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Sensitization of nanoparticles (NPs) by appropriate lanthanide ions is crucial for the obtained spectro-
scopic properties. Nd>* ions can absorb light at around 808 nm, allowing for deep tissue imaging, Yb>*
ions can be effectively excited by 975 nm radiation which is utilized in many areas, e.g. in anti-counterfeit
applications, while Er** ions are capable of absorption around 1532 nm, which in turn, is important for
solar energy conversion. Here, we describe a method for Nd** and Er3* ions isolation in NPs by the
synthesis of core/shell structures. As an alternative to the most commonly used core/shell thermal
decomposition synthesis procedures, our products were obtained in water by a hydrothermal method.
Ser:Yb3+,Er3+@SrF2:Yb3+,Nd3+ NPs with sizes between 30 and 60 nm showed intense green to
yellowish-red luminescence in the visible range, due to Er’>*-doping. Yb>* played the role of bridging
ions, transferring energy absorbed by Nd3* ions between the shell and core phases, limiting, in the same
way, cross-relaxation between Nd3* sensitizer ions and Er’* luminescence centers. Structure,
morphology and spectroscopic properties were investigated, revealing interesting processes taking place
in the prepared NPs.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Studies of the up-conversion phenomenon (UC), initiated by the
theoretical proposal of Bloembergen in 1951 [1] and proved
experimentally by Auzel in 1966 [2], have significantly influenced
materials science. Especially in nanotechnology, the UC has raised
the important property of nanoparticles (NPs) allowing their ap-
plications in nanomedicine for cancer treatment and diagnosis
[3—8]. The unique nature of UC has also been utilized in 3D dis-
plays, solar cells, lasers and fiber amplifiers, security markers,
forensic science and pressure or temperature sensors [9—15].

UC is characterized by the conversion of low energy photons,
from the near-infrared range, (NIR) to higher energy ones through
the multiphoton absorption process [16], while down-conversion
(DC) is the conversion of higher-energy photons to photons with
lower energy (also known as down-shifting) [17]. Excellent mate-
rials which exhibit UC, as well as DC, are host compounds doped
with lanthanide ions (Ln>*). These ions, together with Sc3* and Y3+
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form a group of rare earth ions (RE>*). Ln>* ions have unique
physicochemical and optical properties, due to their 4f electronic
configuration. The energy levels of Ln>* ions are well-defined, due
to the effective shielding of the 4f orbitals caused by the filled 5s
and 5p orbitals, and lie in the range of UV to NIR. Therefore, tran-
sitions within 4f subshell are relatively insensitive to the outer
environment. As a result, materials doped with Ln3* ions are effi-
cient luminophores and usually show sharp emission spectra, long
luminescence lifetimes, and large Stoke’s shifts [18—20].

The most popular dopants used for UC are Yb>*, Er>*, Tm>*, and
Ho>* ions. To enhance luminescence, Yb3* ions usually play the
role of sensitizers, due to their simple configuration of energy levels
and large absorption cross-section between 900 and 1000 nm [21].
Energy absorbed by Yb3* ions can be transferred to other Ln>* jons
resulting in their luminescence. This fact, and the existence of the
so-called “first optical transparency window” in the range of
700—1000 nm [22], has been utilized in nanomedicine for optical
imaging, drug delivery, and photothermal therapy [23]. However,
NIR radiation with a wavelength of 980 nm is absorbed by water,
which at higher power densities, may lead to the cell overheating
effect [24]. The solution for this problem is the addition of Nd3*
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ions to the structure of NPs, as sensitizers for NIR radiation at
808 nm [25]. The water absorption coefficient is much lower at
808 nm, which also improves tissue penetrability [26]. Further-
more, the absorption cross-section of Nd>* around 800 nm is
significantly higher than Yb3* around 980 nm.

Recently, UC of NPs under 808 nm has been intensively studied,
mainly in triple-doped systems with Nd3* ions used as sensitizers,
and Yb3* transferring absorbed energy to luminescence centers,
usually Ho>*, Er®*, Tm>3*, or Tb>* ions [27—33]. Because of the
electronic structure of Nd** and the above-mentioned luminescent
Ln3* jons, a cross-relaxation (CR) process may occur, effectively
quenching the luminescence of NPs. Hence, the concentration of
Nd3+ is usually very low (below 2—3%) when all types of ions are in
the same phase, which, in turn, results in low absorption at 808 nm
[34—36]. To overcome this problem a few possibilities are available.
The most developed solution for avoiding the CR process is the
synthesis of core/shell or multi-shell NPs, combining NPs with
organic dyes and surface plasmon coupling [29,37,38]. The first
method, especially, is very promising. Shell layer not only increases
the distance between the sensitizing and luminescent ions, which
reduces the quenching process but also introduces isolation from
the surrounding environment. Synthesis of core/shell NPs allows
for the manipulation of the dopant’s composition which can be
used to obtain the desired emission and excitation properties.
There are numerous examples of the utilization of core/shell
structure of NPs: enhancement of UC quantum yield [39], tunable
emission color, dual-mode emission from NIR to UV—Vis or to NIR
with a longer wavelength than excitation light [40,41], multi-
functionality of NPs through the addition of Gd** or Mn?* ions [42],
conjugation to biomolecules, drug delivery systems [43—46], and
many others.

