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m3+/Yb3+:Na5Y (MoO4)4
nanocrystals for simultaneous luminescent
nanothermometry, photothermal therapy and deep
bioimaging in the NIR-I window

Yosra Bahrouni, *ac Ikhlas Kachou, a Kamel Saidi, *ab Christian Hernández-
Álvarez, cd Mohamed Dammak a and I. R. Martin c

In this study, Tm3+/Yb3+ co-doped Na5Y(MoO4)4 (NYMO) nanoparticles were successfully synthesized via

the sol–gel method, and their structural, morphological, upconversion (UC) luminescence, and

photothermal properties were comprehensively investigated. Upon 975 nm near-infrared (NIR) laser

excitation, the NYMO nanoparticles exhibited two prominent UC emission bands at 477 nm and 796 nm,

corresponding to the 1G4 / 3F6 and 3H4 / 3H6 transitions of Tm3+ ions, respectively. The fluorescence

intensity ratio (FIR) between these emissions enabled precise optical temperature sensing; at 298 K, the

highest relative sensitivity is 2.05% K−1, and at 388 K, the highest absolute sensitivity is 0.53% K−1. The FIR

value increased with excitation power, indicating a rise in internal temperature due to photothermal

effects. This temperature increase is attributed to efficient NIR absorption and nonradiative relaxation

processes, enhanced by electron–phonon interactions at elevated temperatures. Furthermore, the

nanoparticles demonstrated significant NIR emission penetration into biological tissue up to a depth of 4

mm, confirming their suitability for deep-tissue imaging. Operating within the optically transparent

biological window, the Tm3+/Yb3+-doped NYMO nanoparticles exhibit multifunctional capabilities,

combining optical thermometry, photothermal conversion, and in vivo bioimaging. These results

highlight NYMO nanoparticles as promising candidates for luminescent nanothermometers and

photothermal agents in biomedical applications.
1. Introduction

Currently, upconversion luminescence is recognized as a novel
process in which two or more low-energy photons are sequen-
tially absorbed, leading to the emission of a photon with higher
energy.1,2 The trivalent rare earth (RE3+) ions exhibit a plethora
of ladder-like 4f energy levels, creating optimal physical
conditions for upconversion (UC) to transpire. The RE-doped
UC materials exhibit several exceptional characteristics. These
include a large anti-Stokes shi, precise emission bands,
extended luminescence lifetimes and superior photostability,
which make them promising materials in various applications
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x, Tunisia. E-mail: yossrabahrouni23@

, Sfax Preparatory Engineering Institute,

de F́ısica, MALTA-Consolider Team, IMN
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such as lasers, illumination, displays, anti-counterfeiting and
sensors.3,4 Upconversion (UC) using a near-infrared (NIR) exci-
tation source has attracted signicant attention in the
biomedical eld due to its favorable characteristics deep
penetration into biological tissues and minimal
autouorescence.5–7 In parallel, photothermal therapy (PTT) is
a therapeutic approach that converts absorbed light energy into
heat via photothermal therapeutic agents (PTAs), enabling
efficient destruction of cancer cells or pathogens through
thermal ablation.8,9 The RE upconversion device consists of
a host matrix and selected luminescent centers of RE ions, such
as Tm3+ and Yb3+, for the generation of the desired emission.
Sensitizers such as Yb3+ or Nd3+ are typically used to enhance
absorption and improve lasing intensity. Moreover, optimal
candidates for upconversion are host materials with low
phonon energy and sufficient asymmetric lattice sites to allow
substitution of lanthanide ions for luminescence.10,11 Materials
doped with RE3+ seem to be a promising alternative for creating
optically active materials since the RE3+ ions have thermally
linked emission levels.12 It means that the relative ion pop-
ulation of these planes, as well as their emission, varies with the
temperature of the active substance.13,14 Several optical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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parameters can be calibrated for studying the RE3+ emission
response as a function of temperature, including the relative
intensities between two thermalized emission bands,
commonly known as the uorescence intensity ratio (FIR),
which is the most commonly used technique for calibrating an
optical sensor.15,16 From a practical point of view, not all RE3+

ions can be used to calibrate optical responses using the FIR
technique.17

Among lanthanide elements, Yb3+ and Tm3+ are considered
the most efficient sensitizers, exhibiting strong absorption
cross-sections at an excitation wavelength of 975 nm, close to
the near-infrared (NIR) band. The order distribution of Yb3+

