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Advanced optically active materials have experienced significant development in recent years. Light-
emitting materials combined with materials that exhibited magnetic properties result in bifunctional
materials with an expanded range of capabilities and applications. New functionalities as a result of
the core@shell structure enable interactions with the light and the external magnetic field as well.
Continuous progress in materials science leads to innovations that enhance data storage and
transmission, bioimaging, sensing, optical thermometry, and other applications crucial to advanced
technology. In this research, we have focused on the optimization of the synthesis of a nano-sized FeS,
material as an optically active, magnetic component of the core, and NaYF.: Yo" Er** nanoparticles
(NPs) as a temperature sensitive, up-conversion (UC) luminescence part of the shell. The synthesized
core@shell type nanocomposite (NC) material FeS,@NaYF4:Yb>* Er®* exhibits simultaneously the unique
features of the core and shell components. The recorded UC emission spectra under 975 nm laser
excitation show the possibility of tuning the UC luminescence color with the application of a highly
absorbing FeS, component in the composite material. Moreover, the magnetic properties of the FeS,
core nanoparticles and the synthesized NC were compared to confirm the potential application of the
NC as a novel bifunctional luminescent-magnetic sensing platform. For both materials the luminescence
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DOI: 10.1039/d4tc01117a color changed with the increasing laser power density, allowing color-tunable light generation.
Additionally, optical temperature sensing properties of the NPs and NC were compared, resulting in a

rsc.li/materials-c very high relative temperature sensitivity of ~2.0% K~ for both materials.

1. Introduction

Nanoparticles with both magnetic and luminescent properties
have emerged as a fascinating area of research with wide-
ranging implications in various fields, from medicine to
electronics.' Multifunctional nanomaterials with combined
unique properties i.e., magnetism and luminescence, open up
new possibilities for innovative applications. In the realm of
electronics and information technology, nanoparticles with
magnetic and luminescent properties find applications in data
storage and sensing properties.*”® Magnetic nanoparticles are
crucial for high-density data storage, offering non-volatile

“ Adam Mickiewicz University, Faculty of Chemistry, Uniwersytetu Poznariskiego 8,
61-614 Poznar, Poland. E-mail: przemyslaw.wozny@amu.edu.pl,
runowski@amu.edu.pl

b mstitute of Nuclear Physics Polish Academy of Sciences, Radzikowskiego 152,
31-342, Krakéw, Poland

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tc01117a

1824 | J Mater. Chem. C, 2024, 12, 11824-11835

memory with low energy consumption. The integration with
luminescent properties can enable also novel display techno-
logies, quantum dot-based LEDs, and optoelectronic devices.
Iron sulfides are materials composed of Fe and S, some of
the most common elements in the lithosphere. Iron sulfides
can be present in several types ie., troilite (FeS), pyrrhotite
(Feu—_xS, x = 0-0.2), pyrite (FeS,), marcasite (FeS,), or greigite
(Fe;S;) which exhibit different electronic and optical
properties.””® Pyrite FeS, with a cubic crystal structure (known
as “fool’s gold”) is composed of some of the most earth-
abundant elements ie., Fe and S elements which determine
the low price of such materials. Pyrite FeS, was proposed as a
semiconducting material for photovoltaic solar cells, energy
conversion, energy storage, electrode materials, photocatalysis
for reactive oxygen species generation and sensors.'®*® The
paramagnetic properties of FeS, with the pyrite structure due to
the reduction of the S~ on the surface of the material were
previously reported.'*"® Several investigations of iron sulfides
e.g., marcasite, reported earlier are based primarily on the
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magnetic and electrical properties." Magnetic properties have
indicated a very weak temperature-independent paramagnetism.
It is important to obtain a pure phase of iron sulfides without
impurities from other phases to provide the desired properties of
materials. Many synthesis procedures of pure phase FeS, were
previously investigated e.g., the hydrothermal method," the sol-
vothermal method,"® metal-organic chemical vapor deposition
(MOVCD)," sulfurization of iron films,'® etc. Other important
advantages of iron sulfides are their light absorption properties
and the possibility to be applied as optically active materials.
Because of changing the band gap energy (0.96-1.76 eV) in
different iron sulfides with miscellaneous size and morphology,
it is possible to utilize plasmonic effects occurring in this type of
nanocrystal.’®>! Nanosized FeS, particles present a broad absorp-
tion band from the UV to the near infrared (NIR) region of the
spectrum.’® Nanosized FeS, is a good candidate for core@shell
nanocomposites due to its magnetic and optical activity in a broad
range of the electromagnetic spectrum.

