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A B S T R A C T   

Currently available temperature measurements or imaging at nano-micro scale are limited to fluorescent mol-
ecules and luminescent nanocrystals, whose spectral properties respond to temperature variation. The principle 
of operation of these conventional temperature probes is typically related to temperature induced multiphonon 
quenching or temperature dependent energy transfers, therefore, above 12%/K sensitivity and high thermal 
resolution remain a serious challenge. Here we demonstrate a novel class of highly sensitive thermographic 
phosphors operating in room temperature range with sub-kelvin thermal resolution, whose temperature readings 
are reproducible, luminescence is photostable and brightness is not compromised by thermal quenching. 
Corroborated with phase transition structural characterization and high spatio-temporal temperature imaging, 
we demonstrated that optically active europium ions are highly and smoothly susceptible to monoclinic to 
tetragonal phase transition in nanocrystalline (54 ± 14 nm) LiYO2 host, which is evidenced by changed number 
and the splitting of Stark components as well as by smooth variation of contribution between magnetic and 
electric dipole transitions. Further, reducing the size of phosphor from bulk to nanocrystalline matrix, shifted the 
phase transition temperature from 100 ◦C down to room temperature. These findings provide insights into the 
mechanism underlaying phase transition based luminescence nanothermometry and motivate future research 
toward new, highly sensitive, high temporal and spatial resolution nano-thermometers aiming at precise 
studying heat generation or diffusion in numerous biological and technology applications.   

1. Introduction 

Temperature and its precise quantification have been of interest to 
mankind for millennia [1,2]. This is mainly due to the fact that, this is 
one of the most important thermodynamic parameters, it affects and 
regulates rate and the character of the physical, chemical and biological 
processes or reactions [1,3–6]. Therefore, its accurate determination 
allows not only to passively understand the progress of the occurring 
processes and reactions but, most importantly, enables their reliable 
feedback-control [7–9]. For example, temperature is a valuable diag-
nostic parameter which enables recognition of the disease conditions 
like fever, inflammation spots, diabetic foot, cancerous tumors, heart 
strokes and many others [10–14]. Moreover, spatially and temporarily 
resolved temperature maps enable to study heat conduction properties 
in various materials in non-destructive and remote way[15]. The first 
ever discovered records regarding the concept of temperature 

evaluation was conceived by Philo of Byzantium from around the third 
century BC [1,2]. Since then, continuous work has been dedicated to 
propose new solutions to measure temperature in the most accurate, 
fastest and convenient way. In opposite to conventional thermometers, 
such as mercury based, thermocouples or bolometric detectors, a new 
and revolutionary approach, called luminescent thermometry, has been 
proposed [16–24]. It enables remote temperature readout by harnessing 
the thermally induced changes of the luminescent features of phosphor 
and thus opened new, previously unexplored possibilities for thermal 
measurements or imaging in highly corrosive environment [25], in high 
temperatures conditions[26], to sophisticated non-invasive in vivo and in 
vitro biological measurements through optical microscopes with un-
precedented sub-micron size spatial and sub-second temporal resolu-
tions[23,27–36]. In its most commonly used approaches, this technique 
exploits the susceptibility of emission spectra (e.g. ratio of the lumi-
nescence intensity of two emission bands) or the kinetics of 
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luminescence lifetime of the excited level to the temperature[37–45]. As 
already discussed by several authors, the accuracy and reliability of the 
thermal imaging is, however, typically compromised by the probes of 
sufficient brightness and photostability, reproducibility of readout, 
simplicity of calibration, resistance to environmental factors and high 
relative sensitivity of the luminescent temperature probe to temperature 
changes[24,46]. As the susceptibility of luminescence intensity of the 
phosphor to temperature changes depends both on the host material and 
the electronic configuration of the optically active ions, the large-scale 
research has been focused on boosting the sensitivity of luminescent 
thermometers by optimization the type and concentration of active ions, 
modifying the phosphor host parameters such as phonon energy, crystal 
field strength and by involving various thermally induced interionic 
energy transfer processes[47–63]. Although the existing thermometers 
appear promising, their sensitivities values still leave room for further 
improvement[24,64,65]. Notably, an important limitation character-
izing the vast majority of luminescence thermometers is the fact that the 
temperature range displaying highest sensitivity is typically correlating 
with temperature range where the intensity of luminescence is signifi-
cantly quenched, thus limiting their brightness and thermometric per-
formance[24,47,65]. Therefore, it is imperative to propose completely 

new solutions that enable temperature reading with high temperature 
sensitivities and resolutions, while maintaining high luminescence 
intensity. 

