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Abstract

LaF;:5 %Yb**,0.5%Er*" upconverting nanoparticles were synthesized with co-precipitation method and heat treated at tem-
peratures 300—-600 °C. The morphology of the particles was characterized by high-resolution transmission electron micros-
copy coupled with energy-dispersive spectrometry and dynamic light scattering. Crystal structure was studied by X-ray
diffraction (XRD), and thermal behaviour was investigated by simultaneous thermogravimetry and differential thermal
analysis (TG/DTA). Upconversion behaviour was studied in detail by fluorescence spectroscopy, with 980 nm excitation.
Particle sizes increased with increasing heat treatment temperature, and samples showed significant aggregation above
500 °C. Hexagonal LaF; crystal structure was identified for all samples, with increased crystallinity after heat treatment at
400 °C, which was corroborated with TG/DTA results. XRD and energy-dispersive spectrometry results revealed that at
higher temperatures new crystal phases formed, as some Yb*>* and Er** dopant ions segregated into new nanocrystals, made
of, for example, YbOF and YbOOH, which caused a significant decrease in the upconversion emission of the samples. The

highest upconversion emission was achieved after heat treatment at 400 °C.
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Introduction

Upconverting nanoparticles (UCNPs) are recently attracting
growing interest, due to their promising applications in the
fields of biomedicine and bioanalysis [1, 2], photocatalysis
and photovoltaics [3, 4], sensors and optoelectronic devices
[5, 6], security applications [7], etc. During the upconversion
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process, the material absorbs multiple photons of lower
energy (typically in the near infrared range) and then emits a
photon of higher energy (in the visible or ultraviolet range).
UCNPs are mainly rare earth (RE)-doped materials, consist-
ing of a host lattice and several doping ions [8, 9]. The most
promising host materials are fluoride materials, prominently
LaF; and NaYF,. LaF; has many advantages, such as low
vibrational energy, good stability and close lattice match to
the dopant RE ions; furthermore, they have generally sim-
pler synthesis routes compared to NaYF, nanoparticles [8,
10]. The doping ions are RE ions, and the most often used
are Yb**, Er’* and Tm**: the host material is typically co-
doped with a sensitizer ion, which has good absorption prop-
erties (e.g. Yb>* which absorbs 980 nm near infrared light)
and able to transfer energy to the other doping ion, called
the activator ion (e.g. Er** and Tm.>"), which determines the
emission spectrum of the system [8, 9].

RE-doped LaF; nanoparticles can be synthesized by dif-
ferent synthesis methods, including thermal decomposition,
solvothermal synthesis and co-precipitation. Co-precipita-
tion is a relatively low-cost and simple method, without the
need of complex equipment or harsh reaction conditions, i.e.
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high temperatures, while it is able to provide small particles
with a narrow size distribution [9, 11]. However, usually
post-synthesis heat treatments are needed to attain suitable
upconversion properties. Previous studies show that heat
treatment plays a very important role in the achieved upcon-
version properties of UCNPs prepared by co-precipitation
[12, 13], including RE-doped LaF; particles [14—16]. Poma
et al. [14] studied LaF;/20%Yb,5%Er particles synthesized
by aqueous co-precipitation and heat treated at 300-900 °C
and found that the UCNPs only showed measureable upcon-
version emission after treatment at and above 500 °C, which
they attributed to low crystallinity, higher amount of surface
defects and possible impurities present in the particles made
without heat treatment or at lower temperatures. Shen et al.
[15] similarly prepared LaF;/20%Yb,5%Er particles by co-
precipitation and post-treatment at 180-600 °C: according
to their results, higher heat treatment temperatures lead to
higher emissions, with the samples heat treated at 600 °C
showing the best upconversion properties, which they
explained with the higher crystallinity and particles sizes.
Acosta et al. [16] synthesized LaF;/12-20%Yb,3-5%Er
particles by co-precipitation, followed by heat treatment at
400-600 °C, and they also found that upconversion emission
increased with increasing heat treatment.

