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In recent years, non-contact fluorescence intensity ratio (FIR)-based luminescent thermometry has
garnered significant attention for its potential applications in various fields, including electromagnetic
environments, micro-temperature fields, and thermally harsh conditions. In this study, we focus on the
synthesis and characterization of Y,Mo030;, co-doped with 2% Pr3* and 15% Yb>* nanoparticles using a
sol—gel reaction method. The phase purity and luminescence characteristics of the synthesized nano-
particles were thoroughly evaluated using techniques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), and photoluminescence (PL). Upon excitation with 457 nm light, intense emissions
from the 3Py, *P; and D, excited states were observed. The temperature sensing capabilities of the
nanoparticles were investigated within the range of 298-448 K. Furthermore, the thermal and non-
thermal coupling levels of Pr®* and Yb*" ions were analysed using fluorescence intensity ratio technique
(FIR). Our results demonstrated that Y,Moz0;, co-doped with 2% Pr3* and 15% Yb>" exhibited high
sensitivity in temperature sensing, with a maximum relative sensitivity of 11.2% K~* observed at 298 K.
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DOI: 10.1039/d4ma00746h Notably, temperature uncertainty (87) values were exceptionally low within the range of 0.11-0.63 K.

These findings underscore the potential of Y,Mo301,:Pr**/Yb®" nanoparticles in optical thermometry
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|. Introduction

Temperature is a crucial physical parameter in several domains,
including scientific study, engineering, and mechanical produc-
tion. Non-contact optical temperature systems using luminous
materials have addressed the limitations of conventional contact
thermometers and have been widely researched and used.'”
Luminescence thermometry enables estimating the local tempera-
ture of an item with sub-micrometric spatial resolution, which is
very significant for basic biology, medicine, and industry. The
determination of temperature may be achieved by detecting and
evaluating a temperature-dependent luminescence signal.*”
Submicrometric spatial resolution may be accomplished by
employing particular nanosized materials that function in an
ultraviolet, visible and/or near-infrared spectral range. The sen-
sors working in the physiological temperature range are highly
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applications, thus highlighting their effectiveness as temperature sensors in various environments.