In response to current limitations, and well defined requirements and 
expectations for luminescent thermometry field, here, we propose and 
evaluate a new method to determine temperature by exploiting the 
change of luminescence features in response to temperature-induced, 
first order crystal phase transitions. The concept of the structural 
phase transition driven luminescent thermometry has been already re-
ported, however, the obtained thermometers were characterized by 
much lower sensitivity[66,67,68]. Importantly, the nanomaterials pro-
posed in this manuscript have been designed to quantify temperature in 
physiological range. The presented approach goes significantly beyond 
current paradigms in luminescence thermometry which exploit 
temperature-induced changes in the energy level populations and/or 
non-radiative transition rates. These latter methods are frequently 
compromised by the sensitivity of luminescence features (i.e. spectral 
fingerprints, intensity, quantum yield)[69]. The suitability of this newly 
proposed idea for highly sensitive luminescence thermometry is evi-
denced by a spectacular susceptibility of Eu3+ ions, known to be lumi-
nescent structural probe, and its spectroscopic properties to a 

Fig. 1. The conceptual image explaining the ideas of the proposed solution: the LiYO2 nanocrystals undergoes the thermally induced, reversible, first-order phase 
transition from monoclinic structure of P21/c space group to the tetragonal structure of I41/amd space group at room temperature which affects the point symmetry 
of the luminescent Eu3+ ion modifying its energy level diagram. Therefore the change of the temperature induces the quenching of the emission line at 591 nm and 
boosts the intensity of the 588 nm one. Their opposite thermal dependence enables development of a highly sensitive luminescence-based remote temperature sensor 
of extraordinary relative sensitivity to temperature changes. 

L. Marciniak et al.                                                                                                                                                                                                                              



Chemical Engineering Journal 427 (2022) 131941

3

temperature induced continuous phase transition occurring to crystal-
lographic environment and local site symmetries (Fig. 1). The LiYO2 , 
discussed here as a representative host material, reveals a phase tran-
sition from a monoclinic structure with P21/c symmetry to a tetragonal 
structure with I4/amd symmetry at a temperature of about 100 ◦C in 
bulk materials[70–72]. However, by using materials of nanometric size, 
the phase transition temperature was purposefully reduced to room 
temperature (ca. 25 ◦C for particle size 54 ± 14 nm), which is of 
particular interest for biomedical microscopy studies. The phase tran-
sition induced by the temperature rise, not only changes the local 
symmetry of the ion, but reduces the number of Stark components to 
which the 7F1 level is split, and increases their maximum splitting. These 
modifications lead to significant changes in the relative proportions of 
the Eu3+ Stark components associated with the 5D0→ 7F1 electronic 
transition, which are assigned to the two different crystallographic 
phases and corresponding different local Eu3+ site symmetries. The 
spectacular changes of the luminescence intensity ratio (LIR) and the 
corresponding extraordinarily high values of the sensitivity have been 
observed in narrow, but biologically relevant temperature range. 
Simultaneously, the nano size phosphors satisfy the other strict re-
quirements of biomedical applications, such as through optical micro-
scope high spatial resolution detection and thermal imaging with 
relatively high temporal resolution. 

2. Experimental section 

2.1. Synthesis 

The powders of LiYO2:1% Eu3+ nanocrystals were synthesised with a 
modified Pechini method. Li2CO3 (99.9% purity, Chempur), Y2O3 
(99.999% purity, Stanford Materials Corporation), Eu2O3 (99.99% pu-
rity, Stanford Materials Corporation), C6H8O7 (>99.5% purity, Alfa 
Aesar) and H(OCH2CH2)nOH, (PEG-200, n = 200, Alfa Aesar) were used 
as starting materials. Yttrium and europium oxides were dissolved in 
deionized water with the addition of a small amount (5 ml) of HNO3 
(65% purity, Avantor), then recrystallized three times to remove the 
excess of nitric acid. The 4-fold stoichiometric excess of lithium car-
bonate was added to the water solution of nitrates. After that, an 
anhydrous citric acid and polyglycol were added to the mixture. The 
molar ratio of citric acid to all metals was set up as 6:1, meanwhile PEG- 
200 and citric acid were used in a molar ratio of 1:1. Subsequently, the 
obtained solution was dried for 24 h at 125 ◦C until a resin was formed. 
The produced resin of the samples with 1% Eu3+ concentration in 
respect to the number of Y3+ moles ions was annealed in porcelain 
crucibles for 6 h in air at 800 ◦C. Finally the obtained powder was 
grinded in agate mortar. 