The main synthesis method of the core/shell NPs is the thermal
decomposition, or precipitation, in high boiling-point solvents such
as octadecene, oleic acid, or oleylamine, which forces the synthesis
to be conducted at high temperature and under neutral gas pro-
tection [47]. The synthesis is complicated, has many steps, and the
obtained products are hydrophobic which require additional pro-
cedures to remove oleic acid and octadecene from the NPs surface
[27,34,48,49]. An alternative method which can be adopted for the
preparation of core/shell NPs is solvothermal synthesis. The overall
process is usually conducted in ethanol, oleic acid, ethylene glycol,
or water, under high pressure and temperature, in special types of
autoclaves [50—52].

The most environmentally friendly is the solvothermal synthe-
sis with the use of water as a solvent: the hydrothermal method,
very common for obtaining simple UC fluorides [53—56].

In the case of core/shell hydrothermal synthesis, just a few reports
have been published (see Table S1 for more details). The first article,
by Zazoni et al. where StF,:Yb>*@SrF,:Yb>+ Tm>* UCNPs were ob-
tained, was published in 2016 [57]. Shortly after, Li et al. reported on
the hydrothermal synthesis of StF,:Yb>* Tm>*@CaF,:Gd>* NPs with
magnetic properties [58]. In 2017 Alkahtani et al. presented a way of
preparing YVO4: EP*; Yb3*@ YVO,4:Yb3* Nd3* NPs by precipitation in
hydrothermal conditions [24]. Doping NPs with Nd>* allowed authors
to study UC under 808 nm excitation. Another study was reported by
Cortelletti et al.,, in 2018 [59], where, during a fourth-step hydro-
thermal synthesis, SrF> NPs with a multi-shelled architecture were
obtained. This complicated structure was tested as an NIR-activated
nanothermometer.

Most papers referring to the hydrothermal synthesis of core/
shell are based on the SrF, compound. This matrix is thermally
stable also in high temperature and phase transition is not
observed, which is important for light source applications [60].
Furthermore, strontium fluoride has low phonon energy (similar to
NaYF4) and high thermal conductivity [61]. What is more, SrF,

doped with Yb3* and Tm>3* shows better emission than prepared in
the same way o-NaYF, about a similar size, which is known as one
from the best UC materials [62]. Not without significance is the high
value of quantum yield for SrF,:Yb3* Er3* (2.8%), important for
further applications [63]. In comparison to NaREF,4 (RE = rare earth
element) NPs, the most often studied as hosts for 808/980 nm
excited UC, SrF, NPs can be easily synthesized by the hydrothermal
method. Synthesis of NaREF4-type core/shell NPs was reported only
twice and they were obtained only by solvothermal method (see
Table S1) [64,65]. Usually, NaREF4 materials, prepared via hydro-
thermal method are comprised of microsized crystals rather than
nanocrystals [66—68].

Despite existing research on hydrothermal core/shell synthesis,
obtaining high-quality NPs during the process conducted in water
is still challenging. The possibilities of an optimized synthesis route,
as well as morphology and spectroscopic properties improvement,
have to be considered. Especially, the mechanism of UC in core/
shell systems excited by Nd>* ions should be carefully examined. In
this article, SrF,:Yb3* Er>*@SrF,:Yb>* Nd3* core/shell NPs were
prepared by a two-step hydrothermal synthesis in the presence of
sodium citrate. In the described approach, the core/shell structure
was proved spectroscopically by analysis of Nd>* and Er’* in-
teractions. Furthermore, in our NPs, the chosen doping ions
allowed for the excitation by three laser wavelengths: 808, 975, and
1532 nm, as well as luminescence in the Vis or NIR range. The
obtained properties are promising for theranostics due to the
emission from, and within, biological windows, as well as for en-
ergy conversion purposes highly demanded in solar cell
development.

2. Methods
2.1. Materials

Lanthanide oxides: Er,O3; and Yb,03, Nd»03, (99.99%, Stanford
Materials, United States) were dissolved separately in hydrochloric
acid, HCl (ultra-pure, Sigma-Aldrich, 37%, Poland), in order to
obtain the respective rare earth chloride solutions in a concentra-
tion of 1 or 0.25 M. Ammonium fluoride, NH4F (98+%, Sigma-
Aldrich, Poland), was used as the source of fluoride ions. Stron-
tium chloride hexahydrate SrCl,-6H,0 (Sigma-Aldrich, 99+%,
Poland), citric acid trisodium salt dihydrate, NaCit (Sigma-Aldrich,
97%, Poland) were used as received, without further purification.
Deionized water was used for the synthesis.

