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The synthesis and characterization of 1 mol% Er®*-doped GAOF nanoparticles for use as optical nano-
thermometer are presented. The nanoparticles were synthesized using a microwave-assisted solvothermal
method, followed by calcination at 700 °C to obtain the oxyfluoride phase. Temperature sensitivity was eval-
uated using the fluorescence intensity ratio (FIR) method, based on the thermally coupled 2H11 ,2and 453 /2 levels
of Er®* over the 204-423 K range. The results demonstrate a high sensitivity, with an absolute sensitivity of 3.07
x 1073 K~ at 423 K and a relative sensitivity of 1.25 % K ! at 294 K. These competitive values position Er®*-

doped GdOF nanoparticles as promising candidates for temperature sensing applications in biomedicine and
nanotechnology, offering advantages over other Er®*-based nanothermometers in different host matrices.

1. Introduction

Temperature plays a crucial role for ensuring a satisfactory outcome
in numerous industrial processes. Consequently, the design and devel-
opment of devices capable of accurately monitoring the temperature has
been a hot topic in recent decades [1,2]. Nowadays, temperature sensors
must not only deliver fast and accurate reading but also meet the de-
mands of the nanotechnology era requiring exceptionally compact de-
vices. As a result, micro- and nanothermometry have become highly
active research field [3].

In micro- and nano-electronics, the continuous miniaturization of
components leads to electrical current flowing through in smaller and
smaller sections, creating local temperature elevation and the formation
of hot spots near defects that can degrade the devices [4,5]. Detecting
these effects is essential to identify potential vulnerabilities and enhance
device durability. Fluorescent nanoparticles offer a straightforward and
quantitative approach to monitor such thermal fluctuations [6].

In contrast, the medical field has experienced the most significant
advancements and applications of nanothermometers [7]. Their

nanometric size makes them ideal for interaction with biological en-
tities, such as cells and bacteria [8].

Furthermore, nanoparticles can also be used in cancer treatment to
eradicate malignant cells through localized heating, achieved either by
direct laser absorption or using nanoparticles that generate heat upon
excitation at specific laser wavelength [9]. In these in vivo applications,
nanothermometers play an essential role in mapping the thermal profile
of the irradiated tissue, where precise temperature control is paramount
[10,11].

It is worth noting that the primary advantage of optical nano-
thermometers, their nanometric sizes and spatial resolution, is also their
main drawback. Therefore, in-situ indirect temperature measurement
methods are necessary to solve this problem.

Optical nanothermometers used should be materials that emit light
when excited by a lamp or laser. Their temperature dependence must be
calibrated by monitoring changes in one or more measurable parameters
such as emission lifetimes, spectral bandwidth, intensity ratios, wave-
length shifts, or polarization, in response to the local temperature var-
iations [12].
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The high toxicity of luminescence quantum dots, and colloidal
nanocrystals limits their applicability in biomedicine [13,14]. In
contrast, rare-earth (RE3*)-doped inorganic nanoparticles offer superior
biocompatibility and lower toxicity, along with a broad emission spec-
trum spanning the UV-VIS-NIR optical range [15,16]. All these features
make the RE®*-doped nanoparticles as one of the most promising can-
didates for the development of advanced optical temperature sensors.

Rare-earth doped upconversion nanoparticles (RE-UCNPs) belong to
a class of photoluminescence materials, whose optical activity is known
as anti-Stokes emission [17,18]. This nonlinear optical process involves
the sequential or simultaneous absorption of two or more low energy
photons, resulting in the emission of light with a shorter wavelength
than the excitation one [19]. The upconversion (UC) luminescence of
RE-UCNPs surpasses that of transition metal ions-doped counterparts
due to the distinct electronic configuration of lanthanide ions,
4f'5525p%6s% (n = 0-14). With the exception of ytterbium and cerium, all
RE3* ions exhibit a rich array of ladder-like 4f-4f energy levels. The
electrons within these levels experience minimal electron-phonon
coupling due to the shielding by the outer-lying 5s2 and 5p® orbitals.
Upon the removal of 6s2 electrons, the 4f electrons become optically
active, enabling transitions either within 4f orbitals or between 4f and
5d orbitals.

The fluorescence intensity ratio (FIR) method is widely used as a
thermometric technique [20]. It relies on the intensity ratio between two
thermally coupled energy levels, which are separated by a small energy
gap (30-2000 em ! depending on the application temperature range)
[21]. This energy difference enables thermal energy to promote elec-
trons from the lower to the upper level. In other words, the population
distribution between these two states is governed by the Boltzmann
factor, making them thermally coupled [22].