In order to obtain a film of the LiYO2:Eu3+ nanocrystals on a glass 
plate the 10 mg of LiYO2:Eu3+ nanocrystals were mixed with 5 ml of 
643–2 high temperature ceramic binder from Aremco Products Inc. 
using ultrasonic stirrer for 30 min. The microscope slide glass of 25 × 75 
× 1 mm size was covered by the paint. Next, the glass plate was dried at 
90 ◦C for 2 h and annealed at 200 ◦C for 2 h in air. 

2.2. Characterization 

Powder diffraction data were obtained using a PANalytical X’Pert 
Pro diffractometer equipped with Oxford Cryosystems Cryostream 700 
Series cooler using Ni-filtered Cu Kα radiation (V = 40 kV, I = 30 mA). 
The sample was put into Hampton Research glass capillary and sealed. 
Diffraction patterns in 15-90◦ 2θ range were measured in heating/ 
cooling sequence in the temperature range of –50 to 75 ◦C. ICSD data-
base entries No. 50,992 (LT phase) and 50,993 (HT phase) were taken as 
initial models for the analysis of the obtained diffraction data. Trans-
mission electron microscope (TEM) images were performed with the 
Philips CM-20 SuperTwin transmission electron microscope, operating 
at 160 kV. The sample was ground in a mortar and dispersed in 

methanol, and then a drop of the suspension was put on a copper mi-
croscope grid covered with carbon. Before the measurement, the sample 
was dried and purified in a H2/O2 plasma cleaner for 1 min. A differ-
ential scanning calorimetric (DSC) measurements were performed on 
Perkin-Elmer DSC 8000 calorimeter equipped with Controlled Liquid 
Nitrogen Accessory LN2 with a heating/cooling rate of 10 K/min. The 
sample of the mass 43.201 mg was sealed in the aluminum pans. The 
measurement was performed for the powder sample in the 100 – 315 K 
temperature range. The helium as purged gas was used. The hydrody-
namic size of the nanoparticles was determined by dynamic light scat-
tering (DLS), conducted in a Malvern ZetaSizer at room temperature in a 
polystyrene cuvette, using distilled water as a dispersant. 

The emission and excitation spectra were obtained using the 
FLS1000 Fluorescence Spectrometer from Edinburgh Instruments 
equipped with 450 W Xenon lamp and R928 photomultiplier tube from 
Hamamatsu. The luminescence quantum efficiency was measured using 
the same FLS100 Spectrometer supplied with integrating sphere. The 
undoped LiYO2 nanocrystals were used as a reference. To carry out the 
temperature measurement, the temperature of the sample was 
controlled using a THMS 600 heating–cooling stage from Linkam (0.1 ◦C 
temperature stability and 0.1◦ C set point resolution). 

3. Microscopic spectrally-, spatially- and temporally-resolved 
measurements 

Microscopic measurements were performed using setup based on 
Nikon Eclipse Ti-U microscopic body. The excitation laser beam (400 
nm), provided by the laser diode, entered by the back port of the mi-
croscope body and was directed by the dichroic mirror (DAPI-50LP-A, 
Semrock) to the objective lens (Plan Apo λ 2x, NA = 0.10, Nikon) used, 
both, for sample illumination and collecting its luminescence. The 
emitted light, collected by the objective lens, after passing through the 
dichroic mirror, was directed to the side port of the microscopic body 
and was filtered by the longpass filter (FELH0500, Thorlabs). Next, it 
was formed by the lens to produce the image of sample luminescence on 
the entrance slit of the monochromator (Shamrock 500i, Andor) 
equipped with CCD detector (Newton 920, BEX2-DD, Andor) operating 
in two modes. In the first one, the entrance slit was fully open (slit of 
2500 µm), and the grating assembled inside the monochromator was set 
in the position of the 0th order diffraction mode and directing reflected 
light to the CCD chip. As a result, an image of luminescence of the 
illuminated part of the sample was observed (1.5 mm in the vertical 
direction). In the latter mode the entrance slit was set to 200 µm, and the 
diffraction grating was operating in the 1st diffraction mode. As a result, 
from each of the points of the sample located along the slits emission 
spectra were acquired simultaneously forming a 1D hyperspectral and 
temporal image. In order to improve the signal to noise ratio in this 
measurements, the binning of the CCD pixels was utilized (1 × 16, where 
the first parameter describes the horizontal direction of the CCD chip, 
corresponding to the wavelength of incoming light, while the latter 
describes the vertical direction, corresponding to the spatial position on 
the sample). On top of that, these spatio-spectral data were collected in 
the kinetic mode with signal acquisition time of 1 s per each of the 900 
frames, hence providing overall information (luminescence intensity) 
about spectral (586–594 nm range), spatial (1.5 mm length across the 
sample) and temporal (900 s) evolution of the sample’s luminescence. 
The spectral resolution of the device was better than 1 nm – the signal 
was read by monochromator (Shamrock 500i, Andor) equipped with 
1200 line ⋅ mm− 1 holographic grating and a CCD detector (Newton 920, 
BEX2-DD, 1024x255 pixel Andor). 