2.2. Synthesis of core SrF,:Yb>,Er** nanoparticles

To obtain 2 mmol of SrF, NPs, doped with 20% Yb>* and 1% Er>*
ions, 1.58 mL of 1 M SrCl, solution and YbCl3 mixed with ErCls
(0.40 mL of 1 M YbCl3 and 0.08 mL of 0.25 M ErCl3) were added to
20 mL of 1 M NaCit solution (anti-agglomeration and complexing
agent). Then, 5 mL of 2.40 M solution of NH4F (3 x excess in
comparison to the stoichiometric amount) was added to the solu-
tion containing SrCly and LnCls salts. The pH of the final mixture
was equal to 7.5. The as-prepared transparent solution was trans-
ferred into a 100 mL Teflon-lined vessel and hydrothermally treated
for 24 h (200 °C, 15 bars and mixed), in an externally heated
autoclave (Berghof BR-100). When the reaction was completed, the
obtained white precipitate was purified by centrifugation and
rinsed several times with water and ethanol. For the synthesis of
core/shell structures, the wet product was re-dispersed in water
and 5 mL of the formed colloid was transferred to a clean Teflon-
lined vessel for the next step.

The presented description was the basic synthesis method. SrF,
NPs were also prepared via modification of the above-mentioned
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procedure, i.e. for a higher amount of product (5 mmol), shorter
time of reaction (12 h), or with smaller excess of NH4F reagent
(2 x ). The modifications are included in the names of the samples
used in this article, in brackets, and presented in Table 1.

2.3. Synthesis of core/shell SrFy:Yb>* Er>*@SrFy:Yb>+ Nd>*
nanoparticles

SrFy:Yb>t,Er**core NPs were coated by SrF»:Yb>* Nd>* shell via
a second step in hydrothermal conditions. In a typical procedure, to
obtain 2 mmol of shell containing 20% Yb>* and 10% of Nd>* ions,
1.40 mL of 1 M SrCl, solution and YbCls, mixed with NdCls (0.40 mL
of 1 M YbCl3 and 0.80 mL of 0.25 M NdCls), were added to 20 mL of
1 M NaCit solution. Then, 5 mL of 2.4 M solution of NH4F (3 x excess
in comparison to the stoichiometric amount) was added to the
solution containing SrCl, and LnCl; salts. The pH of the final
mixture was equal to 7.5. The as-prepared transparent solution was
transferred into the 100 mL Teflon-lined vessel, where the earlier
core suspension was placed, and hydrothermally treated for 24 h
(200 °C, 15 bars with mixing). When the reaction was completed,
the obtained white precipitate was purified by centrifugation and
rinsed several times with water and ethanol. The final product was
dried under ambient conditions. A scheme of the synthesis pro-
cedure is presented in Fig. 1.

From the prepared samples, the two best emitting NPs were
chosen to present their properties (SrF»:20%Yb>*,1%Er>t@SrF,:20%
Yb**10%Nd>*, 5 mmol/5 mmol of LnCl3, 24 h/24 h; SrF:20%
Yb3+ 1%Er3+@SrF,:20%Yb>" 10%Nd3>*, 2 mmol/2 mmol of LnCls,
24 h/12 h). Additionally, a core sample (SrF»:20%Yb>1%Er>*,10%
Nd3*, 2 mmol/2 mmol of LnCls, 24 h) was prepared as a reference
using the same composition of reactants and synthesis conditions
as in the base procedure. This core sample was used to compare the
morphology and spectroscopic properties of the triple-doped core
(Yb3*, Er3*, Nd3+) and core/shell where Nd>* is separated from the
activator ions and placed in the shell. To simplified naming of
samples, all are presented in the above Table 1. Furthermore,
different synthesis conditions are included in brackets in the
sample name. The other core/shell samples, X-ray diffraction (XRD)
patterns, dynamic light scattering (DLS), and zeta potential mea-
surements, as well as spectroscopic properties, are attached in the
Supplementary Materials.

2.4. Characterization

Powder diffractograms (XRD) were recorded on a Bruker AXS D8
Advance diffractometer in the Bragg-Brentano geometry, with Cu
K, radiation, A = 1.5406 A, in the 26 range from 10 to 60°. The
reference data was taken from the International Centre for

Table 1
List of samples described in this article.

Diffraction Data (ICDD). The composition of the prepared materials
was analyzed by Inductively Coupled Plasma Mass Spectrometer
(ICP-MS) NexION 300D, PerkinElmer. Transmission-electron-
microscopy (TEM) images were recorded on a Hitachi HT7700
with the voltage of 120 kV. Fourier transform infrared spectra (FT-
IR) were recorded using a JASCO 4200 FT-IR spectrophotometer.
DLS and zeta potential measurements were performed by using a
Malvern Zetasizer Nano ZS instrument.

The luminescence characteristics (excitation, emission spectra,
luminescence decay) of the prepared samples were measured on a
QuantaMaster™ 40 spectrophotometer equipped with an Opolette
355LD UVDM tunable laser, with a repetition rate of 20 Hz, and a
Hamamatsu R928 photomultiplier used as a detector for emission,
excitation spectra, and decay times measurements. A CNI multi-
wavelength 2W CW laser was used as the excitation source,
coupled to a 200 pm optical fiber and collimator to determine de-
pendencies between the emission intensity and laser power. As a
detector, a Digital CCD Camera made by Princeton Instruments
PIXIS:256E, equipped with an SP-2156 Imaging Spectrograph, was
applied and corrected for the instrumental response.