Additionally, both levels share the electronic population so that the
ratio of intensities between their emissions will be independent of the
excitation source and fluctuations in the particle concentration, thus
providing an absolute measurement and a reliable system for tempera-
ture monitoring. This method is often referred to as self-referring
method [23,24].

Compared to thermometers based on transition-metal ions like Cr>*
(ruby) or Mn‘”, FIR-based thermometers using rare-earth ions are more
suitable for thermometry. This is because the energy levels of RE-ions
are weakly influenced by the crystal field, allowing applicability in a
variety of host materials [25].

Er’t ions are widely used in FIR-based luminescence nano-
thermometry [26,27]. Their widespread use is due to their efficient
emission and the optimal energy gap (~700 cm™!) between the ther-
mally coupled 4S3/2 and %Hp; ,2 levels. This energy difference is
well-suited for thermometry applications in the physiological tempera-
ture range (30-50 °C), where maximum sensitivity is achieved, as well
as for industrial applications [6]. Er®" ions can be incorporated into a
variety of host matrices, including oxides, fluorides or oxyfluorides.

Oxyfluorides doped with rare-earths ions offer advantages due to the
combined merits of the oxide and the fluoride counterparts, such as low
phonon energy, a high optical band gap, weak multi-phonon interaction,
excellent mechanical strength, and high thermo-chemical stability [28,
29]. These host matrices offer significant advantages over conventional
sulphide, nitride, and silicate host matrices in terms of reduced toxicity,
lower production costs, and simpler synthesis conditions [30].

Moreover, oxyfluorides exhibit distinctive spectroscopic properties,
making them an excellent platform for the luminescence of lanthanide/
rare-earth elements. This is primarily attributed to the local distortions
induced in the coordination polyhedron by the mixed-ligand system,
which enhances the luminescent performance [31,32].

In this context, we present an innovative approach to nano-
thermometry using Er>*-doped gadolinium oxyfluoride nanoparticles
(GdOF) as the host lattice. The 1 mol% Er3+-doped GdOF nanoparticles
have been synthesized through calcination of the as-prepared GdFs
nanoparticles obtained via microwave-assisted solvothermal method. X-
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ray diffraction (XRD) patterns and transmission electron microscopy
(TEM) have been used to characterize the nanoparticle structure and
shape. The functional properties of the 1 mol% Er’*-doped GAOF
nanoparticles have been investigated through luminescence measure-
ments under UV irradiation and in function of temperature.

2. Material and methods
2.1. Materials

All reagents were purchased from Sigma-Aldrich and used without
any further purification.

Rare earth (RE) nitratesGd(NO3),-6H20 (99.9%),
Er(NO3);-5H,0 (99.9%)ammonium fluoride NH4F (96 %), and
ethylene glycol were used for 1 mol% Er®*-doped GAOF nanoparticles
synthesis.

2.2. Microwave-assisted synthesis of 1 mol% Er®*-doped GAOF

Er®*-doped GAOF nanoparticles were prepared via microwave-
assisted solvothermal method (Anton-Paar Monowave 400 reactor).

Firstly, a 10 % stock solution (0.226 M) of Er(NO3)3-5H,0 was pre-
pared by weighing 1 g Er(NO3)3-5H20 in 10 mL ethylene glycol.

Briefly, 9.91 mmol of Gd(NO3)3-6H20 and 0.5 mL (0.11 mmol, i.e. 1
mol% of the Gd content) of the Er stock solution was mixed with 10 mL
of ethylene glycol. After the solution became transparent, 8 mmol of
NH4F dissolved in 10 mL of ethylene glycol was added dropwise under
vigorous stirring. The solution was then stirred for another 30 min, then
transferred into a 30 mL glass vial (pressure-resistant up to 30 bar) and
placed inside a microwave reactor.

The reaction was carried out at 175 °C for 1.5h under continuous
stirring at 600 rpm. During the process, the pressure reached approxi-
mately 18 bar, which is significantly below the 30-bar maximum pres-
sure tolerance of the vial. The mixture was cooled down to room
temperature and washed several times with water and ethanol by
centrifuging (4200 rpm x 10 min). The solid was dispersed in ethanol
and dried at 70 °C [33].

Later on, a calcination at 700 °C for 6h in air was carried out with a
ramp of 5 °C/min, whereby the oxyfluoride phase was obtained. The
overall procedure is illustrated in Fig. 1.

2.3. Characterisation

The phase composition of the sample was examined using a Bruker
D8 Advance diffractometer with Cu K, radiation operating at 40 kV and
a current intensity of 25 mA.