Next, collected datasets were analysed using home-built Matlab 
scripts to translate this 4D spectral information into the corresponding 
temperature distribution over length and over time. 
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4. Results 

The group of host materials of a general formula LiAO2 (where A 
represents the rare earth ions) crystalizes in the three different structure 
types spanning from tetragonal of I41/amd space group (Z = 4), mono-
clinic P21/c to orthorhombic of Pbnm space group (Z = 4), which is 
determined by the size of ionic radii of the A ions. Blasse et al. reported 
high emission intensity of LiYO2:Eu3+ phosphor, which actually is one of 
the most promising and most efficient host material for luminescent 
application. Notably, in contrast to some other representatives of this 
family of compounds, LiYO2 is characterized by low hygroscopic prop-
erties and is highly stable upon cathode ray excitation. The LiYO2 
crystalizes in the monoclinic crystal system of a = 6.1493(8) Å, b =
6.1500(10) Å, c = 6.2494(2) Å and β = 119.091(5)◦ cell parameters at 
low temperatures while undergoes a reversible phase transition to the 
tetragonal crystal system of a = 4.4468(9) Å, c = 10.372(22) Å cell 
parameters at higher temperatures (Fig. 2a) [58]. In the case of the bulk 
material the first order phase transition was reported around 90 ◦C. 
However the reducing of the size of particles to the nanodimension 
enables reduction of the phase transition temperature to the room 
temperature range. The similarities in the ionic radii and the oxidation 
state facilitates the substitution of the Y3+ site by the optically active 
lanthanide ions. The evidence of the structural phase transition can be 

confirmed by the measurement of the powder X-ray diffraction patterns 
as a function of temperature change (Fig. 2b). Diffraction pattern taken 
at –50 ◦C indicates the presence of only low temperature (LT) phase. On 
heating the content of LT phase gradually decreases, whereas the high 
temperature (HT) phase appears, so both phases coexist in the temper-
ature range of 0–25 ◦C. As shown in Fig. 2c, above 30 ◦C the reflections 
from LT phase disappear and the sample is pure HT form of LiYO2 (the 
relative content of individual phases determined based on XRD patterns 
in the temperature function is presented in Supporting Information 
Fig. S1). The differential scanning calorimetric curves clearly confirm 
that LiYO2:Eu3+ exhibits a reversible first-order phase transition (two- 
phase transitions with the noncontinuous character). The characteristic 
peaks or inflections for phase transitions are not observed in the − 173 to 
10 ◦C temperature range. During the heating a peak is observed with 
onset at 14.5 ◦C. The calculated enthalpies of this peak is equal to 9.43 J/ 
g. During the cooling, the counterparts of observed peaks are noticed at 
4.54 ◦C with calculated enthalpy – 7.3046 J/g, respectively. Addition-
ally, the small temperature hysteresis is observed in the case of both 
peaks (ca. 10 ◦C for a maximum of peak between the heating and cooling 
cycle). The parameters of phase transition are stable and very similar in 
the subsequent cooling and heating cycles. The additional insight into 
the character of the phase transition provide temperature dependent 
Raman spectra (Fig. 2 e and f). The factor group analysis indicates that 