between 2F7/2 and 2F5/2 is likewise resonant with that of other
regularly employed UC lanthanides, which contain only a 4F
order of the 2F5/2 single excited state.18,19 Efficient energy
conversion is promoted by the f–f transitions of elemental ions
(Eu3+, Tm3+ and Ho3+). Therefore, Tm3+ is a suitable sensitizer
for in vivo experiments. It may be utilized as an excitation light
source, therefore avoiding the thermal damage to biological
tissues caused by the 980 nm laser. Yb3+ and Tm3+ are the most
oen employed ions for sensitizer conversion owing to their
deep tissue penetration ability.20–22 The activator is responsible
for releasing the light from the luminescent substance incor-
porated in the host matrix. The activator stimulates follow-up
and then transitions to a higher energy level, hence mini-
mizing the possibility of non-radiative energy relaxation. The
energy dissipation associated with cross-relaxation may be
reduced by altering the doping ratios of the various activators to
regulate light emission.23 When excited by a 975 nm laser, the
UC emission of a typical activator Tm3+ is typically in the blue
visible range, which is a relatively lower penetration depth
compared to red and NIR light due to absorption and scattering
by biological tissues. This implies that red and NIR emissions
peak at 695 nm and 800 nm of Tm3+ inside the “optical window”
are more suited for deep tissue imaging than those of the visible
UC emissions of Er3+ and Ho3+ ions.24 However, Tm3+ ions oen
display the dominating blue uorescence that peaks at 485 nm
in most host materials.25,26 It is required to create a technique
for adjusting the upconversion emission of Tm3+-doped UC
luminous materials to increase the red and NIR emission for
possible biological applications. Generally, UC efficiency for
blue emission is much lower than that of green and red. The
absorption of 975 nm photons by Tm3+ ions is low. However, the
Yb3+ ion is an excellent sensitizer, effectively absorbing pump
light and transferring absorbed energy to coactivators.

In this work, we detail the synthesis, structural character-
ization, and in-depth optical evaluation of Na5Y (MoO4)4 phos-
phors co-doped with Yb3+ and Tm3+ ions. The doping levels
(0.01Tm3+/0.15Yb3+) were meticulously optimized through
preliminary studies to achieve the maximum emission intensity
at 975 nm near-infrared (NIR) excitation. We thoroughly
examined the effects of these dopants on upconversion lumi-
nescence, temperature-dependent uorescence properties, and
photothermal conversion efficiency. Particular emphasis was
placed on assessing the material's suitability for multifunc-
tional applications, including high-sensitivity optical ther-
mometry using uorescence intensity ratio (FIR) techniques,
© 2026 The Author(s). Published by the Royal Society of Chemistry
effective NIR-driven photothermal conversion, and deep-tissue
in vivo imaging, capitalizing on its emission within the biolog-
ical transparency window.
2. Experimental setup
2.1. Synthesis

The NYMO compounds co-doped with Tm3+/Yb3+ were synthe-
sized using the Pechini sol–gel technique.27 The nano-
luminescent materials were prepared using several commer-
cially available chemicals, including Y(NO3)3$6H2O, (NH4)6-
Mo7O24$4H2O, NaNO3, NaOH, Tm(NO3)3$5H2O, and
Yb(NO3)3$5H2O. To initiate the synthesis, all the precursors
were combined in an Erlenmeyer ask and stirred with
a magnetic stirrer at 70 °C. Citric acid was subsequently added,
resulting in a color shi from green to blue. The mixture was
continuously stirred and heated to 80 °C until it underwent
hydrolysis, forming a sol and eventually transitioning into a gel.
The gel was then calcined by annealing at 800 °C to generate the
nal product, which was then rened for analytical tests.
2.2. Characterization techniques

X-ray diffraction (XRD) patterns were obtained using a Bruker
Advance diffractometer equipped with a Cu Ka1 (l = 1.5406 Å)
radiation source. Measurements were conducted in the 2q range
of 5°–75° with a step size of 0.02°. The morphology of the
synthesized samples was analyzed using a Zeiss Supra 55VP
FEG-TEM and a Bruker XFlash 5030 detector. Temporal decay
proles were recorded using a 200 MHz LeCroy WS424 oscillo-
scope coupled with a Hamamatsu R928 photomultiplier tube
(PMT). The system was driven by a 10 Hz EKSPLA/NT342/3/UVE
pulsed laser (OPO system, 10 ns pulse width). The temperature-
dependent luminescence measurements were conducted by
placing the as-prepared samples into a Linkam THMS600
heating stage. An Avantes high-resolution CCD detector was
used to acquire the photoluminescence (PL) spectra at 975 nm
excitation from a Spectra Physics 3900S tunable Ti:sapphire
laser. Temperature-dependent emission measurements were
taken at 5 K intervals in the range of 298–388 K. For deep-tissue
penetration studies, the NYMO:0.01Tm3+/0.15Yb3+ nano-
phosphor was excited at 975 nm using the Ti:sapphire laser
(3900S, Spectra Physics) pumped by a Millenia Prime laser
(Millenia 15sJSPG). The sub-tissue penetration depths and
spatial resolutions achievable with the nanoparticles were
investigated using a double-beam uorescence microscope.
3. Results and discussion
3.1. Crystal structure and morphological characterization