3. Results and discussion
3.1. Structure and morphology

The prepared samples showed a single-phase structure with the
Fm3m space group, for both the core (Fig. S1) and core/shell (Fig. 2
and S2). Depending on the conditions of the sample’s preparation
(higher amount of product or reaction time), particles of different
sizes were obtained, as indicated by the widths of the XRD peaks.
Furthermore, the shift of diffraction peaks towards a higher angle,
in comparison to the reference pattern (ICDD, 01-086-2418, SrF;),
confirmed that Ln>* ion doping into the host structure decreased
the cell volume. This was caused by the smaller ionic radii of Yb3*,
Er’*, and Nd3*, compared to the Sr’* ions (rSr** = 1.26 A,
rNd>* = 1.1090 A, rEr** = 1.004 A, rYb>* = 0.985 A for coordination
number CN = 8) [69]. Replacement of Sr’* by Ln>* ions, made
structure of our products similar to Srg g4Lug16F2.16 reported in ICDD
reference No. 01-082-0640, where V = 186.27 A, whereas pure SrF,
have cell volume, V = 195.11 A3,

To determine the size of the obtained compounds, three tech-
niques were used: TEM, calculations via Scherrer’s equation from
XRD and DLS measurements (Table 2, S2 and Figs. 2 and 3, S1-S5).

Comparing the size of the core and core/shell NPs, calculated
from Scherer’s equation, the growth of particles is observed for
both samples. The smaller size of the core, as well as the core/shell,
had NPs synthesized in a shorter time and with a lower amount of
precursors. The increase in size is similar for both samples (10 nm).

Sample name Core 1st step

Core/shell 2nd step

Amount of precursor  Excess of  Reaction time Other Amount of precursor  Excess of  Reaction time Other
(mmol) NH4F (h) (mmol) NH4F (h)
Base procedure: 20%Yb>* 1%Er>*@20% 2 3 24 2 3 24 -
Yb3+,10%Nd>*
20%Yb>+ 1%Er>+*@20%Yb>*,10%Nd>* (5 mmol/ 5 3 24 — 5 3 24 -
5 mmol)
20%Yb** 1%Er>*@20%Yb3*,10%Nd>* (24 h/ 2 3 24 — 2 3 12 —
12 h)
20%Yb** 1%Er3*@20%Yb3*,20%Nd>* 2 2 24 - 2 2 24 20%
(2 x NH4F/2 x NH4F) Nd>*
20%Yb** 1%Er3*@20%Yb3*,10%Nd>* (12 h/ 2 3 12 — 2 3 24 —
24 h)
20%Yb3+ 1%Er>+,10%Nd>* 2 3 24 - - - - -
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Fig. 1. Schematic representation of the synthesis procedure of SrF,:Yb** Er3*@SrF,:Yb3* Nd>* core/shell NPs via a hydrothermal method.

Fig. 2. XRD patterns of SrF, core/shell samples synthesized by hydrothermal method.

The DLS measurements confirmed the particle growth and revealed
an additional tendency of the agglomeration of NPs.

The size of the presented NPs was also confirmed by analysis of
TEM pictures for the core samples as well as for the core/shells
(Figs. 3 and S5). The structure obtained from synthesis for 5 mmol
of the product shows an irregular shape for both the core and core/
shells, with sizes of 47 and 61 nm respectively. A reduction of the
precursors’ concentration and time of the 2nd step resulted in NPs
with a more regular spherical shape and a lower size distribution
(27 and 45 nm for core and core/shell, respectively).

To examine the surface of the particles, FT-IR spectra and zeta
potentials were measured (for details see Fig. S6 and Table S3). The
presence of citrate groups on the NPs surface was detected from the
appearance of the signals assigned to the following types of vi-
brations: —OH stretching vibration (3457 cm™!), —CH asymmetric

Table 2

and symmetric stretching vibrations (2962 and 2840 cm™!), -C=0
stretching vibrations (1622 cm~') and —CH scissoring (1400 cm ~
1). Furthermore, there was no significant shift in signals between
the core and core/shell samples which indicates the lack of impact
of the second step of synthesis on the surface of the nanoparticles.
Moreover, samples exhibited a negative charge on the surface and
usually, the cores had a higher negative charge than the core/shells,
from —28.6 mV to —20.7 mV, and from —20.6 mV to —16.7 mV,
respectively. The small difference between the presented values
confirms similar stability in water of the prepared cores and core/
shells structures and their tendency to agglomerate due to a not
very high potential. Furthermore, an additional amount of Ln>* ions
in the structure of NPs can reduce the negative charge of NPs. Also,
the growth of NPs can influence their charge, which may be
responsible for observed differences between core and core/shells
as electrostatic interaction between NPs decrease [71]. However,
for a few samples differences between zeta potentials for core and
core/shell are within the margin of measurement error.