Fig. 2. The visualization of the LiYO2:Eu3+ low temperature monoclinic and high temperature tetragonal crystal structures a), the thermal evolution of the XRD 
patterns in a 15-75◦ 2θ range for nanoparticles of 54 ± 14 nm size -b) and zoom up in the 45-50◦ 2 θ range c). DSC curves obtained for LiYO2:Eu3+ nanocrystals d); 
thermal evolution of the Raman spectra of the LiYO2:Eu3+ e) and f); particle size distribution histograms obtained from DLS measurements g) and representative TEM 
images of the LiYO2:Eu3+ h-j). 
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only 9Ag + 9Bg vibrations can be observed in Raman spectra for low 
temperature monoclinic phase. On the other hand for the tetragonal 
LiYO2 structure representation looks as follows: A1g + 4A2u + 4B1g +

4Eu + 4Eg + B2u, however only A1g + 4B1g + 4Eg are expected to be 
active in Raman spectrum. Therefore more rich spectra can be observed 
for the monoclinic structure and at elevated temperature above 20 ◦C 
the reduction of the number of vibrational peaks can be found (Fig. 2e). 
This can be especially clearly seen is the 450–530 cm− 1 wavenumber 
range where the peaks intensity at 520 cm− 1 and 484 cm− 1 attributed to 
the bending of YO6 group and stretching of O-Y-O gradually decrease at 
elevated temperatures. Moreover the position of the most intense peak 
at 859 cm− 1, is attributed to the stretching mode of YO2- group shifts 
toward higher wavenumbers probably due to the elongation of the 
average Y-O distance (its shift as a function of temperature is presented 
in Fig. S2). The DLS measurements indicate that the sample consists of 
the particles of average grain size 54 ± 15 nm (Fig. 1g) what was also 
confirmed by the TEM images. The powder consists of highly crystalized 
and aggregated particles. 

The luminescent properties of the Eu3+ ions doped phosphors are 
associated with the electronic depopulation of the metastable 5D0 
excited state to the lower lying 7FJ multiplets, among which the electric 
dipole allowed 5D0→7F2 and magnetic dipole allowed 5D0→7F1 transi-
tions are usually the most intense and are responsible for its red emission 
colour (Fig. S3). Therefore emission spectra of LiYO2:Eu3+ nanocrystals 
consist of two emission bands at around 590 and 620 nm associated with 
the 5D0→7F1 and 5D0→7F2 electronic transitions of Eu3+ ions, respec-
tively. The luminescence quantum efficiency of the LiYO2:Eu3+ nano-
crystals measured at 25 ◦C equals 22%. An increase in the temperature 

quench emission spectra, which can be attributed to the thermally- 
derived change of the absorption cross section for excitation wave-
length. Additionally some spectral shift of the 5D0→7F2 emission bands 
maxima toward shorter wavelengths (higher energies) can be found at 
elevated temperatures (Fig. S4). However, the most spectacular changes 
are associated with the thermally induced change of the shape of 
emission spectra, which is especially clearly visible in the case of the 
5D0→7F1 emission band (Fig. 3b). At low temperature this band consists 
of three emission lines associated with the electronic transition to the 
three Stark sublevels of 7F1 state expected to occur for the C2 point 
symmetry. However in the case of the D2d point symmetry, which is 
expected for high temperature tetragonal phase of LiYO2 , the 7F1 should 
be split into two components. Therefore, gradual increase of tempera-
ture results in the quenching of the lines at 586 nm (M(0 → 1)), 591 nm 
(M(0 → 2)) and 594 nm (M(0 → 3)) and the enhancement of the lines at 
588 nm (T(0 → 1)) and 596 nm (T(0 → 2)). Moreover, slight ca. 1 nm 
spectral shift of the M(0 → 2) and M(0 → 3) emission lines can be found 
in the investigated temperature range. The opposite thermal depen-
dence of the lines attributed to the tetragonal and monoclinic crystal 
structures enables development of highly sensitive ratiometric lumi-
nescent thermometer (see Fig S5 for excitation spectra). However the 
spectral overlap of the M(0 → 3) and T(0 → 2) lines hampers the ac-
curate remote temperature readout. Therefore the emission intensities 
of the T(0 → 1) and M(0 → 2) were analyzed (Fig. 3c). At elevated 
temperatures the integral emission intensity M(0 → 2) gradually de-
creases up to − 30 ◦C, above which drastic quenching can be observed up 
to 45 ◦C at which only 25% of the initial intensity can be observed. On 
the other hand above –30 ◦C , the intensity of T(0 → 1) increases 4-fold 