The unique upconversion (UC) properties of the NaYF,:
Yb**Er®” crystals are well known.>*® It was chosen as the shell
material because of explicit anti-Stokes and upconversion
luminescence properties after excitation with a 975 nm laser
due to incorporation of Yb*" and Er** dopant ions. The two
photons with low energy (NIR) are absorbed by Yb** ions;
energy is transferred to Er** ions and causes the emission of
one photon with a higher energy (in the Vis spectrum region).
NaYF, is a chemically and physically stable material with a low
phonon energy which causes a low probability of multiphoton
quenching of UC i.e., absorption of energy by the crystal lattice.**®
Moreover, the emission spectrum of Er** jons is thermally depen-
dent. Thermally coupled levels (TCLs) of Er’* ions change the
luminescence intensity ratio (LIR) under altered temperature
conditions. The UC nanomaterials can be applied as bioimaging
agents,”® biolabels,”” in theranostics,”® photodynamic therapy,>
data storage,’® as anticounterfeiting materials®* and in optical
nanomanometry®> and nanothermometry.*

Composite nanomaterials made of a relevant, functional
core and a chemically stable, luminescent shell are the best
candidates for advanced applications. Nanocomposites with
core@shell structures are promising materials in medicine,
photonics, or analytical applications.**” Here, three different
approaches of the iron sulfide core were investigated for pure
pyrite FeS, synthesis. Nanosized FeS, materials were used for
further synthesis of the FeS,@NaYF,Yb*'Er’ nanocomposite
with luminescent-magnetic properties. The luminescence and
magnetic properties of the NaYF,:Yb**Er’* shell material and
the FeS,@NaYF,:Yb*>" Er*" core@shell material were compared.
Temperature-dependent luminescence of both materials was
investigated.

2. Experimental
FeS, synthesis with different Fe?':$>~ NaS, ratios

The series of iron sulfide materials were obtained using the
hydrothermal method. FeCl, (0.05 mol) and Na,S (0.05 mol)
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were dissolved separately in 100 mL of demineralized water to
prepare a 0.5 M solution. The appropriate amounts of the FeCl,
solution for the final product (0.00284 mol) were mixed with
the addition of deionized water (for 35 mL of final mixture
volume). Next, a solution of Na,S was added dropwise in the
Fe® to §*~ ratio of 1:2-1:8 to obtain a pure FeS, structure. The
prepared black solutions were transferred to Teflon-lined ves-
sels, and a hydrothermal reaction occurred for 12 h at 200 °C.

FeS, synthesis with different surface-active agents

Next, 0.00284 mol surface active agents e.g., poly(acrylic acid)
(PAA), polyvinylpyrrolidone (PVP), poly(vinyl alcohol) (PVA),
trisodium citrate (Nascit), diammonium citrate (NH,cit), cetyl-
trimethylammonium bromide (CTAB), and polyethylene glycol
(PEG) were mixed with 20 mL of water and the FeCl, solution
(0.00284 mol). After 30 min, an appropriate volume of Na,S
(1:2 Fe*":S> ratio) was added dropwise. As prepared solutions
were transferred to Teflon-lined vessels. Iron sulfides were
synthesized using the hydrothermal method for 12 h at 200 °C.

Nanocomposite synthesis

The FeS, (40 mg) synthesized with PAA was mixed in 20 mL of
water in an ultrasound bath to form a stable colloid. Next, the
PAA solution (0.67 mL, 0.5 M) was added to the colloidal
solution of FeS, with mixing. After 10 min, an appropriate
volume of 0.5 M LnCl; (Ln =Y, Yb, Er) solutions was added to
obtain 0.0013 mol NaYF,:20% Yb®*, 2% Er*". After 30 min, a
stoichiometric amount of NaF (0.5 M) was added slowly drop-
wise with mixing. Emerging turbidity of the solutions was
observed. The FeS,@NaYF,: Yb**/Er*" material slowly precipi-
tated as a result of NaYF, shell formation on the FeS, core. After
1 h, the synthesized nanocomposites (NCs) were centrifuged
three times with demineralized water, dried at 80 °C for 20 h
and ground. Additionally, pure luminophores i.e., NaYF4:20%
Yb, 2% Er nanoparticles (NPs) were also obtained with the same
methodology without using FeS, nanoparticles.