It is very important to properly determine the elemental
composition of the obtained products and confirm the core/shell
structure. The existence of a core/shell structure can be assumed by
the observed increase in the size of NPs after 2nd step of the syn-
thesis, which is shown in Table 2 and S2. However, quantitative
elemental analysis of the core/shell structures is difficult [27]. In
this work, the ICP-MS technique was used for this purpose (see
Table S4 for details). This method confirmed the coexistence of
Sr?*, Nd3*, Er3*, Yb®*, and F~ ions in all the core/shell samples with
only a slight difference between them.

3.2. Spectroscopic properties

To investigate the spectroscopic properties of the synthesized
NPs, their excitation and emission spectra, as well as chromaticity
diagrams, decay times and dependence of luminescence intensity
on laser power were measured. Analysis of UC and DC properties is
the most reliable method to confirm the successful doping with
Ln>* ions and the formation of the core/shell structure. In Fig. 4a
excitation spectra of two the best emitting samples are presented
together with the triple-doped core sample. In the spectra, several

Sizes of obtained NPs, calculated from the Scherrer’s equation based on XRD analysis [70], hydrodynamic diameters determined by DLS measurements, and NPs diameters

taken from TEM images.

Sample Scherrer equation (nm) Hydrodynamic diameter (nm) TEM images (nm)

Core Core/shell Core Core/shell Core Core/shell
20%Yb>*, 1%Er*t@20%Yb>*,10%Nd>* (5 mmol/5 mmol) 492 + 06 593 + 0.9 769 +27.3 2304 + 93.0 47.1+98 60.5 + 123
20%Yb3* 1%Er>+@20%Yb>+,10%Nd>+ 309 + 0.9 419+ 04 68.6 + 20.3 158.7 + 59.2 26.6 + 43 453 + 8.5
(24 h/12 h)
20%Yb3* 1%Er>*,10%Nd>* 35.6 +0.3 — 84.2 +29.5 — 34.7 + 84
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Fig. 3. TEM pictures and NPs size distributions of hydrothermally synthesized (a)
SrF,:20%Yb>*,1%Er** @SrF,:20%Yb3,10%Nd>* (5 mmol/5 mmol), (b) SrF,:20%Yb>*,1%
Er’*@SrF,:20%Yb3*10%Nd>* (24 h/12 h), and (c) SrF,:20%Yb>* 1%Er>* 10%Nd>*.

excitation bands are visible as a result of the presence of Yb>* and
Nd3* ions. Four possible wavelengths can be used for the sample’s
excitation, i.e. 796, 802, and 866 nm, connected with Nd3* transi-
tions: 2Hojz — *loj2, *Fsj2 — o2 and *F32 — “lop2 respectively, or
976 nm as a result of 4F5/2 — 4F7/2 transition of Yb>* jons. The
sample  SrF»:20%Yb> T 1%Er> T @SrF,:20%Yb>+,10%Nd>*  prepared
from 5 mmol of product, with 3 x excess of NH4F during 24 h
synthesis (1st and 2nd step), shows a higher emission and excita-
tion intensity than the others. What is more, the strongest excita-
tion band was registered for 4F5/2 — 4F7/2 transition of Yb3* ions,
which is consistent with the highest emission intensity under

Fig. 4. (a) Excitation spectra of prepared samples and (b) emission spectra under
different excitation wavelengths of SrF,:20%Yb>" 1%Er>*@SrF,:20%Yb>* 10%Nd>",
(5 mmol/5 mmol) sample. Spectra were obtained under pulsed excitation source (at
25 mJ cm2).

976 nm excitation (Fig. 4b). However, the emission under 796 nm
excitation is also relatively intense. The difference between the
emission intensities through excitation by Yb>* ions and Nd>* can
be as a result of the quenching of Er>* ions due to back energy
transfer (Nd>* — Yb3* - Er®* —Nd>*) [72]. It is worth noting that
after the 2nd step of the synthesis, a significant enhancement of
luminescence was obtained (see Figs. S7 and S8) due to the pro-
tective shell covering, which is characteristic for core/shell
structures.

Emission spectra were also measured using a continuous laser
as an excitation source (808, 975, and 1532 nm wavelengths) which
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are presented in Fig. 5 and S9. From all excitation wavelengths, the
highest UC emission was measured under 975 nm excitation.
Furthermore, from the core, as well as core/shell samples, the
sample prepared for 5 mmol of product in the 1st and 2nd step of
synthesis showed the brightest emission when 975 nm wavelength
was used, which results from the largest NPs and hence, a lower
surface-related quenching.

The most visible difference between the core and core/shell NPs
is shown in Fig. 5c where the separation of Nd>* ions from the core
allowed for an almost 15 times higher emission intensity under
808 nm excitation than that for the bare analogs, in which all
dopant ions are in the same phase. The registered quenching effect
in the triple-doped NPs is very strong and can be as a result of the
high concentration of Nd>* ions. Hence, the shortened distance
between the sensitizer and luminescent ions leads to cross-
relaxation between lanthanide ions. The unfavorable effect of
triple-doping is visible in all the measured spectra presented in
Fig. 5a—c. These results confirmed the sense and advantages of the
synthesis of core/shell structures for applications in 808 nm
sensitized UC.