essential for hypothermia testing® and thermometry of live cells.’
Sensors working at higher temperatures are effective in the
temperature mapping of microcircuits, as per studies reported
over the last few decades, and numerous luminous materials
(e.g., organic dyes, polymers, quantum dots, and rare-earth-based
materials) have been explored based on the temperature-
dependent connection between fluorescence intensity and
temperature.’®** Among them, lanthanide-based (Ln**-based)
inorganic up-conversion and down-conversion materials have
drawn much more research interest on account of abundant ion
species (such as Er*', Tm**, Nd*', Pr**, Tb**, and Eu*" ions). More
high-performance detection methods can be developed, allowing
temperature readings to become more varied."*"” Additionally,
trivalent praseodymium (Pr’") is a desirable option among acti-
vator rare-earth (RE) ions owing to its fluorescence across visible,
ultraviolet, and near-infrared wavelengths. Interestingly, it pro-
duces red and green-blue light, originating from transitions in the
'D, and *P, multiplets, respectively.'®'® Pr**-doped phosphors
have demonstrated promising sensing properties.”** Trivalent
ytterbium (Yb*") ions are frequently used as sensitizers because of
to the °F,, — *Fs, transition, which exhibits a high absorption
cross-section for 980 nm near-infrared light. This makes energy
transfer from Yb*" to Pr** highly efficient.>*** Particularly notable
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is the synergistic combination of praseodymium (Pr**) and ytter-
bium (Yb3+), which, under 980 nm infrared excitation, enhances
the thermometric performance, thereby extending the applicability
of luminescent thermometry to previously inaccessible envir-
onments. The optical thermometric behavior of Pr**/Yb*" has
been studied in several compounds based on upconversion
emission spectra.”>*® Nowadays along with the increasingly
stringent temperature sensing demands of industrial production
and scientific research, the development of new temperature
sensing strategies is important for improving the capability of
luminescent thermometers and satisfying the application
requirements of micro- or nano-functional devices. Numerous
optical sensing devices using lanthanide ion-doped materials for
thermometric properties have been documented.>” > One of the
key tactics in optical temperature sensing presently being devel-
oped is the fluorescence intensity ratio (FIR) technology.>®~>
This method helps to eliminate the impact of external factors
such as changes in geometry, excitation source power, and light
field. FIR technology typically needs two thermally associated
energy levels (TCLs) of lanthanide ions or non-thermally coupled
energy levels (NTCLs) with dual or multiple centres. TCL-based
optical thermometry has limited sensitivity and temperature
range owing to a small energy gap and spectral overlap, making
it unsuitable for practical applications.**** Using NTCLs for
optical thermometry can be problematic due to measurement
interference. The relative luminescence intensities of different
luminescent centres vary with excitation wavelength and power,
making reliability a concern.>® Finding appropriate luminescent
materials for temperature sensors employing FIR technology is
crucial for achieving high sensitivity and working over a broad
temperature range. Crucial to the usefulness of lanthanide-based
thermal sensors is the selection of an appropriate host material,
which dramatically effects their performance and stability.
Molybdates occupy enormous relevance as inorganic com-
pounds, displaying excellent performance in catalysis, laser
technology, and as ionic conductors.>*>° A recent study has
significantly dived into examining the luminescence character-
istics of molybdates doped with rare earth ions.'®*>*' It is worth
mentioning that the optical characteristics of molybdates are
very structure-dependent and they may exist in distinct crystal
phases with varying valences of molybdenum element. Molyb-
date hosts have emerged as frontrunners, displaying outstand-
ing thermal stability and compatibility with lanthanide dopants.
Inspired by this, the optical properties of 2% Pr**/15% Yb*'-
doped molybdate Y,M0,0;5 hosts based on down-conversion
emission have been studied in our previous work and the
thermometric parameters were calculated.*?

We selected Y,Mo030,, due to its remarkable properties,
including the largest negative thermal expansion (NTE) and
minimal anisotropy. These characteristics can be attributed to
the large ionic radius and low electronegativity of yttrium (Y)
atoms, which significantly influence the structural and thermal
behavior of the material.**** It presents many optical applica-
tions, especially when codoped with rare earth elements,
such as Y,Mo0;0;, codoped Er*'/yb*,** Y,Mo0;0:,:Tm*"/Yb*"
(ref. 48) and Y,M0;0,,:Nd*/Yb*>*.*°
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In this study, we investigate a novel luminescent material
based on Y,Mo0;0;, co-doped with 2% Pr**/15% Yb*' ions.
By leveraging the luminescent properties of lanthanides within
a molybdate host matrix, our research aims to advance the
understanding of optical thermometry and pave the way for its
widespread adoption across various industries and scientific
disciplines. Through comprehensive analysis and characteriza-
tion, we aim to elucidate the temperature-sensing capabilities
of this material using the FIR technique ranging from 298 K to
448 K for both (TCLs) and (NTCLs) and its potential for real-
world applications.

ll. Experimental details

We synthesized Pr’*/Yb** co-doped Y,Mo;0;, using the sol-gel
method. The primary reagents for sample preparation included
Y(NO3);-6H,0 (99.8%), Pr(NO;);-5H,0 (99.9%), Yb(NO3);-5H,0
(99.9%), (NH,)sM0;0,,4-4H,0 (99%), and citric acid (C¢HgO;
99.5%), all obtained from Sigma Aldrich. The required raw
materials were weighed in stoichiometric amounts, dissolved in
distilled water, and stirred magnetically at 80 °C for 1 hour to
promote gel formation and eliminate excess water. The result-
ing xerogel was then placed in an oven at 120 °C for 12 hours.
Following this step, the xerogels were transferred into alumina
crucibles and calcined at 600 °C for 12 hours in a furnace.