Fig. S1 shows the X-ray diffraction (XRD) patterns for the NYMO
matrix when codoped with Tm3+/Yb3+ ions. The diffraction
peaks obtained from all samples closely matched the standard
positions identied for the NYMO standard chart (JCPDS #82-
2368),28 which conrms that doping with rare earth ions did not
alter their phase structure. This indicates that the synthesized
phosphors have retained a single-phase composition. The
RSC Adv., 2026, 16, 4452–4460 | 4453
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Fig. 1 (a) Rietveld refinement of XRD patterns. (b) TEM images for the NYMO:0.01Tm3+/0.15Yb3+ sample.
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Rietveld structure renement of the NYMO:0.01Tm3+/0.15Yb3+

phosphor, conducted using the FullProf Suite soware, is pre-
sented in Fig. 1a. We performed the Rietveld renement anal-
ysis on Tm3+/Yb3+-co-doped NYMO samples to enhance
visualization of the crystal structure. The renement results,
obtained with the FullProf Suite, demonstrate a strong agree-
ment between the calculated and experimentally observed
diffraction proles.

Table S1 presents the structural parameters obtained from
Rietveld renement of the samples, which were used to deter-
mine their crystal structures. Fig. 1a shows the diffraction
patterns of the sample, which were used to conrm the phase
purity of the synthesized materials. The sample was found to be
single-phase, as no additional diffraction peaks were observed.
This indicates that the incorporation of Tm3+ and Yb3+ ions did
not result in the formation of secondary phases. While this
observation supports the successful incorporation of dopant
ions into the NYMO lattice, denitive evidence of their substi-
tution for Y3+ ions requires further structural or spectroscopic
analysis. To validate this substitution, the percentage difference
in the ionic radius (Dr) between Tm3+, Yb3+, and the host Y3+ ion
was calculated:29

Drð%Þ ¼ RsðCNÞ � RdðCNÞ
RsðCNÞ � 100% (1)

Here, CN is the coordination number, Rs (CN) is the radius of
the cations in the framework, and Rd (CN) is the radius of the
dopant. The ionic radius difference (Dr) should not exceed 30%.
The ionic radii of Y3+, Yb3+ and Tm3+ are 0.9 Å, 0.985 Å and 0.994
Å, respectively. The coordination number of both ions is 8. The
Dr values in NYMO activated with Tm3+/Yb3+ were found to be
9.44% and 10.44%, indicating that both Tm3+ and Yb3+

successfully substitute the lattice positions of the Y3+ sites.30

The morphology of the samples co-doped with Tm3+/Yb3+ in
NYMO phosphors was observed by transmission electron
4454 | RSC Adv., 2026, 16, 4452–4460
microscopy (TEM), as shown in Fig. 1b. The images reveal
noticeable grain aggregation, with particle sizes predominantly
ranging from 100 to 200 nm.
3.2. Optical characterization

3.2.1. Up-conversion luminescent properties. Fig. 2a shows
the emission spectrum of the NYMO:0.01Tm3+/0.15Yb3+ phos-
phor under 975 nm excitation, from which we can observe the
typical characteristic emission peaks of Tm3+ ions from the f–f
transitions ranging from 400 to 900 nm. All the bands identied
are attributed to the intra-conguration 4f–4f radiative transi-
tion of Tm3+: 1G4 /

3H6 (477 nm) and 3H4 /
3H6 (796 nm).31,32

The excited states of Tm3+ (UC emitter) are mainly pumped by
UC energy transfer processes when the absorbed NIR-light by
Yb3+ ions, acting as a sensitizer, transfer their energy to the
neighboring Tm3+.