Apparatus

Powder X-ray diffraction (XRD) patterns were recorded using a
Bruker AXS D8 Advance diffractometer in the Bragg-Brentano
geometry, with Cu Kol radiation (/1 = 1.5406 A) and 0.05° step
scan mode. The reference data were taken from the ICSD
(Inorganic Crystal Structure Database). Absorption spectra were
recorded using a JASCO V-770 spectrophotometer, equipped
with a spherical integrator ILN-925 with two detectors, ie., a
photomultiplier in the UV-Vis range (4 = 200-850 nm) and a PbS
detector in the NIR range (4 = 850-1600 nm), and two radiation
sources, i.e., the deuterium (4 = 190-340 nm) and the halogen
lamps (4 = 340-1600 nm). Transmission electron microscopy
(TEM) images were taken with a Hitachi HT7700 microscope,
applying an acceleration voltage of 100 kV. Energy-dispersive
X-ray (EDX) analysis with elemental mapping was done with a
scanning electron microscope FEI Quanta 250 FEG equipped
with an EDAX detector. Dynamic light scattering (DLS) and zeta
potential measurements were performed using a Malvern Zeta-
sizer Nano ZS. The luminescence properties of the materials,
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i.e., emission spectra at room, low and high temperature, were
investigated using an Andor Shamrock 500i spectrometer with
a silicon CCD iDus camera as the detector. Materials were
excited using a fiber-coupled solid-state CNI laser FC-975-2W.
The quantum yield was measured using an integrating sphere.
The measurements were corrected for the apparatus response.
The varied temperature conditions with 0.1 °C set point resolu-
tion were generated with the THMS 600 heating-cooling stage
from Linkam. Magnetic properties were investigated at tem-
peratures ranging from 5 K to 300 K with a Quantum Design
MPMS SQUID magnetometer.

3. Results and discussion
Structural analysis

Fig. 1 presents the XRD patterns of the iron sulfide materials
synthesized with the use of varied Fe** to $>~ ion ratios (Fe:S)
used in synthesis (a), materials obtained in the presence of
different additives worked as surface-active agents (b) and as
the synthesized crystal structures of the NaYF,:Yb** Er*" lumi-
nophore and FeS,@NaYF,:Yb*" Er** core@shell material. The
materials with different F:S ratios used in the synthesis show an
altered crystal structure (Fig. 1a). The smallest amount of $>~
ions (1:2 Fe:S) in the synthesis results in a crystalline cubic
FeS, pyrite structure from the Pa-3 space group. An increased
Fe:S ratio (from 1:3-1:5) results in crystallization of an
additional, orthorhombic marcasite phase from the Pnnm
space group. Additional reflexes of cubic magnetite (Fe,O3)
from the Fd3 space group can also be seen in materials with
1:4 and 1:5 Fe:S ratios, which is obtained as a result of
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alkaline pH from the excess of added Na,S solution. A further
increase of Na,S amount causes the formation of the amor-
phous tetragonal mackinawite from the P,nmm space group.
Narrow reflexes of pyrite were evidence of the micrometric size
of obtained crystals.?® The next step was the investigation of the
synthesis process of the pyrite nanocrystals using a fixed Fe:S
ratio and different surface active agents (Fig. 1b). Only the use
of PVA, PAA, and CTAB results in the crystallization of the pure
FeS, pyrite structure with different micrometric (PVA) and
nanometric sizes (CTAB and PAA). Based on the PAA-assisted
FeS, synthesis, a suitable protocol of the NaYF,, the FeS,@
NaYF,:Yb*" Er** composite material was obtained. NaYF,:
Yb**Er** crystalizes in the cubic structure from the Fm3m
space group. The same main phase was observed in the NC
structure, but here, minor reflexes from cubic FeS, as evidence
of the successful core@shell structure formation were also
observed (Fig. 1c).

The Raman spectra of the FeS, NPs and FeS,@NaYF,:
Yb**Er*" NC are presented in Fig. 1d. The spectra of the pure
FeS, core show characteristic A, and E; phonon modes of FeS,
at 336 cm™ ' and 380 cm ™', respectively. Additional low inten-
sity T, modes at 358 cm ™' and 420 cm ™' were also visible. The
recorded spectra and values of the phonon modes obtained
agree with the literature data and confirm the synthesis of pure
FeS, and its presence in the synthesized nanocomposites.>
The broadened peaks (phonon modes) of the recorded
Raman spectra are due to the small crystal size of the FeS,
nanoparticles.” The observed broad vibrational modes in the
ranges of 150-300 cm ™~ ' (vibrational modes of Y-F in the lattice)
and 550-1000 cm ™' (vibrational modes of Na-F in the lattice)
are the evidence of the presence of the NaYF, cubic structure in
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Fig. 1 Powder XRD patterns of the FeS, materials obtained with altered Fe:S ratio (a), obtained in the presence of additives in the synthesis process
(b) as well as for the pure NaYF,:Yb,Er NPs and FeS,@NaYF4:Yb*",Er®** NC (c), Raman spectra of the FeS, NPs and FeS,@NaYF,:Yb®* Er®* NC indicating
phonon modes of the FeS, in the synthesized materials (d), and scheme of the core@shell composition and visualization of the crystal structure of the