These results show that investigating the effect of heat
treatment is very important; however, in these studies the
optimum temperature of the heat treatment is not clearly
found, and more detailed investigations would be beneficial.
Furthermore, all above studies were carried out on LaF;/
Yb,Er particles with similar, relatively high doping ion con-
centration (above 10 mol% for Yb3*, and above 3 mol% for
Er**), and it is worth noting that doping ion concentration
can also influence how the upconversion properties depend
on the heat treatment [13]. UCNPs with much lower dop-
ing ion concentration can be interesting for many practical
applications, as they can still show suitable upconversion
properties, while necessitating less RE material for their
synthesis, which can significantly lower the cost of a prod-
uct. In this paper, our aim is to investigate the role of the heat
treatment in the properties of RE-doped LaF; nanocrystals
with relatively low doping ion concentrations (LaF,/5 mol%
Yb>*+,0.5 mol% Er**), and find an optimal heat treatment
temperature. The aim is to prepare UCNPs with the high-
est possible upconversion emission, while also keeping in
mind that for many applications small particle sizes and
narrow size distribution should be prioritized. UCNPs were
synthesized by co-precipitation method and heat treated at
temperatures 300—600 °C. The morphology of the particles
was characterized by high-resolution transmission electron
microscopy coupled with energy-dispersive spectrometry,
and dynamic light scattering. Crystal structure was stud-
ied by X-ray diffraction analysis, and thermal behaviour
was investigated by simultaneous thermogravimetry and
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differential thermal analysis. Upconversion behaviour was
studied in detail by fluorescence spectroscopy, using 980 nm
laser light source for excitation.

Experimental
Materials

Lanthanum oxide (La,05, 99.9%), ytterbium oxide (Yb,Os,
99.9%), erbium oxide (Er,05, 99.9%) and sodium fluoride
(NaF, 99.99%) were obtained from Alfa Aesar and were of
REO grade. Rare earth chloride solutions were prepared by
dissolving the corresponding oxides in hydrochloric acid
at an elevated temperature and diluted with distilled water.
Absolute ethanol (EtOH, 99.7 + %, a.r.) was obtained from
Reanal (Budapest, Hungary).

Preparation of upconverting nanoparticles

Nanocrystals of LaF; doped with 5 mol% Yb** ions and
0.5 mol% Er** ions were synthesized by a precipitation
of rare earth chlorides with sodium fluoride. In first step,
96.5 mL La* solution (100 mM), 10.2 mL Yb>** solution
(50 mM) and 1.02 mL Er** solution (50 mM) were com-
bined and stirred for 30 min and then transferred into a
glass reactor (250 mL) equipped with magnetic stirrer and
reflux condenser. Separately, 1.5418 g (36.72 mmol) NaF
was dissolved in 48 mL of distilled water and preheated to
80 °C. The rare earth chloride solution was heated to 80 °C,
and NaF solution was added at precisely controlled speed
(1 mL min~!). The temperature of the reaction mixture was
kept at 80 °C and stirred for 4 h at 80 °C. Reaction time and
temperature were selected based on the work of Sevonkaev
et al. [17]. The reaction equation is presented in Eq. (1).

0.945La*"(ag) + 0.05 Yb’*(ag) + 0.005 Er’*(aq)

+ 3F.7(aq) = Lay g45Yby g5Erg g0sF3(s) M
After cooling down to room temperature, the product was
collected by centrifugation, washed with distilled water sev-
eral times, and dried at 80 °C for 24 h in air. Finally, the
dried material was powdered. (Average reaction yield was
92%.) To study the effects of heat treatment conditions on
the properties of nanocrystals, the as-prepared material was
annealed for 2 h at different temperatures (300 °C, 400 °C,
500 °C and 600 °C) in an electric furnace (Nabertherm
B170) and collected for characterization. For some charac-
terization methods, the particles were dispersed in ethanol
via ultrasonication: ethanol was chosen as medium, since
upconverting particles show long-term stability in ethanolic
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dispersions, while partial dissolution may occur in aqueous
medium after longer storage times [18].