Ill. Characterization techniques

The purity of the obtained compound was checked by X-ray
diffraction (XRD) using a Bruker D8 diffractometer with Cu Ko
radiation (e, = 1.5418 A) at room temperature. The sample’s
morphology was examined using scanning electron microscopy
(SEM, FEI Quanta 250 FEG) equipped with an energy-dispersive
X-ray spectroscopy (EDS) accessory. For temperature calibra-
tions, the powder sample was placed in the centre of a tubular
furnace, and the temperature was increased from room tem-
perature (RT) to 448 K. A K-type thermocouple positioned near
the sample, attached to a temperature calibrator (Fluke 714),
provided precise temperature measurements. The fluorescence
intensity ratio (FIR) approach is based on variations in the
relative intensities between two bands of the emission spec-
trum. To obtain the emission spectra of the material, excitation
was performed using a 457 nm continuous laser focused onto
the sample. The luminescence from the sample was filtered
using a short-pass filter, then focused at the tip of an optical
fibre positioned on the opposite side of the furnace. The optical
fibre was connected to a 0.3 m single grating spectrometer
(Andor SR-3031-B), and the signal was measured using a cooled
CCD detector (Newton DU920 N) with a resolution of 0.7 nm
(~25cm ') and an integration time of 1 s. Luminescence decay
curves were recorded with a 200 MHz LeCroy WS424 oscillo-
scope, a photomultiplier tube (PMT)—Hamamatsu R928, and a
tunable EKSPLA/NT342/3/UVE 10 ns pulsed laser (optical para-
metric oscillator—OPO) with a repetition rate of 10 Hz, which
served as an excitation source.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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IV. Results and discussion
1. Structural and morphological analysis

The powder X-ray diffraction profiles of Y,(M00,);:2% Pr**/15%
Yb® shown in Fig. S1 (ESIf) matched very well with the
JCPDS#28-154. X-ray analysis shows that all diffraction peaks
were in good agreement with the orthorhombic symmetry and
space group Pbcn.”® Using the XRD data, the structural para-
meters were refined by the Rietveld method, as shown in Fig. 1.
The refinement results confirmed that the lattice parameters
were a = 13.9419 A; b = 9.7967 A and ¢ = 9.9561 A, which are in
agreement with the literature.’" Taking into account the similar
ionic radius r(Pr**) = 0.99 A, r(Y**) = 0.9 A and r(Yb*") = 0.985 A,
we suggest that the Pr** and Yb*" ions are expected to most
probably to occupy the Y** sites.>

The morphology of the Y,M030,,:2% Pr’/15% Yb*" phosphor
was carefully investigated using scanning electron microscopy
(SEM) to evaluate the surface features and grain connectivity, as
shown in Fig. 2a. The microstructure reveals a generally uniform
distribution of grains, which shows a predominantly irregular
shape. Some degree of agglomeration is visible, indicating
potential interactions among particles during synthesis that could
influence the sintering process. A detailed grain size distribution
analysis is illustrated in Fig. 2b, showing a relatively narrow size
range, which suggests a consistent particle formation mechanism
throughout synthesis. The average grain size, calculated to be
approximately 0.42 pm, implies a submicron scale that may favor
high surface-to-volume ratios. This feature is often advantageous
in optical materials as it can enhance light scattering and influ-
ence photoluminescent properties. The relatively small grain size
might also contribute to improved thermal stability and homo-
geneous energy transfer between Pr** and Yb®" ions within the
matrix, potentially enhancing the upconversion efficiency.

Additionally, a close examination of the grain boundaries
reveals that they are relatively well-defined, suggesting effective
crystal growth and minimized grain boundary defects.
This structural uniformity might reduce non-radiative losses,

* Yobs
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Yobs-Ycal
Bragg position

Intensity (a.u)

10 20 30 40 50 60 70 80
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Fig. 1 XRD Rietveld refinement of Y,Mo030:,:2% Pr¥*/15% Yb**.
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a beneficial factor for optical thermometry applications.
Further, the submicron scale could support good dispersibility
in polymer or solvent matrices if the material is intended for
integration into nanocomposite systems for broader applica-
tions. To confirm the presence of all elements, the energy
dispersive X-ray spectrum of Y,M030:,:2% Pr’*/15% Yb** is
displayed in Fig. S2 (ESIT).