Fig. 3. Thermal evolution of the emission spectra of LiYO2:Eu3+ nanocrystals (54 ± 14 nm particle size) upon λexc = 400 nm (a); the influence of the temperature on 
the shape of the 5D0→7F1 emission band (b); integral emission intensities of T(0 → 1) and M(0 → 2) lines (c) and their luminescence intensity ratio (d) measured as a 
function of temperature; thermal dependence of SR (e) and the LIR measured within several heating–cooling cycles (f). 
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in the − 30 ◦C to 35 ◦C temperature range, which is followed by the 
gradual reduction of its intensity associated with the thermal quenching 
of Eu3+ luminescence. These unique and complex thermal trends enable 
to develop a favorable thermometric parameter (luminescence intensity 
ratio) as follows: 

LIR =
T(0→1)
M(0→2)

=

∫ 589.25nm
586.50nm I(λ)dI
∫ 589.75nm

592nm I(λ)dI
(1) 

At elevated temperatures above − 30 ◦C LIR becomes 5-fold 
enhanced at around 50 ◦C followed by a slight lowering of its value. 
The decrease of the LIR observed at higher temperatures is a reflection of 
the quenching of the T(0 → 1) emission line. It needs to be noticed that 
the change of the monotonicity of the thermal trend of LIR reduce the 
usable temperature range in which such luminescent thermal probe can 
be applied. The quantitative evaluation of the LIR enhancement and thus 
thermometric performance of the LiYO2:Eu3+ nanocrystals can be 
further quantified by calculating relative sensitivity of thermographic 
phosphors to temperature changes, which is expressed as: 

SR =
1

LIR
ΔLIR
ΔT

100% (2)  

where ΔLIR represents a change of LIR value corresponding to the ΔT 
change of temperature. The sharp increase of the LIR below 50 ◦C is 
manifested as an unprecedently high value of the SR which reaches SR =

11.8%/oC at 22 ◦C and decreases when the temperature is further 
increased. The negative values of the SR above 50 ◦C corresponds to the 
change of the thermal monotonicity of the LIR. The hysteresis of the 
temperatures at which phase transitions occur implies the necessity of 
the verification of the repeatability of the temperature readout using 
LiYO2:Eu3+ as a thermal probe. The presented evaluation of the LIR 
values within several heating–cooling cycles between − 50 and 50 ◦C 
reveals the remarkably good thermometric performance of the consid-
ered nanocrystals. The detailed analysis of the thermal evolution of LIR 
within heating–cooling cycles, however, indicated that the hysteresis of 
the LIR value can be found (Figs. S6 and S7). The measurement of the 
hysteresis loop within heating cooling cycles indicates an excellent 
repeatability of the LIR values within the change of the temperature with 
the same monotonicity (see also XRD patter and TEM image of the 
LiYO2:Eu3+ nanocrystals after several heating–cooling cycles-Fig. S8). 
This indicates that the LiYO2:Eu3+ nanocrystals can be used for tem-
perature determination in the application where monotonic change of 
the temperature can be found. 

The accuracy of the remote thermal imaging depends on the uncer-
tainty of temperature determination which can be calculated as follows 

δT =
1
SR

δLIR
LIR

(3)  

where the δLIR is the standard deviation determined based on the 30 
measurements of the emission spectra at constant temperature (using 
heating–cooling stage). In the case of the LiYO2:Eu3+ , δT decreases with 
temperature reaching δT = 0.05 ◦C at 35 ◦C (Fig. S9). Notably, this value 
of the temperature determination uncertainty is correct when the 
monotonic change of the temperature is expected. The hysteresis loop 
observed in the thermal dependence of LIR significantly increases the 
uncertainty of temperature determination using LiYO2:Eu3+ nano-
crystals. A comparative analysis of the relative sensitivities obtained for 
other, previously reported nanocrystalline luminescent thermometers 
operating at room temperature indicates excellent thermometric pa-
rameters of the LiYO2:Eu3+ nanocrystals65. 