core and shell components (e).
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the resulting NC material.*** In the inset in Fig. 1d, a
magnification of the spectrum range with the characteristic
FeS, modes is presented, to show the presence of FeS, in the
NC. In Fig. 1e the scheme of the composition of the as-prepared
FeS,@NaYF,:Yb*" Er’* NC, ie., core@shell material is pre-
sented. Additionally, visualization of the crystal structure of
the cubic NaYF, and cubic FeS, materials is presented (Fig. 1e).

Morphology of nanocomposites

The transmission electron microscopy (TEM) images of the
obtained FeS, NPs and the FeS,@NaYF,:Yb>",Er** NC are pre-
sented in Fig. 2a and b, respectively. The obtained FeS, NPs
have a low size distribution, i.e., 4 + 1 nm (inset in Fig. 2a);
however, they are significantly agglomerated. The TEM image
of the synthesized NC present dense particles of the material
with broad size distribution composed of smaller, aggregated
particles (Fig. 2b). The mean size of the NC particles was
estimated as 319 + 84 nm (inset in Fig. 2b). Additionally, the
size of the FeS, core and FeS,@NaYF,:Yb*' Er*" core@shell
materials were compared using DLS (see. Fig. S1a, ESIf). The
measured zeta potential for the NCs was 21.52 + 3.21 mV which
may indicate the tendency of particles to agglomerate. Although
the particle size is too large for biological applications, it still

Mean=4+1
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holds potential for use in e.g., photonics, electronics, mem-
ories, sensing, or modern catalysis. Fig. 2c-h presents elemen-
tal mapping images of the FeS,@NaYF,:Yb**,Er** NC material.
Elements of the NaYF,:Yb** ,Er** shell material i.e., Na, Y, Yb, F
and Er (Fig. S1b, ESIt) are equally distributed in the material
and the S and Fe elements are grouped in specific regions of
material. These results indicate the coexistence of these ele-
ments in the final nanocomposite product. Moreover, the EDX
spectrum shows the presence of all mentioned elements in the
synthesized nanocomposite material (Fig. Sic, ESIT).

The absorption spectra for the FeS, NPs, NaYF,Yb*" Er’*
NPs, and FeS,@NaYF,:Yb*" Er** NC were recorded from 200 to
1600 nm and are presented in Fig. 3a. The synthesized FeS, NPs
show a broad absorption band from UV to NIR region, with the
maximum at 4 = 250 nm (top). Absorption intensity decreases
gradually and reaches the minimum at 4 ~ 1350 nm. Moreover,
a weak absorption band is observed at 4 &~ 600 nm, due to the
weak plasmonic properties of the FeS, material.>* The absorp-
tion spectrum for the NaYF,:Yb*',Er*" NPs (center) clearly
shows numerous, characteristic 4f-4f absorption bands of
the Er’" ions, e.g., at 276 nm (‘I;5, — *G,, transition),
520 nm (I;s, — *Hyip), 652 nm (*Iys, — “Fop) and 978 nm
(*Lis;s = *I11/2), which overlap with the Yb*" absorption band at

Mean =319 £ 84 nm
“ /N |b

Fig. 2 The representative TEM images of the FeS, NPs (a) and FeS,@NaYF4:Yb**,Er®* NC (b); the insets show histograms of the NPs and NC size
distribution. The EDX mapping of elements in the FeS,@NaYF,:Yb** Er¥* NC, ie., Y (c), Yb (d), S (e), F (f), Na (g), Fe (h).
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Fig. 3 Absorption spectra of the FeS, NPs (red), NaYF,:Yb>* Er** NPs (blue), and FeS,@NaYF,:Yb®* Er** NC (black) (a). Normalized UC luminescence
emission spectra of the NaYF4:Yb®* Er®* NPs (blue), and the FeS,@NaYF,:Yb>* Er®* NC (black) under 975 nm laser excitation (b); energy level scheme of
UC luminescence for the FeS,@NaYF 4 Yb®* Er®* material (c); CIE diagram of the NaYF4:Yb**,Er®* NPs and FeS,@NaYF,:Yb** Er®" NC luminescence (d);
insets show the visible luminescence of the NaYF,:Yb>* Er®* NPs (yellowish-green) and FeS,@NaYF4:Yb** Er®* NC (orange) taken with a digital camera

upon laser excitation.