The energy-dispersive X-ray spectra of Y,Mo0;0,, codoped
Pr**/Yb** confirms the presence of the signals of (Y), (Mo), (O) and
doped ions (Pr) and (Yb). No other impurity element is present in
the EDX figure, which reveals the purity of the prepared sample
and confirms the XRD analysis. The quantitative compositions are
in good relation with nominal compositions of the Y,M030;,:2%
Pr’*/15% Yb*" particles. The sample contains Mo, Y, Yb, O and Pr
elements, suggesting the successful formation of Y,M030,,:2%
Pr’*/15% Yb®* using the sol-gel method.

2. Photoluminescence properties of Y,M0;0,,:Pr’*/Yb**

Fig. 3a illustrates the photoluminescence spectrum of Pr**/Yb**
in Y,Mo03;0;, at room temperature and is excited by 457 nm.
Within the 510-1070 nm range, the observed photoluminescence
arises from f-f transitions within Pr’* originating from the *P, and
3P, and 'D, states, as well as Yb®" originating from the Fs, state.
The observed emission were detected at 537 nm, 562 nm, 604 nm,
612 nm, 623 nm, 656 nm, 694 nm, 705 nm, 741 nm and 890 nm
corresponding to transitions *P; — °Hs, *P, — °H;, 'D, —
3H4,3Po - SHG) 3Pl - SFZ) 3P0 - 3F2, 31:'1 - 3F37 3P1 - 3F4,
*py — °F4, and 'D, — °F,, respectively.”>>* Notably, the most
intense transition corresponds to *P, — °F,. The inset in Fig. 3a
shows the transitions originating from P, to °F; and °F,. Addi-
tionally, the band detected at 919-1051 nm is attributed to Yb*",
corresponding to the *Fs;, — *F, transition.>

The temporal evolution curve of the *P, state in Y,M030,:
2% Pr**/15% Yb** recorded with Jex = 457 nm and Aep, = 980 nm
are shown in Fig. 3b. The luminescence decay curve is well
fitted using the following function

[11dr
T =
[1dt

(1)

where ¢ is the time and I(¢) is the emission intensity.

A very fast rise time (0.71 ps) and a long decay time (about 49 ps)
were observed. This temporal evolution is indicative of a very fast
cross relaxation channel that populates the excited state of Yb*"
ions and is given by

'D,(Pr**), *F, (YD) > 3F; ,4(Pr*"), *Fs(YD)

To elucidate the involved down-conversion emission mecha-
nism, the energy level diagram of Pr’* and Yb** co-doped
Y,Mo;0;, excited at 457 nm is presented in Fig. 4. The excitation
of the Pr** ion occurs from the *H, to the *P, level. Subsequently,
a three process energy transfer from Pr** to Yb** is required.>*”

Process (1):

SPO(PI_3+) + 2F7/2(Yb3+) — 1G4(Pr3+) + 2F5/2(Yb3+)

(1) The effective non-radiative transition of excitation energy
from Pr** to Yb*" ions are caused by the close proximity of the

Mater. Adv., 2025, 6, 827-838 | 829
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Fig. 2 (a) SEM image and (b) grain size distribution of the synthesized Y,Mo030;,:2% Pr**/15% Yb>* phosphor.