Based on the collected emission spectra, the better emission
properties under 975 nm excitation can be obtained during the
synthesis of 5 mmol of the reaction product, 3 x excess of NH4F, and
24 h of reaction for the core and core/shell NPs. However, under
808 nm excitation wavelength, the sample obtained from 2 mmol

of product and 2 x excess of NH4F for the core and core/shell
synthesis, where the time of 1st step is 24 h and 2nd is 12 h, shows a
more effective emission in the visible region than the above-
mentioned sample.

The prepared samples also showed a DC phenomenon under
808 nm or 975 nm excitation wavelengths (Fig. 5d and e, S10). As a
result, the emission of Yb>* and Er3* in the NIR region (second,
1000—1400 nm, and third biological window, 1500—1700 nm)
[33,73] was detected. What is interesting, the strongest lumines-
cence of Er** jons under 975 nm excitation was observed for core
samples, (*I;32 — “Iy5p2 transition). A lower luminescence of Er**
ions in the NIR range for core/shell NPs indicates two effects: a
more probable radiative relaxation of Er>* ions from higher energy
levels (2H9/2, 2H11/2. 453/2, 4F9/2), and a lower concentration of Er3*
ions in the volume of measured powdered sample as a result of the
addition of shell to core NPs. The emission of Yb>* ions under
975 nm excitation is very similar for both the core as well as the
core/shell sample. Excitation with 808 nm also resulted in the
emission of Er*" as an effect of the energy migration process.
Because Er’* jons can also absorb light at 808 nm due to 4115/
» — “lgp transition, core NPs, doped only with Yb** and Er**,
showed weak emission under 808 nm laser radiation. However, the
presence of Nd3* ions in the shell significantly increased the
emission at around 1525 nm associated with Er>* ions (Fig. 5d).
When all of the Ln>* ions are in the same phase, a weak emission

Fig. 5. (a—c) Up-conversion and (d,e) down-conversion emission of selected NPs (SrF,:20%Yb>*,1%Er>*@SrF,:20%Yb>*,10%Nd>*, (5 mmol/5 mmol) and SrF,:20%Yb3* 1%Er**,10%
Nd3*) sample in the Vis and NIR range under excitation with 808 or 975 nm CW laser light; (f) up-conversion luminescence of selected samples under excitation with 1532 nm CW
laser light, normalized to *Fg; — “I15/> emission band of Er*" ions. Laser powers: (a—c) 15 W cm ™2 for 808 and 975 nm, (d, €) 22, 27, or 61 W cm™2 for 808, 975, and 1532 nm

respectively.
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from Nd** ions (*F32 — “*l11p2) is also observed when 808 nm
excitation is applied (Fig. 5e). The reason for such a result is the
ineffective energy transfer to Er>* jons resulting in a higher number
of Nd3* remaining in their excited state. The lack of energy
migration to Er’t ions through Yb>* jons caused the radiative
relaxation of Nd>* ions with an associated luminescence (see
Fig. 5e). In the core/shell structures, the back-energy transfer to
Nd3* ions is ineffective due to the separation of Nd>* ions from Er>*
ions.

Up-conversion luminescence of prepared NPs was also observed
under 1532 nm excitation (Fig. 5f). However, we utilized this
excitation wavelength mainly to confirm the formation of core/
shell structures. The applied laser wavelength is absorbed only by
Er’* ions through the 4115/2 - 4112/2 transition. Therefore, if cross-
relaxation between Er** and Nd3* occurs, emission from the
latter one is observed. This process involves excitation of Er>* to at
least the 419/2 level (absorption of two 1532 nm photons) and the
energy transfer to 2H9/2 excited state of the Nd>* ions what is not
possible through Yb3* ions bridging the core and shell phases in
core/shell NPs. The emission from Nd3* ions around 1100 nm was
only detected when all three Ln* dopants were present in a single
core NPs (20% Yb3*, 1% Er** and 10% Nd3*). In the core/shell
structures, the emission of Nd>* was not observed which confirms
the assumed structures.

The luminescence color of the prepared samples was dependent
upon the excitation laser type (for chromaticity diagrams see
Fig. S11 and ratios between luminescence bands in Fig. S12). Under
a continuous excitation source with 808 and 975 nm, all samples
exhibited a yellowish-orange emission with a small shift into the
red region after covering core NPs with a shell. The use of pulsed
laser as an excitation source resulted in green to orange emission of
samples, depending on the synthesis conditions and concentration
of dopant ions. Moreover, the use of 796 nm excitation light
resulted in a green emission, whereas at 975 nm, this was
yellowish-green as seen by the human eye. The result may indicate
a different mechanism of Er>* ion’s excitation.

