed crystals with good morphology and
strong up-conversion emission. The disad-
vantages of this method are fairly difficult
synthesis conditions, use of expensive and
sensitive metal precursors, as well as genera-
tion of toxic byproducts. Sol-gel processing
uses cheap precursors, produces nanopar-
ticles with high UC luminescence intensity
and may be scaled to industrial levels due to
the high crystallinity formed at high anneal-
ing temperature. The drawbacks include the
necessity of post-heating treatment.

Other issues are considerable particle
aggregation, broad particle size distribu-
tion, irregular morphology, and insolubility
in water. The advantages of microemulsion
method are relatively easy operation, the
small size of the UCNPs, and the ability for
the control of morphology of products by
adjusting the dosage of the surfactant, sol-
vent, as well as the aging time. This method,
however, usually produces low yield, the
scope of analysis is narrow, and sample
separation is difficult. A hydro/solvother-
mal method can also be conducted, in which
core-shell-structured nanoparticles are syn-
thesized. The advantages of this method lie
in the method ability to produce nanocrys-
tals of desired lattice (cubic, hexagonal) and
size fairly consistently, to ensure high purity
grade of nanoparticles, which several other
methods lack, as well as mild reaction condi-
tions and high reaction activity. Furthermore,
it does not require a very exacting operation
of the synthesis process. A significant disad-
vantage is that this method usually requires
an autoclave, which means that the growth



of nanocrystals cannot be monitored in real
time, and the reaction time is generally long
[15]-20].

The synthesis method employed in this
paper is thermal decomposition, where core-
shell nanoparticle structure is synthesized.
Advantages of the method include monodis-
persed crystals with good, uniform morphol-
ogy, high crystal transition strength, easily
adjustable and monitorable parameters dur-
ing crystal growth, as well as strong up-con-
version emission. The disadvantages of this
method are fairly difficult synthesis condi-
tions, use of expensive and sensitive metal
precursors, need for further surface modifica-
tion for biomedical application, as well as gen-
eration of toxic byproducts. [15]-[18], [20],
[21]. An outstanding benefit of the core-shell
technology is that different rare-earth ions
can be confined in different layers to achieve
a controllable interaction between the doped
1ons and their environment, and an additional
benefit is improved UC emission [21].

2. EXPERIMENTAL

Typically, this synthesis method is done
utilizing ocatdecene-1 and oleic acid. Oleic
acid is used both as a solvent and a reactant,
the polar part of which reacts with nanocrys-
tals when forming the core-shell structure,
while octadene-1, being non-polar, is used
only as a solvent. In this synthesis, both of
these solvents were swapped out for refined
sunflower oil (RSO), reducing the cost of the
synthesis, since RSO is much cheaper than
analytical grade oleic-acid and octadecene-1,
reducing the overall cost of the synthe-
sis method, as well as using a much more
common and readily available solvent, thus
making the industrial production of nano-
crystals more feasible, plausible and appeal-
ing. Although there has been considerable
amount of research in nanoparticle synthesis
using sunflower oil [22], to our knowledge,
there have been no prior accounts in litera-
ture of synthesizing NaYF :Yb*",Tm’* using
RSO as a solvent via the thermal decomposi-
tion method.

2.1. Synthesis Process

Materials used in the synthesis: 74.7 %
Y,0,, 25% Yb,0, and 0.3 % Tm,O, for
core part of nanoparticles, and 100 %
Y,0, for shell up-conversion nanoparti-

cles. Other materials used for synthesis are
2.1.1. Shell Synthesis

In the three-necked flask 0.113 g
of Y,0, is added and 36 ml of diluted HCI
solution (30 ml of deionized water and 6 ml
HCI). The flask is then placed in magnetic
heated stirrer, and the solution is heated up
till it becomes clear. It is then transferred to
an oven that is heated to 110 °C, and kept
for 24 hours. The following day, the flask
is taken out of the oven, and 21 ml of RSO

24

37 % hydrochloric acid (HCI), deionized
water, refined sunflower oil (RSO), petro-
leum, cyclohexane, chloroform, methanol,
sodium hydroxide (NaOH), and ammonium
fluoride (NH,F).

is added. The flask is then placed back in
magnetic heated stirrer and is connected
to argon gas cylinder, thermometer and
water jet pump. Three aeration cycles are
done (making vacuum and adding argon 3
times) to get rid of all the oxygen. The solu-
tion is heated up to 240 °C and then cooled
down to room temperature. In the mean-
time, methanol solution is prepared. In two



separate containers, methanol solution is
made. One contains 0.1 g of NaOH and 10
ml methanol, while the other contains 0.2 g
of NH,F and 10 ml of methanol. Both con-
tainers are then placed in ultrasonic bath to
mix for approximately 1 hour until every-
thing is dissolved. After that, both methanol
solutions are combined and poured in flask,
which is at room temperature. Solution is
then mixed for 30 minutes, and then three
aeration cycles are done. Once all the meth-
anol has evaporated, the solution is heated
up to 300 °C, so that nanoparticles can
start to form and grow. For 5 minutes, the
solution is held at 300 °C, and then cooled
down to room temperature. 50 ml of petro-
leum is added and mixed for 30 minutes.
The solution is then poured in centrifuge
tubes and placed in a centrifuge at 6000