%o, hex=457nm

351373
3p,364
|

Intensity(a.u)

Waveiength(nm)

Intensity(a.u)

2 2
Fsi2- F7i2

700 800 900 1000

Wavelength(nm)

600

®

2

2 014

c

@

E

T

@

N

g 0.014

e

[<]

-4

0.001 T T T

0.0 0.1 0.2 0.3 04

Time(ms)

Fig. 3 (a) Visible emission spectrum measured at room temperature upon 457 nm excitation. (b) The temporal evolution in Y>M0301,:2% Pr**/15% Yb**

measured at 980 nm under 457 nm laser excitation.

energies of *Py-'G, transition in Pr*" ions and the *F,,~"Fs,
transition in Yb*" ions.
Process (2):
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Fig. 4 Schematic energy level diagram for Y,Mo3z0;, codoped Pr**/Yb**
proposed down emission mechanism under 457 nm excitation.
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(2) Non-radiative excitation decay P, — *H, of Pr’" ions lead to
the simultaneous transfer of excitation energy from the *P,
level to the two excited Yb*" ions in the *F5), states.

Process (3):

(3) Exchange of excitation energy between Pr’* ions can also
occur. It is also feasible for there to be a cross-relaxation
process between Pr’* and Yb®' ions as a result of the reverse
energy transfer from Yb*" to Pr*" ions, which could further
contribute to a decrease in the intensity. To obtain the efficient
Yb** luminescence given by process (1) and (3), it is obligatory
to populate the P, level of Pr’" ions. This can be practiced by
the 457 nm excitation of the *H, — P, band of Pr** ions with
relaxation to the *P, level.

3. Temperature sensing behaviour

To fully understand the phenomenon of optical thermometry, a
thorough theoretical explanation is necessary. Optical thermo-
metry relies on temperature-dependent variations in optical
characteristics such as luminescence intensity, wavelength, or
lifetime. These variations arise from the temperature-dependent
interactions between electrons and phonons, which can lead to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectral broadening and energy level shifts. Higher temperatures
increase phonon populations and electron-phonon interactions,
causing notable changes in the emission intensity for certain
transitions. Thermal quenching, where luminescence efficiency
decreases as the temperature increases due to competing non-
radiative processes, also plays a role. Materials with larger energy
gaps are more susceptible to thermal quenching. Materials with
larger energy gaps between the excited and ground states are
generally more susceptible to thermal quenching. This increased
susceptibility arises because thermal energy, especially at ele-
vated temperatures, can activate non-radiative relaxation path-
ways. In materials with a large energy gap, the phonon energy
becomes sufficient to bridge this gap, enabling phonon-assisted
transitions that bypass radiative emission. As a result, non-
radiative decay processes dominate, leading to a significant
reduction in the luminescent efficiency. Therefore, while large
energy gaps are often advantageous for preventing reabsorption
or cross-relaxation effects, they pose a challenge for thermal
stability. This relationship highlights the need for optimizing the
energy gap to balance luminescence efficiency and thermal
robustness, particularly for applications requiring stable perfor-
mance over a range of temperatures.

Additionally, band gaps in semiconductors and insulators
tend to narrow with rising temperatures, affecting the photon
energy and emission spectra. Excited state lifetimes and
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dynamics are also temperature-dependent, with higher tem-
peratures typically leading to shorter lifetimes due to increased
non-radiative decay rates. In some materials, heat activation
can produce higher-lying states with distinct emission proper-
ties. Furthermore, temperature-dependent energy transfer
between dopant ions can influence the emission peaks and
intensities. The temperature sensitivity of radiative transitions
in optical thermometry is driven by non-radiative decay pro-
cesses, the material’s band structure, and interactions between
electronic states and lattice vibrations. Understanding these
underlying mechanisms is crucial for effectively using optical
thermometry in practical applications.

In order to investigate the temperature effect, photolumi-
nescence emission spectra were recorded at different tempera-
tures within the range of 298-448 K, as depicted in Fig. 5a. The
peak positions remain unchanged by increasing the tempera-
ture. To prove the unchanged position of the emission peaks in
modified temperature conditions, the normalized emission
spectra are shown in Fig. S3 (ESIt). On the other hand, their
intensities decrease with increasing temperature. There is a
noticeable change in colour from red to orange when the
temperature is increased. This variation is shown in the CIE
chromaticity diagram presented in Fig. 5b.