More information about the synthesized core/shell structures
can be established based on emission lifetimes, calculated from
decay time measurements (Fig. 6 and S13, Table 3, S4). It can be
clearly seen that after shell covering, the lifetimes are longer than
for the core particles. Extension of lifetimes is connected with the
surface protective effect, minimizing quenching and decreasing the
cross-relaxation processes between ions because of longer dis-
tances between them [49,74,75]. SrF,:20%Yb>* 1%Er>+ 10%Nd>*
NPs had a very short decay time which indicates, similar to the
luminescence measurements, the quenching effect of Nd>* ions
due to the cross-relaxation process. Additionally, a higher concen-
tration of Nd3* in a shell (20%) quenches the luminescence in-
tensity as well as decreases the lifetimes (Ser:ZO%Yb3+,l%
Ert@SrF,:20%Yb3 203Nd3t, 2 x NH4F/2 x NH4F, Fig. S13,
Table S4). Analogous lifetimes for prepared NPs were calculated for
808 nm excitation, confirming effective transfer between
Nd** - Yb** - Yb** - Er** ions.

Important information about UC mechanism under 808 nm and
975 nm excitation, and the difference between them for prepared
NPs, can be obtained from measurements of dependences of the
luminescence intensity on the laser power. The number of photons
can be estimated from the equation [76]:

Joc P (1)

where [ is the UC intensity, P the pumping excitation power density,
and n is the number of photons required to populate the excited
state. The results of the calculations are collected in Table 4 (addi-
tionally Table S5 and for measurement results see Fig. S14).

Measurements have been distinguished by core and core/shell
samples as well as the length of excitation wavelength (808 or
975 nm) and observed transitions. When we consider the two-
photon excitation process of *Hy1j, 4S3j2, *Fop2, energy level, for
samples doped with Yb>* and Er>*, the slope values are higher than
one, which agrees with theoretical assumptions. An increase of
slope value is especially observed for core/shell samples prepared
from 5 mmol of precursors, under 975 nm excitation, in comparison
to core ones. However, under 808 nm excitation, the slope co-
efficients have a lower value than under 975 nm excitation (from
0.81 to 1.89). The reason for this could be connected with energy
transfer through intermediate Yb3+ jons, which has an influence on
increasing the possibility of cross-relaxation occurring between
ions, and the saturation effect, which is especially visible for the 4F9/
5 — 4115/2 transition. Furthermore, the triple-doped core sample has
a significantly lower slope value than the other two samples.
Additionally, for the sample prepared from 5 mmol of Ln>* pre-
cursor (1st and 2nd step), the slope coefficient was also calculated
for a three-photon process- 2H9/2 — 4115/2 transition.

Based on the spectroscopic studies of synthesized NPs, the UC as
well DC mechanisms are proposed for core/shell NPs in Fig. 7 (see
Fig. S15 for a scheme of energy processes in core NPs). To observe
UC emission, three different excitation wavelengths may be used.
The first possibility of Er>* ions excitation is the energy transfer
from Yb>* ions being excited by 975 nm laser radiation. This pro-
cess is known as energy transfer up-conversion (ETU). All of the
Yb3* ions incorporated into the core, as well as the shell, can
effectively absorb exciting radiation. When sensitizer ions are
placed in the core, after excitation of Yb>* ions to the 2F5/2 energy
level, energy is transferred directly to the 11 |2 excited state of Ert
ions. Another possibility is the migration of energy between the
core and shell phases among Yb>* ions [77,78]. The second exci-
tation pathway is possibly due to doping with Nd3* ions which are
capable of absorption of the 808 nm excitation radiation. After
absorption of photons by Nd>* ions and their excitation to the 4F5/2
level, relaxation to 4F3/2 occurs at the first step. Then, energy
transfer to Er>* ions is possible via Yb>* ions, i.e. Nd**(shell)—
Yb>*(shell) - Yb>*(core)— Er>*(core). This process is known as
energy migration up-conversion (EMU).

Another possibility is the direct excitation of Er>* jons under
1532 nm laser light. As a result of photons absorption, excitation
from the *I;5, ground state of Er>* ions to their *I13/, excited state
occurs (ground state absorption, GSA) and next, to higher excited
states, yielding Er** in their 2Hy1j2 excited state (excited state ab-
sorption, ESA). Furthermore, energy transfer from Er>* to Yb>* ions
is possible resulting in the emission at around 980 nm.

Moreover, under 975 nm and 808 nm excitations, DC in the NIR
region was registered for the core as well as for the core/shell
structures. Similar to the UC, energy transfer between Yb>* and
Er** ions was responsible for the emission of Er’* at around
1525 nm. Additionally, a partial back energy transfer from Yb>* in
the core, to Yb>* in the shell, can be observed with the occurred
luminescence (Yb3+:2F5/2 - 2F7/2). A similar process, through
excitation under 808 nm by Nd** ions with mediated energy
transfer (Nd>* —Yb3* = Yb3* - Er**), was also observed.