Although thermocouple or termovision cameras enable temperature 
monitoring with similar temporal and temperature resolution to the one 
presented here, none of existing techniques is capable to offer suffi-
ciently high spatial resolution (here ca. 0.1 mm) and temperature 
visualization under optical microscope. Therefore, luminescent nano-
particle based temperature sensing, which enable combining sub-second 

temporal resolution with sub-millimeter spatial resolution, give prom-
ises for many interesting applications in (bio)technology. To demon-
strate the suitability of such nanothermometers for optical microscopy, 
we have performed spatially and temporarily resolved studies of a point 
heat source. 

The sample composed of LiYO2:1% Eu3+ deposited on bare glass 
substrate was attached (with good thermal contact) to the cooper 
cooling plate equipped with the set of two thermoelectric Peltier mod-
ules and heat dissipating system to provide the sample initial tempera-
ture of 30 ◦C (Fig. S10). On the other hand, another Peltier module based 
system with cooper finger responsible for local heating of the sample. 
Such setup, composed of two modules, heating and cooling ones, was 
mounted on the microscopic stage and adjusted in a configuration 
enabling observation on the microscope and recording the image of the 
luminescence corresponding to some selected area of the sample (along 
L = 1.5 mm path), with the heating finger edge positioned on one side of 
the imaged area (Fig. S10-13). 

As soon as thermal stabilization of the sample was achieved with 
cooling plate, collection of the consecutive frames was initialized, where 
each of them was containing information about the local luminescence 
spectrum of the sample along the observed area. After initial 30 s of the 
observation of the sample kept in the steady state conditions, the heating 
system was turned on and local heating of the sample has begun. 

The set of spectra measured in consecutive time frames in the central 
part of the sample is presented in Fig. 4.(a). This temporal evolution of 
the luminescence spectrum exhibits two opposite effects for the two 
spectral bands being analyzed. For the M(0 → 2) band (marked in blue), 
after the first 30 s of the observation characterized by absence of any 
substantial changes of the intensity, a gradual quenching starting at the 
t0 = 0 s can be observed. Oppositely, in the case of the T(0 → 1) band 
(marked in red) one can observe gradual increasing of the intensity over 
time. Because these effects are opposite to each other, their relation can 
be considered as a sensitive temperature indicator. We have therefore 
proposed a way to translate this spectral information, obtained for given 
spatial position and time frame into the information about corre-
sponding temperature (see SI). By performing calibration procedure, 
based on relation between intensities determined for the T(0 → 1) and M 
(0 → 2) bands, being corrected by the background signal measured away 
from the analyzed peaks (Bkgd, marked in green) and followed by 
automatic software analysis of the 4D data structure, temporal evolution 
of the temperature along the sample was calculated (Fig. 4(d)). 

The thermal profiles were fitted to the model accounting for the 
transient thermal dissipation via convection to the environment 
perpendicular to the plate and the steady-state heat diffusion through 
the plate66: 

T(x, t) = Ta −
ΔT

cosh(m⋅x)
⋅exp( − t/τ) (4)  

where ΔT is the temperature rise due to the constant flux thermal 
source, Ta is the ambient temperature, τ = RtCt (Rt is the convection 
resistance and Ct is the lumped thermal capacitance of the plate), and 
m = (4h/kD)1/2 where h is the heat transfer coefficient, k is the thermal 
conductivity of the plate, and D is the width of the plate. Perfect cor-
relation between experimental data and the theoretical model confirms 
the high accuracy of remote temperature determination using LiYO2: 
Eu3+ nanocrystals. Because our point heat source and the sample is 
cylindrically symmetric, we have studied heat diffusion process along 
one direction, with the benefit of simultaneous kinetics visualization, 
which ultimately enables to judge on heat conduction of the substrate 
materials. This fit-for-purpose demonstration can be easily extended to 
two dimensional spatially and temporarily resolved imaging. 