Photoluminescence (PL) measurements were performed using an
Edinburgh Instruments FLSP920 fluorimeter equipped with double
monochromators for emission and excitation. Excitation sources
included a continuous 450 W Xenon lamp, a pulsed 60 W Xe lamp with
variable frequencies for lifetime measurements, and a 980 nm diode
laser with a tunable pump power were used (Pyax = 5 W). For emission
detection, three distinct electrically cooled photomultiplier tubes were
employed, depending on the detection spectral range.

TEM images were obtained with a JEOL JEM 1011 coupled with a
high-resolution CCD camera (Gatan, Pleasanton, United States).

3. Results and discussion

The synthesis of 1 mol% Er>*-doped GdOF nanoparticles involved
the initial synthesis of 1 mol% Er>*-GdF3 nanoparticles via microwave-
assisted solvothermal method, confirming the orthorhombic crystal
structure (Pnma space group), followed by a high-temperature calcina-
tion step to induce phase transition. Specifically, the GdF; precursor was
heated up to 700 °C for 6 h to ensure the complete formation of the
GdOF phase; this calcination temperature was chosen to promote
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Fig. 1. Representation of the 1 mol% Er>*-doped GAOF NP synthetic approach.

optimal crystallinity and phase purity.

The Rietveld refinement of the XRD pattern of Er®*-doped GAOF NPs
is shown in Fig. 2. The high background found in the diffractions pat-
terns is due to Gd fluorescence. It results from the fact that gadolinium
atoms emit X-rays at copper wavelength excitation.

The obtained XRD pattern clearly shows the formation of GAOF with
a trigonal crystal structure (R3m) according with the PDF card no.00-
050-0569. The obtained lattice parameters from the refinement are a
=b = 3.8679 (6) A and ¢ = 19.253 2) A with crystallite sizes of about

46 nm and strains 0.046 %. The observed peaks at 27.78°, 28.2°, 32.56°,
46.43°, 46.98° correspond to the characteristic reflection of 006, 012,
104, 018, and 110 of the GdOF phase. Additionally, small diffraction
peaks of Gd,03 are present (about 7 % according to the Rietveld analysis
with large Bragg factor, Fig. 2), probably due to the long calcination
time, corresponding to the cubic phase (Ia3) and lattice parameter a = b
=¢=10.822(2) A. In this case, the crystallite size is similar 53 nm while
the strains are larger 0.171 %, i.e., the effect of strains in the lattice
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parameters.

GdOF (93%)

R.=11.2%
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Fig. 2. XRD pattern of 1mol% Er®>*-doped GAOF NPs synthetized at 700 °C. Diffraction peaks from Gd,O5 impurities are observed (7 %). Bragg factors (Rg) are

also included.
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According to the literature, a pure trigonal phase of GdOF is formed
at 500 °C and remained stable up to 700 °C, with enhanced crystallinity
as the temperature increases [34]. However, at temperatures higher
than 700 °C, impurity peaks corresponding to the cubic Gd;O3 (space
group Ia3) begin to appear in the XRD patterns. These peaks observed at
28.46°, 47.64°, 56.46° correspond to the 222, 440, and 622 reflections
of the Gd;03 phase, indicating that the partial decomposition of GAOF is
likely caused by fluorine loss at elevated temperatures.

Although GdOF can form at lower temperatures, higher calcination
temperatures help to eliminate residual fluorides. Additionally, elevated
temperatures facilitate a more complete phase transition, favouring
oxygen diffusion, promoting better crystallinity and improving struc-
tural stability. These factors contribute to better thermomechanical
properties, making the material more suitable for advanced applications
[35,36].

The morphological characterization of the Er>*-doped GAOF NPs has
been conducted through TEM analysis, as shown in Fig. 3. The NPs
exhibit a rice-shaped morphology, with an average size in the long
dimension being about 19 & 7 nm and that in the short dimension being
about 9.5 + 2.0 nm, obtained fitting the data to a log-normal distribu-
tion function (see insets Fig. 3). While TEM images typically probe a
limited number of well-dispersed nanoparticles, X-ray measurements
provide an average size based on a much larger population. As a result,
TEM offers detailed morphological information on individual particles
but may not be fully representative of the overall sample, whereas X-ray
diffraction yield statistically robust size distributions but lack spatial
resolution. Therefore, combining both methods allows for a more
comprehensive and reliable characterization of nanoparticle size and
dispersion.

For the luminescent characterization, initial laser-based measure-
ments were performed to identify the characteristic emissions of the
nanoparticles, particularly those arising from Er®* ions.