~ 980 nm (*Fy;, — *Fy5).**> Whereas, the absorption spectrum
of the synthesized FeS,@NaYF,:Yb*"Er** NC (bottom) is com-
parable to bare, highly absorbing FeS, NPs, but the influence of
the luminescent NaYF,:Yb®*" Er®" shell is visible. Influence of
the Ln>" absorption band is particularly seen at ~ 270, 360,
520, 650, 800, 1000, and above 1400 nm, which corresponds to
Er**, and Yb** absorption bands, and it confirms the optical
activity of the obtained NC in those ranges.

Upconversion luminescence properties

We have combined the UC luminescence of the Yb**/Er’*-
doped NPs with the magnetic properties of the FeS, core,
mainly due to the large absorption cross section in the NIR
(980 nm) of the UC NPs, guaranteeing efficient UC emission, as
well as relatively low absorption of the magnetic core in the NIR
range. UC emission spectra for the NaYF,:Yb** Er*" NPs and the
FeS,@NaYF,:Yb*" Er’* NC were investigated using excitation at
A =975 nm. Both materials show UC luminescence properties
with characteristic emission bands of the Er*" ions, as pre-
sented in Fig. 3b. The UC mechanism of the NaYF,Yb*" Er’*
encompasses absorption of the NIR photon by Yb** ions in the
ground state absorption (GSA) process. Next, energy is trans-
ferred to the “I;,/, excited state of the Er*" ions in the energy

1828 | J Mater. Chem. C, 2024, 12, 11824-11835

transfer upconversion (ETU) process upon simultaneous relaxa-
tion of the Yb®" ions from F;, excited state to the *F,,, ground
state (Fig. 3c). Subsequently, the higher energy level i.e., *Hy;,
is populated by second ETU process with the absorption of a
second photon with 4 = 975 nm by Yb®" ions and simultaneous
non-radiative relaxation of the Yb®" ion. After two ETU pro-
cesses the visible green emission at Ae;,, = 520 nm can be
observed due to *H;;, — ‘I;5, radiative transition. Lower
energy levels ie., 'S/, *Fo;, and “Iy,, are populated by non-
radiative relaxation processes, and then, the emission of radia-
tive transitions Sz, — “Iysp (em & 550 nm), *Fop, — “Iysp
(lem = 660 nm), *Io/, = “Iys/5 (dem ~ 810 nm) and *Sz, — *I13/,
(Zem =~ 850 nm) are observed. Normalized emission spectra
show altered intensities of emission bands for the NPs and NC,
i.e., a decrease in the emission intensity of the *S;/, — *I;5,, and
*H,1, — "I;5, transitions. Differences in the luminescence
intensity ratio (LIR) of the emission bands especially at 2 ~ 520
and 550 nm are evidence of strong reabsorption of the emission
in the green region of the spectrum by the FeS, core, in the case
of the FeS,@NaYF,:Yb>* Er** NC materials. Comparison of the
luminescence intensity is presented in Fig. S2 (ESIt).

For a visual representation of the modified luminescence
properties ie., color-tunable upconversion emission of the

This journal is © The Royal Society of Chemistry 2024
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synthesized the NaYF,:Yb*' Er*" NPs, and the FeS,@NaYF,:
Yb*" Er** NC excited with 975 nm laser, the chromaticity
diagram (CIE 1931) with determined color coordinates is pre-
sented in Fig. 3d. Based on the recorded emission spectra the
coordinates on CIE were calculated as x; = 0.395 and
Ys = 0.591 for the NPs, and x; = 0.531 and y; = 0.460 for the
NC. The presented colors in this CIE diagram agree with the
digital photographs of the generated luminescence upon NIR
laser irradiation (Fig. 3d). The color purity (CP) parameter
represents the percent to which a color resembles its pure color
and it is the one of factors for evaluating the utility of lumino-
phores as a light source. It can be calculated using the below

eqn (1):

\/(xS — i) (s — 1)