As the temperature increases from 298 K to 448 K, the colour
coordinates shift from (x =0.57,y = 0.41) to (x = 0.53,y = 0.45). It

(b)
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Fig. 5 (a) Temperature dependence of down-conversion emission spectra of Y,M0301,:2% Pr**/15% Yb**. (b) CIE coordinate changes with respect to
temperature from 298 to 448 K under 457 nm excitation. (c) Temperature dependence of 3p,—3F, emission in Yo,M03015:2% Pr3*/15% Yb3*. (d)
Temperature dependence of 2Fs,,—2F;/> emission in YoMoz01»:2% Pri*/15% Yb>*.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is clear from the PL spectra that some transitions exhibit a
strong and noticeable temperature dependency. Consequently,
when the ambient temperature around the phosphor increases,
the level of non-radiative relaxation also increases. While the
emission peak intensities fall for all transitions, the rate of
decrease with temperature varies among them. The peak
detected at 623 nm exhibits a faster decline in intensity
compared to the 604 nm and 705 nm peaks. The evolution of
the intensity of (°P,-°F,) as a function of temperature is
described in Fig. 5c. The (*P,-°F,) peaks decreased with
increasing temperature. On the other hand, the temperature
dependence of *Fs;,~>F,,,(Yb>") detected at 980 nm is shown in
Fig. 5d. The 980 nm peak initially decreases and then increases
with an increase in temperature.

The migration in the peak intensities corresponding to the
transitions from the ®P; state is larger than that of the *P, state
due of thermal agitation.”® While exciting with the 457 nm
light, these energy levels, one is thermally coupled up level and
another thermally coupled low level, may be filled and depopu-
lated, respectively, by varying the temperature. The fluores-
cence intensity ratio FIR from the TCL can be calculated
using the Boltzmann distribution theory.*®

—AE

FIRTCL =A €Xp <kB—T> (2)

where A is a constant, kg is the Boltzmann constant (kg =
0.695 K~ ecm™ "), AE is the energy gap separating the two
thermalized levels and T represents the absolute temperature.
Using eqn (2), we were able to get very accurate results (R = 1)
for the calculated band intensity ratios (FIR) corresponding to
FIR, I°P; — ’F /1P, — *Hg). These were accomplished by
calculating the integrated areas beneath the relevant band. The
plots fitted and the experimental values of A and AE/kg are
shown in Fig. 6. The FIR, (I,05/I,3) increases exponentially with
temperature. The computed difference in energy (AE) between
the TCL FIR, is AE = 1583 cm .

To objectively analyse the efficacy of temperature sensing
based on the associated band ratios, we have calculated their
absolute sensitivity (S,) and relative sensitivity (S,). S; is con-
sidered a crucial measure for evaluating the performance of
temperature sensing in practical applications. This strongly
depends on the fitting of the energy difference between the
barycentre of the thermalized levels. These parameters can be
expressed by eqn (3) and (4).°°°

OFIR
Sa="1 G)
1 OFIR

Accordingly, the calculated S, and S, values of FIR,; at diverse
temperatures are shown in Fig. 7. It can be seen that S
decreases with the increase in temperature. The highest values
S, and S, of FIR, are equal to 2.2010° K " (at 448 K) and
2.61% K (at 298 K), respectively.
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Fig. 6 Plots of FIR; based on thermally coupled levels.

The study showed that Pr** ions have the potential to be
used as thermometers in luminescence thermometry. This is
achieved using the luminescence intensity ratio (FIR) of two
thermally linked electron levels of Pr** ions when they are
optically excited to the P, level. The samples exhibited greater
temperature sensitivity compared to other materials doped with
Ho*'/Yb** (ref. 63) and Er**/Yb**.*” The temperature mapping of
microcircuits and biomedical in vitro applications are both
facilitated by these systems. However, the temperature sensitivity
is not the only characteristic of luminescence thermometers.
Critical parameters such as the excitation wavelength, lumines-
cence spectral range, and luminescence quantum yield are
equally significant. Specifically, for biological applications, infra-
red excitation is critical because it prevents cells and tissues
from fluorescing automatically. For the temperature measure-
ment of microcircuits, the excitation wavelength is not such a
limiting parameter and the choice of the luminescence sensors
depends on a specific assignment. According to eqn (2), the
sensitivity for TCLs is proportional to the energy gap AE at a
specific temperature. In other words, substantial AE is condu-
cive to high sensitivity. However, the AE between the TCLs
should be larger than 200 cm™" but lower than 2000 cm™". As