2.1.2. Core Synthesis

Core synthesis is similar to shell synthesis
as the only difference is the concentrations of
additives. In the three-necked flask 0.201 g of
RO, (R: Y,0,, Yb,O,, Tm,0,) is added with
54 ml of diluted HCl solution (45 ml of deion-
ized water and 9 ml HCI). Solution is heated
till it becomes clear and is transferred to the
oven that is heated to 110 °C and kept for 24
hours. The next day 31.5 ml of RSO is added
to the flask. Methanol solution is made with
0.15 g of NaOH and 12.5 ml of methanol and
0.3 g of NH,F and 12.5 ml of methanol. The
next few steps are done exactly as in shell syn-
thesis. Once the solution has reached 300 °C

2. RESULTS AND DISCUSSION

revolutions per minute (rpm) for 10 min-
utes. After centrifugation, petroleum with
other liquids is poured out and is left with
sediments. 20 ml of petroleum is added to
each centrifuge tube, and all sediments are
dissolved. The solution is then poured back
into three-necked flask, mixed for 24 hours
more to get more organic byproducts out of
the solution. The solution is then added into
centrifuge and centrifuged at 6000 rpm for
10 minutes. The petroleum is then poured
out and 10 ml of cyclohexane is added to
each centrifuge tube. 5 ml of RSO is then
added into a beaker and heated up until all
of the cyclohexane evaporates. The solution
is left to cool down and shell nanoparticles
are ready to be injected into synthesized
core nanocrystals.

it is held at that temperature for 2 hours and
then shell particles are injected into core
structure. The solution cools down to approxi-
mately 280 °C once the shell is injected. It is
then heated back up to 300 °C and held for an
additional hour. Once the solution has cooled
down to room temperature, 50 ml of petro-
leum is added, it is then mixed for 30 minutes.
The solution is then centrifuged at 6000 rpm
for 10 minutes. Petroleum is then poured out
so that the tubes contain only the sediments.
20 ml of chloroform is then added to each
centrifuge to dissolve the sediments contain-
ing the nanocrystals.

3.1. Synthesized Sample Morphology and Fluorescent Property

Characterisation

Synthesized sample morphology was
studied using Scanning Electron Micro-
scope (SEM) Thermo Scientific Helios

UX 5 in scanning transmission electron
microscope (STEM) mode. UCNP size
analysis was performed using ImagelJ soft-



ware. Sample structure was studied using
RIGAKU X-Ray diffractometer MiniFlex
600. The measurements were taken at
40 kV and 15 mA with copper X-ray tube.
UC luminescence spectra of synthesized
nanoparticles was measured using standard
luminescence measurements setup. UC
luminescence was excited using Thorlabs
L975P1WIJ CW laser diode on TCLDM? -
TE-Cooled Mount from Thorlabs. Laser
diode input current was controlled using
Thorlabs current controller LDC220C, laser
diode temperature was controlled using

3.1.1. XRD Measurements

A XRD measurement was carried out
determine the crystalline structure of syn-
thesized nanoparticles. Before measure-
ments, samples were dried out to obtain
them in powder form. The diffraction
peak measurement was compared with
ICDD PDF-2 database entries. The results
(Fig. 1) show that there are diffraction
peaks that correspond to hexagonal crys-
talline phase B-NaYF, (PDF 00-028-1192),

Counts

Thorlabs temperature controller TED200C.
The laser diode temperature was set so that
the radiation emitted by the laser diode
coincided with Yb*" absorption maximum
at 976 nm. Solution with UCNP was filled
into UV fused quartz cuvettes (Thorlabs
CV10Q3500F). UC luminescence was col-
lected into the spectrometer Andor Kymera
328i-B1 coupled with Andor iStar CCD
camera. All measured UC luminescence
spectra were corrected according to the
measurement system spectral response.

cubic a-NaYF, (PDF-01-077-2042), as well
as NaCl (PDF 01-071-4661) in halite min-
eral form. Using semi-quantitative analy-
sis, it was calculated that 50.9 % of the
sample contained NaCl in halite mineral
form, 23.8 % of the sample contained cubic
NaYF, crystals, while 25.3 % of the sample
contained desired lattice hexagonal doped
NaYF, nanocrystals.

I FDF 01-071-4861 NaCl Halite, syn 50.9%
s | PDF 01-077-2042 NaYF4 Sodium Yitrium Flucride 23.8%
=3 | PDF 00-028-1192 Ma{¥0.57Yb0.39Er0.04)F4 Scdium Yitrium Ytterbium Erbium Flueride 25.3%
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2Theta (Coupled TwoTheta/Theta) WL=1.54056

Fig. 1. XRD pattern of synthesized sample. Diffraction maximum positions from databases are given from
B-NaYF,— pink, a-NaYF,, — blue, NaCl in its halite mineral form —red.