(xa — Xi)2+(yd - yi)2

Color purity = x 100% €))

where (xs, ;) are calculated material’s color coordinates, (x;, y;)
coordinates for luminescence of the white standard (0.3101,
0.3162), and (x4, yq) coordinates at the edge of the CIE diagram
on the strait line from (x;, y;), through (x5, ys) to the edge of CIE.
The CP parameters have been calculated as ~100% for the
NaYF,:Yb*" ,Er** NPs, and ~92% for the FeS,@NaYF,:Yb*" Er**
NC UC emission spectra recorded after excited at 4 = 975 nm.
High values of the CP parameter are the evidence of the deep
luminescence color of as obtained materials. Such high values
of the CP parameter are an advantage in the potential use of
obtained materials in applications requiring pure emission
color, e.g., new light sources. The approach of the utilization
of composite materials presents the potential to obtain color-
tunable luminescence without a drastic decrease in color
purity.

The second important parameter of luminescent materials
is correlated color temperature (CCT) which refers to the
temperature of black body radiation. The CCT parameter can
be calculated using eqn (2):

CCT = —449n® + 3525n> — 6823n + 5520.33  (2)

where n is equal to (x — 0.332)/(y — 0.186) for the CIE 1931. The
luminescence of the NaYF,:Yb*" Er** NPs has a higher CCT
equal to 4543 K, but the FeS,@NaYF,:Yb*",Er** NC exhibits a
lower color temperature of 2265 K.

The next parameter to quantitatively compare the UC lumi-
nescence properties is quantum yields (&), and it provides
information about the conversion efficiency of excitation radia-
tion to emission. Here, the integrated emission spectra for
investigated materials (E;), reflected laser beam form samples
(Ls), and from reference material (Ly,,0,) were analyzed to
calculate @ parameter according to eqn (3):

Es

b=
Lia,0, — Ls

x 100% (3)

The @ value was calculated as 0.0139% for the NaYF,:Yb*",Er**
NPs, and 0.0015% for the FeS,@NaYF,:Yb*",Er** NC. Almost
10-times decrease in emission quantum yield is caused by the

This journal is © The Royal Society of Chemistry 2024
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strong reabsorption of emitted visible radiation by the FeS,
core in the core@shell material (see Fig. 3a). It is worth noting
that the obtained low values of @ are typical for UC emission of
NPs, which typically are in the range from 0.001 to 0.1%.**

The observed, bright UC luminescence encourages us to
further analyze the UC luminescence properties of the synthe-
sized nanomaterials. The UC emission spectra of the NaYF,:
Yb**,Er** NPs and FeS,@NaYF,:Yb*",Er** NC were recorded as a
function of laser power density and presented in Fig. S3a and b
(ESIt) respectively. The intensity of emission spectra increases
exponentially for both investigated materials under increased
pump power density in the experiment, as expected for the non-
linear UC processes. Some differences in the emission bands at
550 nm (*S;, — *Iys, transition) and 650 nm (*Fop, — “I31)5)
can be seen between the NaYF,Yb*' Er’** NPs and FeS,@
NaYF,:Yb*" ,Er¥* NC. The dependencies of the integrated lumi-
nescence intensities (area under the curves) on the varying laser
power densities were calculated (Fig. 4a and c). Based on the
log-log plot, the n value i.e., the number of photons taking part
in the UC processes were calculated using eqn (4):

Iyc o (Ip)n (4)

where Iyc is the integrated intensity, Ip is the calculated laser
power density (beam laser power on the given target area), and
n is the number of photons involved in the UC mechanism.*®
The calculated number of photons for both investigated mate-
rials are almost identical for bands around / &~ 550 nm,
650 nm, and 850 nm with values 2.16, ~1.77, and 2.05,
respectively. Only the number of photons for the emission
bands at 520 nm (*Hyy;, — “Iis, transition) slightly increased
from 2.16 to 2.22 (An =~ 0.06), and for emission bands at
800 nm (‘lo;, — “I;5, transition) decreased from 1.71 to 1.66
(An =~ 0.05) after the combination of the luminescent NaYF,:Y-
b*" Er** shell with the FeS, core, as a result of emission
reabsorption by the FeS, core. The values of the n parameter
deviate from theoretical values due to cross-relaxation pro-
cesses induced by the excitation beam.*®*” In Fig. 4b and d
the CIE diagrams for the emission spectra recorded for
increased laser power density are presented. As the laser power
increases, we observe a gradual change in the luminescence
color from the area of CIE corresponding to the yellow-orange
color to the area corresponding to the green color for the
NaYF,:Yb*" Er** NPs (Fig. 4b). For the FeS,@NaYF,Yb*" Er’*
NC gradual change of the luminescence color from red to
orange region was also observed (Fig. 4d). The results are the
evidence that there is no significant changes in the upconver-
sion mechanisms in the NaYF,:Yb®",Er’* NPs and FeS,@
NaYF,:Yb*" Er** NC. Luminescence color change is an effect
of the probability of an excited level population of Er** due to
the UC mechanism. In the range of the laser power density used
there is no saturation of the excited levels, which is why we can
observe changes in the luminescence color. This effect can be
applied to the use of developed materials as novel, optical
(visual) laser power density sensors based on UC emission color
change.*®
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Temperature sensing