2.5%x10°° 2.8
FIR1(l705/1623)
L 2.6
2.0%10°% 4 24
L 2.2
~ 1.5%10°°
. L 2.0
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L1.8 %
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L 1.2

0.0 1.0
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Temperature(K)

Fig. 7 Relative and absolute sensitivities S, and S, based on the TCLs FIR;
of Pr3*/Pr3* as a function of temperature.
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a result, the sensitivity for the FIR method applying TCLs is
theoretically restricted. However, the NTCLs without energy
restriction may occur between the same or co-doped two distinct
luminescent ions, which indicate that more energy level combi-
nations can be employed to make multichannel temperature
monitoring feasible. Thus, the abundance of emission bands
across a broad range in our materials is suited for NTCLs
temperature measuring application. It is stated that the FIRxrcrs
vs the temperature may be fitted to a polynomial function'**%3

FIRntcr, = A + BT + CT® + DT (5)

where 4, B, C and D represent the fitting parameters. We
investigate the intensity ratios of FIR, I’P; — *F,)/I('D, — °F,)
and FIR; I’P; — °F)/I(Fs, — °Fy5) in Y,Mo30.,:Pr**/Yb®
phosphor within the framework of the FIR technique for Non-
Thermally Coupled Levels (NTCLs). The experimental data for
FIRnrcyrs are fitted (Fig. 8(a) and (b)) and thermometry coefficients
A, B, C and D are collected in Table S1 (ESIT).

The S, and S, values obtained for NTCLs FIR, (I705/Ige0) and
FIR; (I705/Ios0) are depicted in Fig. 9(a) and (b). The maximum
values of S, and S, for FIR, were found to be about 6.29.10 > K *
(at 384 K) and 3.6% K ' (at 314 K), respectively (Fig. 9a). The
highest S, and S; values for FIR; are equal to 4.25.107° K and
11.2% K ', respectively, obtained at 298 K (Fig. 9b).

On the other hand, Table 1 presents a comparative analysis
of the thermometric capabilities of phosphors that serve as
typical samples from other pertinent studies. Table 1 compiles
the relative sensitivities of several materials for optical thermo-
metry and compares them to our phosphor’s sensing sensitivity
based on TCL and non-TCLs. This comparison underscores the
varying levels of maximum relative sensitivity (S;) for temperature
sensing among different phosphors. It may be inferred that the
Y,M030,,:Yb*"/Pr**phosphor displays superior performance com-
pared with prior data. The S, values at about room temperature
are particularly outstanding, which implies that the material may
be employed in a broader variety of applications. The NTCLS
represented by FIR, and FIR; have a higher relative sensitivity
than TCL represented by FIR;. The actual potentialities of the
Y,M0;04,:Pr**/Yb** in the optical thermometry field were conse-
quently confirmed. Bi-centre systems, such as Y,Mo0;0;,:Pr**/Yb**
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6.0%10°

3
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© 4.0x10° °
@ 3.0x10°

w
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nanoparticles, often exhibit higher sensitivity to temperature
changes compared to single-centre systems. This enhanced
sensitivity allows for more precise and accurate temperature
measurements, which are crucial in applications where small
variations in temperature need to be detected. Indeed, the use
of bi-centre systems such as Y,M03;04,:Pr**/Yb®" nanoparticles
offer improved sensitivity, ratiometric measurements for accu-
racy, a wide temperature range, robustness against external
factors, customization options, and compatibility with optical
systems, making them highly advantageous for luminescent
thermometry applications. It is noted that the relative sensitiv-
ity obtained based on the ratio involving the emissions of one
Pr** (705 nm) and one Yb** (980 nm) provides the highest
relative sensitivity 11.2% K, indicating superior performance
in luminescent thermometry. This observation suggests that
using a bi-centre luminescent thermometer offers higher per-
formance compared to a single-centre system.