To determine the effect of temperature
and heating time on the crystalline struc-
ture of synthesized sample, additional syn-
thesis was performed. Heating for 10 min-
utes at 300 °C for core nanoparticles and
5 minutes combined core and shell held at
300 °C, gave only cubic crystalline phase.
Increasing the time for core and combined
nanoparticles started to change crystalline
phase from cubic to hexagonal. Figure 2
shows the presence of these crystalline
phases. Our own experimental data and
academic literature indicate that a-NaYF,

3.1.2 STEM Measurements
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nanocrystals are first formed, proceed by
o — P conversion that occurs via a dis-
solution / recrystallization process, rather
than through oriented aggregation of small
a-phase UCNCs [23]. NaCl in the sample is
a byproduct of a reaction between lantha-
noid chlorides and NaF. It is also plausible
to assume that NaCl may have formed due
to side reactions with other compounds that
are commonly found in RSO, such as lin-
oleic acid, palmitic acid, stearic acid, esters,
polyphenols, terpenoids, etc. [24].
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Fig. 2. STEM image of synthesized NaYF, nanoparticles doped with Yb*", Tm’*.

Using STEM it is possible to determine
nanoparticle size and size distribution. Fig-
ure 2 shows that nanoparticles are agglom-
erated. Residual organic material after sev-
eral rinsing processes can be also observed
in Fig. 2, distorting the STEM image. Apart
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from the base material, there are also some
plate-like crystals in the sample, which can
be something that has crystallized from
the solvent. These were quite resistant to
e-beams, so these could be inorganic sub-
stances resulting from synthesis. Analysis



of nanoparticle size distribution shows that
the mean size of synthesized nanoparticles
is 17.2 + 3.0 nm. STEM measurements
allow determining synthesized nanopar-
ticle morphology and size distribution, but
not distinguishing core and shell part for
nanoparticles in this study. This is explained
by the fact that core and shell parts are
made from the same base material — NaYF,
only core part is doped with Tm** and Yb*",

which only slightly affect NaYF, crystal-
line structure parameters [25]. Changes that
have occurred by dopant introduction into
base matrix cannot be detected by STEM
measurements. The effect of the shell part
on the dimensions of the nanoparticle can
be determined by the electron microscopy
measurement of nanoparticles obtained at
different stages of synthesis processes [23].

3.1.3 Up-conversion Luminescence Measurements
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Fig. 3. Black line UC luminescence spectrum of synthesized NaYF, doped with Yb**, Tm*" using RSO. Red
line shows UC luminescence spectrum NaYF, doped with Yb*", Tm** synthesized with typical synthesis
method. All spectra are recorded under 976 nm excitation. Tm** optical transitions for corresponding up-

conversion luminescence bands are shown.

Distinguishing blue Tm** up-conversion
luminescence can be observed with naked
eye for synthesized NaYF_Yb* Tm*
nanoparticles under excitation with 976 nm.
Black line in Fig. 3 shows UC luminescence
spectrum in blue and UV spectral regions,
with Tm*" luminescence bands in blue (476
nm and 454 nm) and UV (375nm and 340
nm) spectral regions: 476 nm - 'G, — °H,,
454 nm ('D, -°F,, °P, —°H,), 361 nm ('D, -
*H,) and 345 nm (°P —°F) [26]. Other Tm**
UC luminescence bands in red and infrared
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spectral region can also be observed, but the
main focus is on UC luminescence bands
in blue and UV spectral regions. Although
XRD measurements show that NaYF, cubic
and hexagonal phases coexist in the synthe-
sized sample (23.8 % and 25.3 %, respec-
tively), UC luminescence mainly occurs
from NaYF, hexagonal phase due to higher
efficiency of UC process since the data
found in the literature indicate that hex-
agonal nanoparticle UCL is a factor of 10*
brighter than that obtained from the cubic



phase nanoparticles [13].

For comparison, Fig. 3 also shows UC
luminescence spectra (red line) for NaYF,
core / shell nanoparticles doped with Yb**,
Tm* which are synthesized with typi-
cal synthesis method [27]. It is possible
to observe differences in the ratios of the
different UC luminescence bands and in
the overall UC luminescence intensity.
Observed differences in UC luminescence
spectra can be explained by two facts: (1) In
this study, only part of synthesized NaYF,
nanoparticles are in hexagonal phase which

4. CONCLUSIONS

emits UC luminescence. This means that
there are fewer nanoparticles which can
emit UC luminesce. (2) In this study, the
mean size of synthesized nanoparticles is
17.2 £ 3.0 nm, while in [27] the mean size
of nanoparticles is 33.9 £ 4.6 nm. Smaller
nanoparticle size means that energy trans-
fer steps from Yb** to Tm*" are less likely
to occur. As a result, over all UC lumines-
cence intensity will be lower compared to
nanoparticles with greater size and Tm?*" is
less likely to become excited to states with
higher energy.

In this study, NaYF,:Yb’", Tm’" nano-
particles (in cubic and hexagonal phase)
with the size of 17.2 £+ 3.0 nm were synthe-
sized by means of thermal decomposition
method using refined sunflower oil (RSO)
as a substitute for oleic-acid and octa-
decene-1 that allowed reducing the overall
cost of the synthesis method. Crystalline
structure of synthesized nanoparticles was
defined by the time of synthesis at 300 °C.
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