In fact, such temperature distribution in space and in time provides 
comprehensive information about dynamics of the temperature gradi-
ents induced by the heating finger present at the left side of the sample 
(position length = 0 mm). Thus, such dynamics can by analyzed from the 
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two perspectives – (1) as the temporal evolution of the temperature at 
various positions along the sample, or, alternatively, (2) as the tem-
perature distribution at the selected moments in time. Both of these 
analyses can be performed utilizing the profiles taken in proper 
dimension from the whole dataset. Selected profiles corresponding to 
both of these approaches are shown by the black dotted lines in the Fig. 4 
(d). The set of profiles marked by the vertical lines and presenting the 
temporal temperature evolution at the given positions (0.2 mm, 0.6 mm, 
1.0 mm and 1.3 mm) is presented in Fig. 4(b). The common structure can 
be found for all of such extracted profiles, namely they start from similar 
and stable initial temperature, however as soon as the heating is turned 
on, the temperature starts to grow. Analogously, the complementary 
dataset composed of the profiles extracted along the horizontal lines 
(Fig. 4(c)) present the temperature distribution along the sample at 
various moments in time (0 s, 100 s, 300 s, 600 s). Initially the tem-
perature along the sample is around 10 ◦C, however, once the heating 
starts, clear trend can be observed – the temperature is growing with 
time, nevertheless this process is not homogeneous in space. The tem-
perature increase is more dynamic in close vicinity to the heater position 
(~0.0 – 0.3 mm) - here the temperature is also the highest. At longer 
distances away from the hot finger, the process is getting less dynamic 
and observed temperatures are lower. Furthermore, the dynamics 
changes also with time – after first, quite rapid changes, the system is 
going toward the saturation and the observed increase of the tempera-
ture is slowing down. 

5. Conclusions 

The constant need to increase the accuracy of remote temperature 
reading and mapping justifies the continuous interest in new materials 
with unique thermometric properties that can meet these requirements. 
In this work a strategy that involves first order phase transition between 
monoclinic structure of P21/c space group (low temperature phase) to 
the tetragonal structure of I41/amd space group (high temperature 
phase) in LiYO2:Eu3+ nanocrystals is proposed. Thermally induced 
change of the structural phase and thus local Eu3+ point symmetry 
initiate significant changes in its luminescent properties, that are espe-
cially clearly manifested in the change of the 5D0→7F1 emission band. 
Therefore, the intensity ratio of emission lines associated with the 
transition from 5D0 state to two different Stark components of 7F1 level 
was used as a thermometric parameter. The value of this parameter 
increases at temperature elevation up to 50 ◦C, what indicates its 
excellent thermometric performance. The unprecedentedly high relative 
sensitivity SR = 11.8%/◦C at 22 ◦C with the favorably low temperature 
determination uncertainty δT = 0.05 ◦C, confirm that LiYO2:Eu3+ is one 
of the most promising materials for luminescent-based temperature 
determination. The observed hysteresis loop of thermal dependence of 
LIR values, with high repeatability of its value within the change of 
temperature of one, defined monotonicity suggest that LiYO2 can be 
used as a temperature probe in the applications where one monotonicity 
of temperature change is expected to occur. Therefore, in the proof of 
the concept experiment, the LiYO2:Eu3+ was used to study heat distri-
bution with sub-millimeter spatial resolution and sub-second temporal 
resolution in which thermal hysteresis of LIR dependence will not 

Fig. 4. Microscopic measurements of the spatial and temporal temperature distribution around point heat source. (a) Emission spectra measured at the consecutive 
moments after turning on localized heating; the spectral ranges of the T(0 → 1) M(0 → 2), and the background signal level are marked with red, blue and green 
regions, respectively. (d) Temporal (y axis) evolution of the spatial temperature distribution (x axis) along the sample from the ‘hot finger’ away towards cooling 
plate. The black vertical lines represent the positions of the profiles are showing temporal changes of the temperature at selected positions along the sample (b), while 
the black horizontal lines represent the profiles showing spatial temperature distribution at the selected moments since the start of the heating (c). 
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provide any limitations. The small spectral separation of the bands used 
for temperature determination in this work requires spectral photode-
tectors of sufficient ca. 1–2 nm spectral resolution (spectrometers, 
hyperspectral imagers) which should outperform conventional bandpass 
filters being prone to spectral leaking between the bands. Another 
possible solution can be the use of luminescence from the other ion, to 
assure better spectral separation emission bands aiming to adopt simple 
ratiometric detection / imaging with the bandpass filters. The presented 
results suggest that the luminescent materials displaying first order 
phase transition may, in general, constitute a new promising direction of 
the research targeted to the development of highly sensitive thermo-
graphic phosphors and open new possibilities of thermal imaging with 
millikelvin thermal resolution. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

M.Sz. and A.B. acknowledge financial support from 2018/31/B/ 
ST5/01827. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2021.131941. 

References 

[1] M.A. Kedzierski, Principles and methods of temperature measurement, Wiley- 
Interscience 1st edition 6 1 1993 106 10.1016/0894-1777(93)90045-K. 
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