A 980 nm laser diode, with variable output pump power from 65 mW
to 1186 mW, was used as the excitation source to measure the emission
in the visible range, between 500 and 580 nm. The upconversion-
induced luminescence exhibits two group of peaks in the green region,
assigned to the 2H11 2= 4115/2 and 453 2 — 4115/2 transitions, as illus-
trated in Fig. 4. As the laser power increases, the first green emission
G 2= s ,2) becomes more intense. This enhancement results from
the increased population of the 2Hy; ; state at high pump power, which
happens as a result of the sample heating induced by the pump power
increases. The log-log plot of the green upconversion emission intensity
as a function of pump power (I < P") shows a linear fitting with a slope of
n =~ 1.4, which is intermediated between the case of small (n = 2) and
large upconversion rates (n ~ 1) [37]. Indeed, it depends on the pump
power density.
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Fig. 4. Normalized UC emission spectra of 1 % Er-doped GAOF NPs (R3m space
group) excited at 980 nm with different output power. The inset shows log-log
plot of the UC emission intensity vs. incident pump power.

The main advantage of NIR Er®* excitation over UV or Vis light is its
ability to minimize photodamage, scattering and autofluorescence in
biological tissues. Moreover, affordable 980 nm laser diodes enable
deeper tissues penetration compared to UV-Vis sources. The excitation
efficiently populates 2Hy1 5 and *S3 5 levels of Er®*, while reducing non-
radiative losses, such as multiphonon relaxation. As a results, it en-
hances the reliability of temperature measurements, making 980 nm
excitation highly effective for thermal sensing.

To understand the luminescence phenomena, the energy level dia-
gram of Er’* ions, with the approximated wavelengths associated with
different transitions, is shown in the inset of Fig. 4.

Er’*-doped GdOF nanoparticles have undergone a fluorescence
study at various temperatures in order to evaluate their potential as
efficient nanothermometers (Fig. 5). shows the photoluminescence
spectra of 1 mol% Er>*-doped GAOF nanoparticles in the green spectral
region as a function of temperature (294-423 K), under 375.7 nm
excitation wavelength. No noticeable shifts in the peak positions were
observed with increasing temperature. However, the intensity ratio
between emission peaks increased, indicating a temperature-dependent
behaviour that can be used for thermometric applications. Er’t upcon-
version luminescence depends on concentration, with GSA/ESA domi-
nating below 0.2 %, while GSA/ETU becomes significant at 1 % or
higher, enhancing efficiency. However, excessive Er’* concentrations

Long dimension| |

1020 30 4050
Size (nm)

100 nm R aT
4 Size (nm)

Fig. 3. TEM images and the corresponding histograms showing size distribution of 1 % Er>*-doped GAOF NPs. Histograms were obtained measuring more than 120
nanoparticles (long and short distances). The red line represents the fitting to a log-normal distribution function. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Normalized emission spectra of 1 % Er>*-doped GAOF NPs under A =
375.7 nm excitation.

lead to non-radiative quenching and ion clustering, reducing lumines-
cence and altering emission ratios. To balance strong luminescence and
minimal quenching, we select 1 % Er’', a widely used standard in
similar studies. This choice ensures reliable comparisons with literature
and supports thermometric applications.

The emission spectra observed in Figs. 4 and 5, including peak po-
sitions, crystal-field splittings, and linewidths, confirm that the detected
Er>* emission originates from GAOF, when we compare our results with
GdOF and Gd03 published elsewhere [32] and no fingerprints of the
Er®* doped Gd,Oj3 are present either after excitation at 375 or 980 nm.

The green emission consists of several peaks between 515 and 570
nm, corresponding to transitions from %Hp ,2 and 483/2 excited states to
the 4115/2 ground state of Er®t [38]. Since these two excited states are
thermally coupled, their emission intensity ratio, FIR, depends on the
respective excited-state equilibrium populations, which are governed by
the Boltzmann distribution:

Is3q _AE

FIR=—""=C-e kT
Isq3

Eq. (1)

where Is34 and Is43 denote the integrated intensities of the emissions
from the two thermally coupled multiplets to the ground state. C is a
constant that depends on factors such as state degeneracy, transition
probabilities, spontaneous emission rate, and photon energy of the
emitting states in the host material. AE is the energy gap between the
2Hpq ,2 and 434 /o multiplets. Both C and AE are characteristics of each
material host, k is the Boltzmann constant, and T is the absolute tem-
perature [39].