Another essential parameter for evaluating the performance
of an optical thermometer is the temperature uncertainty (37),
which represents the slightest detectable temperature change
within a measurement. The 6T value can be calculated as

follows.®%%°

1 OFIR

r= Sr FIR (©)

where JFIR is the uncertainty of the FIR value. To determine
the SFIR, 100 measurements were made at room temperature
under similar circumstances for Y,Mo030:,:2% Pr*'/15%
Yb®>" upon 457 nm excitation. Herein, SFIR adopts the
standard deviation of the FIR data obtained from multiple
measurements at a fixed temperature, as shown in Fig. S4(a)-
(c) (ESIf).

The 8T value was determined to be 0.27 K for FIR,, 1.42 K for
FIR, and 0.12 K for FIR;, respectively, at room temperature, as
depicted in Fig. 10(a)—(c). Considering the high sensing sensi-
tivity, low temperature uncertainty and the application of dual-
FIR data, we suggest that the Y,M03;0,,:Pr’**/Yb**phosphor
could be implemented in optical thermometry with brilliant
applications.
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Fig. 8 Plot of FIR based on non-thermally coupled levels: (a) FIR,, (b) FIR3 and the corresponding fitting according egn (5) as a function of temperature.
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Table 1 The calculated maximum relative sensor sensitivities (Symax) @and the corresponding transitions of Y,Mo0301,:2% Pr3*/15% Yb**

Phosphors Emission Srmax (% K1) Ref.
Y,M030,,:Pr¥t/Yb** 705/623 (FIR;) 2.61 This work
705/890 (FIR,) 3.6
705/980 (FIR) 11.2
Bi,Ti;04,:Pr’*/Yb** 545/623 0.68 66
Y,Mo0,0,5:Pr*t/Yb** 980/490 1.15 42
547/490 1.27
980/490 1.15
LaF;:Pr’* Yb®* — 1.08 67
PMN-PT:Pr**,Yb*" 608/490 1.03 26
a
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Fig. 10 Temperature uncertainty values (37) for (a) FIRy, (b) FIR,, and (c) FIRs.
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V. Conclusion

In this work, we delve into the synthesis and characterization of
Y,Mo0;0,,:Pr**/Yb*" nanoparticles for non-contact luminescent
thermometry, an area garnering significant attention due to its
diverse applications in varied environments. Yb*>*/Pr** co-doped
Y,Mo0;0;, was successfully synthesized by the sol-gel method.
Photoluminescence proves to be sensitive to temperature varia-
tions. Through meticulous evaluation utilizing X-ray diffraction
(XRD), scanning electron microscopy (SEM), and photolumines-
cence (PL) techniques, we explored the luminescent properties of
these nanoparticles, observing intense emissions from excited
states such as *P,, G, and "D, upon excitation with 457 nm light.
Our investigations span temperatures from 298 K to 448 K,
revealing the high sensitivity of Y,Mo050,,:Pr**/Yb** nanoparticles
in temperature sensing, notably achieving a maximum relative
sensitivity of 11.2% K ' at 298 K. Additionally, we analysed the
thermal and non-thermal coupling levels of Pr** and Yb®* ions
using the fluorescence intensity ratio (FIR) technique, unveiling
promising results. This work underscores the potential of
Y,M0304,:Pr**/Yb** nanoparticles in optical thermometry, show-
casing their effectiveness as temperature sensors across a wide
range of environments. Our findings indicate that utilizing bi-
center luminescent thermometers, particularly the Y,M0;0,:Pr**/
Yb®" system, offers superior performance compared to single-
center systems, paving the way for precise, reliable, and versatile
temperature measurements across various applications in optical
thermometry.
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