Additionally, for the prepared triple-doped core sample, (Nd>",
Er**, Yb?*) a mechanism for the energetic processes is proposed
(Fig. S15). Hence, UC emission of Er** can be obtained under
808 nm, 975 nm, and 1532 nm excitation wavelengths. However, in
this sample, a different mechanism of excitation via Nd3* ions can
occur. Energy can be directly transferred from Nd>* to activator
ions (Nd3+:4F5/2—>Er3+:4I11/2) or by energy migration transfer
(Nd>* —Yb3* —Er**). Also, under direct excitation of Er** ions
(hex = 1532 nm), an additional emission from Nd>* ions can be
observed (Nd3+:4F3/2 — 4111/2) as the result of energy transfer from
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Fig. 6. Decay times of the two best emitting core/shell NPs, and the triple-doped sample for comparison, measured at 538 nm for the 453/2 - 4115/2 transition of Er>* ions, under
pulsed excitation source (at 25 mJ cm2).

Table 3
Emission lifetimes calculated from the measured luminescence decays of core and core/shell samples under 796 nm or 976 nm pulsed laser excitations (at 25 m] cm2) (for
decays see Fig. S13, err <1.1 ps).

Sample Lifetimes (ps)
core core/shell
Aex = 975 nm Aex = 975 nm Aex = 796 nm
Hyy 3 “Fo, Hyy 453 “Foy Hyyy 4S5 “Foy
2= %sp 2o %hsp 2o Misp 2= sy 2o s 2o fhsp 2= hisp 2o Yhisp 2 o Yhisp
20%Yb>* 1%Er>*@20%Yb>*,10%Nd>* (5 mmol/ 53 48 256 98 99 376 113 110 306
5 mmol)
20%Yb>* 1%Er> T @20%Yb>*,10%Nd>* 47 49 245 60 64 250 66 67 217
(24 h/12 h)

20%Yb3* 1%Er>*,10%Nd>" 9 9 52 - - - 9 9 56
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Table 4
The number of photons involved in the UC mechanism, determined from the dependences of luminescence intensity on laser power for core and core/shell NPs under 808 nm
and 975 nm continuous laser excitation wavelengths (for experimental results see Fig. S14, err <0.05).

Sample Number of photons
core core/shell
Aex = 975 nm Aex = 975 nm ex = 808 nm
2Hg 2Hyy, 4S5, “Fy 2Hg, 2Hyyy 4S5 “Fg; 2Hop > 2Hyp — *Ssp —  *Fop —
2= “hisp 2 = “hisp 2= "lisp 2 = “lisp 2 = “lisp 2 = “lisp 2 = “lisp 2 = “lisj2 “hispz Tis2 Tis2 152
20%Yb>+ 1%Er>+@20%Yb>*,10%Nd>*  0.96 1.64 1.29 135 241 2.12 1.88 2.89 0.81 1.60 137 1.89
(5 mmol/5 mmol)
20%Yb>* 1%Er3*@20%Yb>*,10%Nd>  — 221 2.08 2.08 1.96 222 2.05 2.02 - 1.64 1.35 1.52
(24 h/12 h)
20%Yb>*, 1%Er>*,10%Nd>* - 0.62 0.72 1.48 - - - - 1.14 0.84 1.03

Fig. 7. Scheme of energetic processes taking place in for SrF,: Yb>*, Er**@SrF,: Yb>*+, Nd>* core/shell systems, under NIR excitation (Aex = 808, 975, or 1532 nm).

Er’* to Nd>* ions, which is neglected in the core/shell structures.
However, due to the shortened distance between the sensitizer and
activator, significant emission quenching and a strong cross-
relaxation process were observed.

4. Conclusions

We have successfully synthesized StF,:Yb>+ Er3*@SrF,:Yb?*,Nd3*
core/shell NPs, by a two-step hydrothermal method. The synthesis
procedure was optimized considering the spectroscopic properties as
well as the morphology of NPs. The effects of different variables, such
as the amount of precursors or time of reaction, were investigated.
The developed procedure allowed for the synthesis of small, single-
phase NPs with sizes between 30 and 60 nm, depending on the
synthesis conditions. NPs formed stable water colloids with nega-
tively charged surfaces, and hydrodynamic diameters between 80
and 230 nm. Intense emission under 808, 975, and 1532 nm was
observed in the visible as well as NIR range (up- and down-
conversion). The processes taking place in the core/shell structures
were investigated by measuring excitation and emission spectra,
power dependences, and luminescence decays under continuous or
pulsed excitation sources. We have proved the existence of core/shell
structures by selectively exciting Er>* ions and the observation of
cross-relaxation effects with Nd>* emissions as a result. The lack of
such process in the core/shell NPs, where Er>* and Nd>* were sepa-
rated in two phases, and, at the same time, detected emission of Nd>*
ionswhen Er**, Yb>* and Nd>* jons were in one phase, confirmed the
successful formation of core/shell NPs via the hydrothermal process.
The spectroscopic properties of the synthesized NPs are promising for

biomedical applications for deep tissue imaging as the emission can
be obtained via excitation within biological windows (808 and
1532 nm), as well as for energy conversion in solar cells where all
three excitation wavelengths fall in the range not absorbed by Si-
based cells.
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