Characterization

The morphology of the nanoparticles was characterized by
high-resolution transmission electron microscopy (TEM/
HRTEM/HAADF), using a JEOL 3010 instrument operated
at 300 kV with a point resolution of 0.17 nm. Morphology
of the nanocrystals was investigated by transmission electron
microscopy (TEM) in HRTEM and scanning TEM (STEM)
high-angle annular dark-field (HAADF) modes by means
of a FEI Titan Themis 200 kV spherical aberration (Cs)—
corrected TEM with 0.09 nm HRTEM and 0.16 nm STEM
resolution. Composition of the samples was measured by
STEM-EDS (energy-dispersive spectrometry), and elemen-
tal maps were obtained by spectrum imaging with 4 Thermo
Fisher “Super X G1” EDS detectors built in the microscope.
During the sample preparation, 1 mg mL ™! ethanolic suspen-
sions of the nanoparticles were prepared and dispersed by
ultrasonication, and then, a droplet of the suspension was
deposited onto a carbon-coated copper grid, followed by a
drying step under an infrared heat lamp. The average diam-
eters were determined by averaging the values measured on
200-300 individual particles, with the exception of the sam-
ple treated at 600 °C, in which case the increased particle
sizes and limited number of TEM images taken only allowed
for the measurement of ~ 100 particles.

The mean hydrodynamic sizes of the nanoparticles in
ethanolic media were characterized by dynamic light scatter-
ing (DLS) measurements, using a Zetasizer Nano ZS (Mal-
vern Instruments), with a 532 nm He-Ne laser. 1 mg mL ™!
ethanolic suspensions of the nanoparticles was prepared and
ultrasonicated for 2 15 min prior to the start of the meas-
urement. Z-average mean diameter and polydispersity index
values of the particles were determined.

Crystallinity of the samples was characterized by X-ray
diffractometer (Philips PANalytical X pert Pro, with Cu-Ka
radiation). Measurements were carried out in the 20 =4-84°
range, with scanning rate of 5 s/step and step size of 0.0167°.
Average crystallite sizes were determined from the highest
intensity peak of the XRD pattern (20 =27.8°, correspond-
ing to (111) plane), using Scherrer’s equation [19].

Thermal properties of the nanoparticles were analysed
by simultaneous thermogravimetry and differential thermal
analysis (TG/DTA). The as-prepared sample was measured
in air (130 mL min~" air flow) by a STD 2960 Simultaneous
TG/DTA device; the temperature was changed from room
temperate up to 800 °C, with 10 °C min~! rate of heating.

Upconversion emission was studied by fluorescence
spectroscopy (Edinburgh Instruments Spectrofluorometer
FS5), using a 980 nm monochromatic laser light source for
excitation. The emission spectra of 1 mg mL~! ethanolic

suspensions of the UCNPs were measured in a quartz
cuvette kept at 20.0 °C, between 300 and 700 nm, with a
1 nm step size, 0.5 s dwell time, 1 nm scan slit, and laser
power of 1.49 W. The suspensions were ultrasonicated for
2 X 15 min prior to the start of the measurement. Laser
power-dependent emission intensity was also measured in
the 500-600 nm emission wavelength range on 0.2 mg mL ™"
ethanolic suspensions, with laser power changing between
0.28 and 1.18 W, 1 nm step size, 0.5 s dwell time and 5 nm
scan slit, at 20.0 °C constant temperature.