The emission intensity of the Er*" ions is thermally dependent,
especially the luminescence intensity ratio of TCLs (4 = 520 nm
and / = 550 nm) change as a function of temperature.*® Here,
we compared the UC emission spectra of the NaYF:Yb** Er**
NPs, and the FeS,@NaYF,:Yb>",Er** NC measured at different
temperature values (from 200 to 580 K). The luminescence
intensity decreases with increasing temperature in the system,
due to thermal quenching, i.e., enhanced multi-phonon and
cross-relaxation processes (Fig. 5a and d). However, the inten-
sity of different emission bands does not change equally, as it is
presented in Fig. 5b and e. The LIR values associated with
emissions from TCLs, based on integrated intensities of ther-
malized Er** excited levels, were calculated and fitted to the
Boltzmann law according to eqn (5):

LIR="'—3B
L oo <kBT)

()

where I, is the intensity of the *Hy;, — *Ijs;, transition
(A = 520 nm), I, is the intensity of the *S;, — “I;5/, transition
(A = 550 nm), AE,; is the energy gap between the 520 and
550 nm emission bands, B is a constant, which depends on the
spontaneous emission rates, kg is the Boltzmann constant, and
T is the absolute temperature. The LIR parameter shows an
almost linear change from 0.15 to 1.25 for the bare NPs and to
1.15 for NC. Next, the relative sensitivities (S,) were determined
for both materials to compare the overall performance of the

1830 | J Mater. Chem. C, 2024, 12, 11824-11835

investigated materials as optical temperature sensors using
eqn (6):
1 OLIR

PSR o7 < 100%

(6)

The S, parameter as a function of temperature decreases
from ~2.02 to ~0.25 with temperature elevation for both
materials, i.e., NaYF,;Yb*",Er** and FeS,@NaYF,Yb*' Er".
Next, to determine the accuracy of the temperature sensing
we used previously calculated parameters LIR and S, to deter-
mine the temperature resolution parameter according to

eqn (7):

| SLIR
T x
OT =5 X TIR

(7)
where JLIR is the uncertainty of determination of the LIR
parameter, related to the signal-to-noise ratio. Here we
observed deterioration of the temperature resolution as a
function of temperature, namely, from around x0.1 K at
200 K for both materials to x0.75 K for NPs and to ~1.00 K
for the NC. The bare NaYF,, Yb*" Er’" shell material shows
only slightly better, almost negligible, optical temperature
sensing performance. The results confirm the possibility of
using a novel, bifunctional luminescent-magnetic FeS,@
NaYF,:Yb** Er** nanocomposite material as well as a popular
NaYF,, Yb** Er*" upconverting luminophore.

This journal is © The Royal Society of Chemistry 2024
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how the magnified region for the bands at 4 ~ 525 and 550 nm (TCLs).

Chromaticity coordinates shown in the CIE diagrams for the NaYF4:Yb®*,Er** NPs (c) and FeS,@NaYF4Yb*" Er®* NCs (f) as a function of temperature.

Calculated LIR (g), relative sensitivity (h), and temperature resolution (
FeS,@NaYF,:Yb** Er®* NC (black).

Moreover, we noticed that the luminescence color changed
under varying temperature conditions for both materials. Based
on the UC emission spectra recorded at different temperatures
we calculated the CIE color coordinates x and y for both
materials. For the NPs the color changes from green to orange,
while for the NC it changes from orange to red with an increase
in the temperature of the system. The shift of the chromaticity
coordinates as a function of temperature is evidence of the
temperature-dependent luminescence color and temperature-
driven changes in the UC mechanism for both materials.