The temperature dependence of FIR can be obtained by fitting the
experimental In(FIR) vs. 1 data to a linear equation, where the slope
gives 4£ and the 1ntercept In(C), as shown in Fig. 6a). The obtained
values are AE = (1082420)K =752+ 14cm™! and C = 6.55+ 0.06.
Although the energy difference (AE) derived from the slope values was
slightly higher than the actual value, it is deemed to be acceptable.

The potential of a material for temperature sensing applications is
evaluated through the absolute and relative changes in the FIR with
temperature [40].The absolute sensitivity (S) is given by the partial
derivative:

AE
FIR —

OFIR
‘ Eq.(2)

The relative sensitivity (Sg) is given by:

Journal of Luminescence 284 (2025) 121290

I AE
m(fﬂ) =In(0) — 7%
543

4L D AE = (1082 + 20) K
i € =65510.06

L]
1 ' 1 s 1 L 1 L 1 i |

0.0024  0.0026  0.0028  0.003  0.0032 0.0034

UT (K

|
(%K)

(10

relative

0.8 tj

300 350 400
T(K)

Fig. 6. (a) Semi-log plot of the FIR as a function of the reciprocal of absolute
temperature, (b) absolute and relative sensitivities as function of temperature.
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‘ 1 OFIR AE Eq. (3)

The obtained values for 1mol% Er>*-doped GAOF nanoparticles are
shown in Fig. 6 b) as a function of temperature. The highest sensitivity is
found at T = 423 K with S = 3.07 x 103 K!, while the highest relative
sensitivity is at T = 294 K (Sg = 1.25% K™'), which gradually decreases
with increasing temperature, reaching a value of 0.64% K ! at 413 K.

These performances are highly competitive when compared to other
well-stablished Er®*-based optical thermometers across various host
lattices. Table 1 compares the relative sensitivity (Sg) of Er>*-doped
GdOF nanoparticles, used as nanothermometers, with those of other
hosts reported in the literature, primarily oxides and fluorides, prefer-
ably with Er®" concentrations close to 1 %. It includes the calibration
temperature range. As shown, the Sg of the title compound surpasses
that of several previously proposed systems, confirming the potential of
GAOF material as an excellent Er>" host material for nanothermometric
applications.

4. Conclusions

In this work, we synthesized and characterized 1 mol% Er>*-doped
GdOF nanoparticles via microwave-assisted solvothermal synthesis. The
as-prepared GdF3 nanoparticles (Pnma) underwent thermal treatment at
700 °C for 6h, enhancing crystallinity and removing fluoride phase
impurities. XRD confirmed phase transformation to GdOF with a
trigonal structure (R3m), with minor traces of Gd203 due to fluorine loss
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Table 1
Summarised performance of Er’* and Er®'/Yb>'co-doped optical nano-
thermometer proposed in the literature.

Host Sr (% Kfl) at335K  Temperature range Reference
X

GdOF (NPs) 0.964 294 — 423 This work
LaGdO3 (NPs) 0.939 298 — 873 [41]
Gd,03 (NPs) 0.665 300 — 900 [42]

AIN (NPs) 0.974 300 — 470 [43]
Y203 (NPs) 117 293 — 490 [44]

YAG (NPs) 0.713 298 — 573 [45]
BisTiNDWO, 5 0.819 175 — 550 [46]
Silicate (glass) 0.528 296 — 793 [47]

SrFy: Er*™ 0.885 273 - 373 [48]
Can:Er3Jr (A center) 0.949 299 — 433 [49]
CanzErBJr (B center) 1.039 299 — 433 [50]
KYb,F:Er®* 0.872 225 — 525 [51]
KGdgF;o:Er®t,yb3" 0.955 300 — 350 [51]
B-NaYF4:Er**,Yb3* 1.081 295 — 325 [52]
KY3Fo:Er®t, Y3 1.058 298 — 373 [6]
YF3:Er®t,Yb3* 1.006 298 — 373 [6]

at high temperature.

We demonstrated that 1 mol% Er®*-doped GAOF nanoparticles are
effective for nanothermometry. Using the fluorescence intensity ratio
(FIR) method, we calibrated the thermalized green emissions (2H11/2,
483/2 - 4115/2) over the 294-423 K temperature range. Sensitivity
measurements confirmed that these nanoparticles are highly competi-
tive for nanothermal applications. Due to their low toxicity, good ther-
mal stability up to 600 °C, temperature above which it transforms into
Gd0s3 in air, GAOF nanoparticles are promising candidates for biolog-
ical and nanotechnological temperature-sensing, across a wide temper-
ature range.
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