Results and discussion

Characterization of morphology, crystal structure
and thermal behaviour

Figure 1 shows the TEM images of the samples. Table 1
shows the average particle sizes, while the size distribution
diagrams can be seen in Fig. 2. The results show that as the

500 nmg

Fig.1 TEM images of a as-prepared, b—e heat-treated samples at the
indicated temperatures and f STEM EDS elemental map of the area in
e of the heat-treated sample at 600 °C
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Table 1 Average particle sizes determined from TEM images

Sample Average diameter deter- Average crystallite size deter-  Average hydrodynamic diameter Polydispersity index
mined by TEM /nm mined by XRD /nm determined by DLS /nm determined by DLS

as-prepared 11+3 13.7 201 +22 0.255

300 °C 14+4 13.7 196 +30 0.251

400 °C 34+9 24.3 133+22 0.226

500 °C 282+132 31.1 1122 +32 0.350

600 °C 660+550 68.1 885+30 0.603

Average crystallite sizes determined by XRD from the highest intensity (111) plane peak

Average hydrodynamic diameter and polydispersity index values determined by DLS
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Fig.2 Size distribution diagrams of a as-prepared sample and samples treated at 300 and 400 °C, and b samples treated at 500 and 600 °C

(based on TEM images)

heat treatment temperature was increased, larger and larger
particles formed, while the polydispersity of the system also
increased. The as-prepared sample and the particles heat
treated up to 400 °C show particle sizes generally below
50 nm, while after heat treatment at 500 and 600 °C the par-
ticle sizes drastically increased, reaching several hundreds
of nm. It can be assumed that at these larger temperatures
many particles aggregated to form much bigger particles:
this caused an increasingly polydisperse system, especially
after heat treatment at 600 °C, in which case the resulting
system contained both very small and very large particles,
even reaching the micrometre scale.

EDS analysis of the samples confirmed that the main
component of the nanoparticles was LaF;, and the presence
of Yb and Er dopant was also observed in the EDS spectrum
(see Supplementary Information for detailed EDS analysis
results). EDS elemental mapping revealed (Fig. 1f) that after
heat treatment at 600 °C, some of the particles had a differ-
ent composition: most of the particles were made of LaF;
with a small amount of Yb, but the main component in some
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smaller particles was Yb instead of La. It was found that
while the bigger particle that can be seen in Fig. 1f con-
tains 0.25 mol% Yb and 0.18 mol% Er, the smaller particle
contains 86.2 mol% Yb and 9.5 mol% Er. If we compare
these values with the expected (according to stoichiometry)
5 mol% Yb and 0.5 mol% Er values, it can be concluded that
at this high heat treatment temperature some of the doping
Yb** and Er** ions left the LaF; crystals and segregated as
new particles, and this resulted in their molar ratio decreas-
ing in the remaining LaF; particles.

The average hydrodynamic diameters of the particles in
ethanolic suspensions were determined by DLS and can be
seen in Table 1. The hydrodynamic diameters are higher
compared to the diameters determined by TEM, which is
expected, since in ethanolic media the nanoparticles may
form aggregates and the solvation shell also increases the
measured size. This observation that the dispersion of
nanoparticles in solution rarely leads to distribution at pri-
mary particle size has been shown for many other systems
[20]. In Fig. 1a, a larger agglomerate of particles with a
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size of ~200 nm can be observed—similar aggregates are
likely present in ethanolic suspensions (or other liquid
media). While the average hydrodynamic diameters are
similar to each other in the case of the as-prepared sam-
ple and the sample treated at 300 °C, the value decreased
after heat treatment at 400 °C, even though the particle size
increased threefold according to TEM: it can be assumed
that the increasing particle sizes and crystallinity resulted
in decreased aggregation in this system. Furthermore, the
diameter values significantly increase after heat treatment at
500 and 600 °C, due to the significantly increased nanoparti-
cle sizes. Up until 400 °C, the polydispersity index remains
a relatively low value, indicating a homogeneous dispersion
with a relatively narrow size distribution. However, the sam-
ples treated at 500 and 600 °C show higher polydispersity
index values, these dispersions are heterogeneous and the
amounts of the fractions with different average sizes cannot
be reliably determined.