Magnetic properties

Zero-field-cooled and field-cooled (ZFC-FC) measurements for
both investigated materials were carried out in the external
magnetic field of 50 Oe in the temperature range from 5 K
to 300 K for both investigated materials. For the FeS, NPs,
the ZFC-FC curves (Fig. 6a) overlap above the irreversibility
temperature (Tj) equal to 280 K. Slightly below the irrever-
sible temperature, at approximately 260 K, is the blocking

This journal is © The Royal Society of Chemistry 2024

i) as a function of temperature for the NaYF,:Yb*" Er*™ NPs (blue) and

temperature (7). The presence of both of these temperatures
suggests that the FeS, NPs undergo a transition between
thermally blocked and unblocked states with Ty, being an
average temperature for the nanoparticles to switch. Above T,
the thermal fluctuation energy overcomes the magnetic aniso-
tropy energy of the particles and the system acts as a para-
magnet. Below Tj,, the anisotropy energy dominates over the
thermal energy and the material demonstrates ferromagnetic
properties. At low temperature, in both ZFC and FC curves,
there is a slight increase of the magnetization which is related
to the weak paramagnetic contribution present in the sample.
Magnetic hysteresis loops obtained for this sample, measured
at different temperatures, are presented in Fig. 6d. The shape of
the loops is typical for powdered samples without the preferred
easy axis of magnetization. The saturation magnetization
decreases monotonously with increasing temperature from
45 emu g 'at5Kto0.5emu g ' at 300 K. At 5 K the mate-
rial reveals clear ferromagnetic behaviors with coercivity of
500 Oe. With rising temperature, coercivity diminishes and at

J. Mater. Chem. C, 2024, 12, 11824-11835 | 11831
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approximately 200 K becomes smaller than the instrumental
step indicating magnetothermal unblocking of the NPs. These
observations stay in agreement with the ZFC-FC measurements
and indicate that due to the small size of the nanoparticles, their
macrospins are thermally unstable at higher temperatures.

The ZFC-FC measurement for the NaYF,:Yb*",Er** NPs is
shown in Fig. 6b. In both curves, the magnetization decreases
with increasing temperature following 1/T relation (see inset in
Fig. 6b) in the whole measured temperature range. This
indicates the purely paramagnetic nature of the material. The
magnetization dependencies on the external magnetic field
(Fig. 6e) show a gradual reduction of the saturation magnetiza-
tion with temperature and no coercive field in any case. These
results support the ZFC-FC data and are evidence for the
paramagnetic behaviors of the material. A similar tendency of
the ZFC-FC curves is observed for the FeS,@NaYF,:Yb*" Er**
NC, only observed change it that magnetization reaches
0.04 emu g ' for NC when for NPs the maximum value of
magnetization at 5 K is 0.025 emu g . Such a small value of the
magnetization compared to the bare FeS, is the result of the
small contribution of the FeS, core mass in the total mass of
synthesized NC, i.e., the mass of the shell material was 6.7-fold
higher than the core mass.

4. Conclusions

A novel and multifunctional core@shell type FeS,@NaYF,:
Yb*",Er** NC has been synthesized via the hydrothermal
method, combining the unique properties of the magnetic
nano-sized core with UC photoluminescence of the external
shell. The structural and morphological properties of the men-
tioned NC and the corresponding bare NPs were investigated

1832 | J Mater. Chem. C, 2024, 12, 11824-11835

via XRD, TEM, and Raman spectroscopy. The impact of the Fe**
to S>~ ratio (Fe:S) and surfactants used during the synthesis
process for the structural properties of the final compounds
was analyzed in detail and discussed. The optimized FeS, NPs,
exhibiting good magnetic properties and weak plasmonic
features, were used for the synthesis of luminescent-magnetic
FeS,@NaYF,:Yb*" Er’* core@shell NC materials. The UC photo-
luminescence properties of the bare NaYF,:Yb*"Er’* NPs and
the FeS,@NaYF,:Yb*" ,Er*" core@shell NC were compared. Both
materials exhibit excellent UC luminescence properties. Impor-
tantly, the emission color of the NC material can be tuned by
the presence of the FeS, core, as a result of partial reabsorption
of the upconversion emissions by the magnetic phase. More-
over, the luminescence color of both materials, i.e., NPs and
NCs can be finely tuned by varying the applied laser power
density of the excitation beam, as well as by the temperature
change of the environment. Hence, the investigated materials
can be used as optical (visual) detectors of the excitation power/
energy density of the laser beam, as well as optical temperature
sensors (luminescent thermometers). The developed NC mate-
rial has strong application potential in the fields of biomedi-
cine, optoelectronics, nanotechnology and optical sensors. For
example, the magnetic features of the nanomaterial may allow
its utilization in magnetic hyperthermia treatment, resulting in
local temperature elevation, which can be monitored remotely
via luminescence thermometry - so by the optically active phase
of the developed core@shell NC.
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