Figure 3 shows the XRD patterns of the as-prepared and
heat-treated samples. The samples all show peaks attributed
to the hexagonal LaF; structure (PDF-00-032-0483). In the
case of the as-prepared samples and the samples treated
at 300 and 400 °C, all peaks correspond to this hexagonal
crystal structure. The XRD pattern of the samples treated at
300 °C shows peaks with similar shape and intensity to the
peaks of the as-prepared sample; however, after 400 °C the
peaks become narrower with higher intensity, suggesting
higher crystallinity. The sample treated at 400 °C still shows
relatively wide peaks which can be attributed to a microcrys-
talline structure. At higher temperatures (500, 600 °C), the
peaks become narrower, showing high crystallinity, and also
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Fig.3 XRD patterns of as-prepared and heat-treated samples; asterisk
symbols show the new peaks appearing at 500 and 600 °C that do not
belong to hexagonal LaF; structure

new smaller peaks appear, which means that a new crystal
phase is present. This new phase is most likely due to one
or more new by-products that are formed at higher tempera-
tures during the heat treatment. This result is in accordance
with the previously shown STEM EDS analysis, which
indicates that the new crystal phase is made mainly of a
compound of ytterbium. In the case of the sample treated at
500 °C, according to the peak positions, the new crystalline
material is most likely YbOF (rthombohedral, PDF-04-021-
9723). The analysis of the XRD pattern of the sample treated
at 600 °C showed that this sample contains YbOOH (tetrag-
onal, PDF-00-027-0964), and also possibly low amounts
of graphite, which can originate from organic impurities.
It can be assumed that during the heat treatment step, if the
temperature is above 500 °C, some of the dopant ions leave
the LaF, particles and form new crystalline phases, made of
mainly YbOF, YbOOH and most likely other by-products
which could not be detected. It can also be assumed, based
on the STEM EDS, that the sample treated at 600 °C con-
tains both YbOF and YbOOH particles, but only in small
amounts, thus YbOF could no longer be identified by XRD.
It also seems that erbium is a dopant in these new particles,
partially replacing Yb in the crystal lattice.

In good accordance with the above observations, the
calculated average crystallite sizes (Table 1) show that the
300 °C heat treatment was not enough to increase the crys-
tallinity of the sample. However, from 400 °C, the increas-
ing heat treatment temperature leads to increasing crystal-
lite sizes. The sample treated at 600 °C showed by far the
highest crystallite sizes. From Table 1, it can also be seen
that while up to 400 °C the crystallite sizes are similar to the
particle sizes determined by TEM, at higher temperatures
the particle sizes are much higher compared to the deter-
mined crystallite sizes. This shows that at 500 and 600 °C
the smaller crystals were more likely to aggregate and form
much bigger particles.
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Fig.4 TG/DTA analysis results of the as-prepared sample
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TG/DTA analysis was carried out on the as-prepared sam-
ple, and the results can be seen in Fig. 4. The LaF; nanopar-
ticles appear to be relatively stable and only undergo a small
mass loss (6.6%) that can be attributed to the loss of water
and small amounts of pollutants adsorbed on the surface of
the particles, which is in good accordance with the litera-
ture [15, 21]. An exothermic heat effect can be observed
on the DTA curve around 400 °C, which does not occur
together with any mass loss, and which can be attributed to
a crystallization process. This explanation is corroborated
by the XRD results, which show increased crystallinity after
heat treatment at 400 °C. Such a process of crystal structure
adjustment was also shown in the literature by Shen et al.
[15]; however, for their LaF;/20%Yb,5%Er particles it was
detected around 500 °C.

4
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Fig.5 a Upconversion emission spectra and b maximum intensity
values of the green and red emission peaks and ¢ blue emission peaks
of the heat-treated UCNP samples; d logarithm of emission intensity
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Characterization of upconversion properties

The green emission of all powder samples could be
observed with the naked eye, under 980 nm excitation by
a~50 mW laser pointer (Roithner Lasertechnik, RLP-980-
50F), with the exception of the as-prepared sample, which
showed no emission. Upconversion emission was studied
in detail by fluorescence spectroscopy measurements of
ethanolic suspensions of the samples, using 980 nm exci-
tation with laser power of 1.49 W. In all cases, three main
emission peaks can be observed in the emission spectra of
the samples (Fig. 5a): the highest intensity green emission
peak is made of two smaller peaks at 521 and 540 nm, the
peak with the next highest intensity is the red emission
peak at 654 nm, and a small blue emission peak can also
be observed at 408 nm. This is in good accordance with
the literature, as Er’* ion-doped upconverting materials
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show similar emission spectra, and the peaks at 408, 521,
540 and 654 nm can be attributed to the *Hy, to *I;s),,
*H,, ) to ;s *S3)y to 1,5/, and *Fy, to *1,5/, transitions
of the Er.>* ion, respectively [15, 22].

Figure 5b shows the maximum intensity values of the
green (540 nm) and red (654 nm) emission peaks of the sam-
ples treated at different temperatures, while Fig. 5S¢ shows
the values of the blue (408 nm) emission. It was true for
all samples that the red and blue emission was significantly
lower compared to the green emission. The sample heat
treated at 400 °C showed by far the highest intensity emis-
sion for all peaks, which is an interesting result that differs
from previous studies conducted on LaF;/Yb,Er particles
with higher dopant concentrations [14—16], which did not
report such a decrease in emission at higher temperatures.
In the case of the green and red emission peaks, the sam-
ples with the next highest intensity are the samples treated
at 600 °C and 500 °C, while the other samples show much
lower intensity emission. In the case of the blue emission
peak, the sample treated at 400 °C showed the highest inten-
sity emission, followed by the samples treated at 500 °C and
300 °C.

Laser power-dependent emission intensity was also meas-
ured in the 500-600 nm emission wavelength range, to study
the *H,,, to *I;5,, (521 nm) and *S5, to *I;s/, (540 nm) tran-
sitions in the green emission peak: according to the litera-
ture [8, 22, 23], the logarithm of emission intensity depends
linearly on the logarithm of the exciting laser power. Fig-
ure 5d shows this relation measured on the UCNP samples
treated at 400 °C. A line could be fitted to the data points:
the slope of the fitted line can give information about how
many photons are needed during excitation to produce the
given emission peak [8, 22]. For both transitions, the slope
value was close to 2, which means that two photons need
to be absorbed in order for these emission peaks to appear
in the spectra, which is in accordance with the determined
transitions of the Er** ion [22].

Conclusions

UCNPs with relatively low rare earth ion doping (LaF;
doped with 5 mol% Yb>* and 0.5 mol% Er**) were syn-
thesized and heat treated at different temperatures
(300-600 °C), in order to investigate the role of heat treat-
ment in the achieved properties, and especially the upconver-
sion emission of the formed nanoparticles.

All prepared heat-treated nanoparticles showed upcon-
version properties (emission peaks, laser power-dependent
behaviour) that are in accordance with results of Yb>*~ and
Er**-doped upconverting materials described in the lit-
erature. The heat treatment temperature had an important
effect on the upconversion emission of the particles, and

the highest intensity emission was achieved in the case of
the sample heat treated at 400 °C. Based on the XRD and
TG/DTA results, the main cause of the very low emission
of the as-prepared sample and the sample treated at 300 °C
is the lower crystallinity of these samples. However, as the
heat treatment temperature was increased further, the emis-
sion intensity decreased, showing that high crystallinity was
not the only important factor in reaching good upconver-
sion emission. This is most likely due to the appearance of
new crystal phases, as it was determined by the XRD meas-
urement and the STEM EDS analysis: the Yb*" and Er**
dopant ions segregated and formed new particles (YbOF,
YbOOH crystals and other by-products), while their molar
ratio decreased in the LaF; nanocrystals, which led to a sig-
nificantly decreased upconversion emission intensity. Fur-
thermore, the much higher particle sizes and broader size
distribution that was observed after higher temperature heat
treatments can also play a role in the decreased upconver-
sion emission.
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