A CIE chromaticity diagram of NYMO:0.01Tm3+/0.15Yb3+ is
shown in Fig. 2b, which shows that NYMO:Tm3+/Yb3+ has a CIE
coordinate of (0.2194, 0.2161) and is in the blue region, indi-
cating that it can emit bright blue light. Moreover, from the
recorded optical images, we can witness the brilliant red
emission when the nished products were treated with the UV
light.33 To further study the color behavior of the created red
light, the following equation was used to assess its color
purity:34

CP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xeeiÞ2 þ ðy� yeeÞ2
ðxd � xeeÞ2 þ ðyd þ yeeÞ2

s
(2)

Here, (x, y) = (0.2194, 0.2161), (xee, yee) = (0.310, 0.316) and (xd,
yd) = (0.677, 0.322) are attributed to the CIE coordinates of the
evaluated phosphors (NYMO: white illumination, and domi-
nant wavelength (796 nm)).35 Thus, the color purity of the
emitted blue light from the developed phosphors was 93.8%,
indicating that the Tm3+/Yb3+-activated NYMO phosphors can
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) PL. (b) Chromaticity diagram of NYMO phosphors codoped with 0.01Tm3+/0.15Yb3+ excited at lex = 975 nm.

Fig. 3 Proposed energy transfer mechanism of NYMO:0.01Tm3+/
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produce high-quality blue light and are suitable for lighting
applications.

3.2.2. Mechanisms of up conversion emission. Fig. S2a
illustrates the time-dependent behavior of blue and near-infrared
(NIR) upconversion (UC) emissions under pulsed 975 nm exci-
tation. The decay curves exhibit a notable rising component,
suggesting the presence of UC energy transfer processes that
facilitate population of the emitting energy levels.36

The inuence of pump power on UC luminosity was exam-
ined at various powers. Fig. S2b shows the log–log curves
derived according to the formula IUC = Pn, where n is the
number of photons needed for the UC process, P is the power at
975 nm, and IUC is the emission intensity.37 The formula t
indicates that the slope n values of the emission bands at 477
and 796 nm were 2.38 and 1.21, respectively. This indicates that
the blue emission band at 477 nm is due to the three-photon
absorption UC process, while the red emission is due to the
two-photon absorption UC process.38

To further comprehend the energy transfer (ET) process, the
ET mechanism in NYMO:0.01Tm3+/0.15Yb3+ is presented in
Fig. 3. Initially, using a 975 nm pump, Yb3+ ions with a higher
absorption cross section are stimulated from the 2F7/2 state to
the 2F5/2 state via ground-state absorption. These ions subse-
quently relax non-radiatively to the 2F7/2 state, delivering energy
to the adjacent Tm3+ ions.39 The energy obtained excites the
Tm3+ from the 3H6 state to the 3H5 state, and this process may
be dened as the ET1 process: 2F5/2(Yb

3+) + 3H6(Tm
3+)

/ 2F7/2(Yb
3+) + 3H5 (Tm3+). At this stage, part of the non-

radiative Tm3+ relaxes to the 3F4 state and subsequently
proceeds to absorb photons to the 3F2,3 states. This process is
termed the ET2 process: 2F5/2 (Yb

3+) + 3F4 (Tm
3+) / 2F7/2 (Yb

3+)
+ 3F2,3 (Tm

3+). It then delivers energy to the 3H6 state in the form
of a faint red glow. The other Tm3+ ions in the 3H5 state
continually absorb photons and pump them to the 1G4 state. It
then relaxes to the 3F4 state.40,41 The intense red light at 796 nm
is generated by the continuous non-radiative relaxation of Tm3+
© 2026 The Author(s). Published by the Royal Society of Chemistry
in the 3F2,3 states. In this process, the Tm3+ ions, which have
relaxed to the 3H4 state, absorb photons again and are pushed
to the 1G4 state by the ET3 process: 2F5/2(Yb

3+) + 3H4(Tm
3+)

/ 2F7/2(Yb3+) + 1G4(Tm
3+). It then emits energy back to the 3H6

state in a nonradiative relaxation mode, resulting in blue light
at 477 nm.42

3.3. Temperature-dependent UC property of NYMO:Tm3+/
Yb3+

The material investigated as an optical temperature sensor was
evaluated by analyzing the temperature-dependent lumines-
cence spectra. The results are illustrated in Fig. 4a. In order to
determine the thermometric parameters, we studied the
following two transitions of Tm3+ ions. Following the UC
0.15Yb3+.

RSC Adv., 2026, 16, 4452–4460 | 4455
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Fig. 4 (a) UC emission spectra. (b) CIE chromaticity diagram of Yb3+/Tm3+-doped NYMO under 975 nm excitation at various temperatures from
298 to 388 K.
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emission studies of NYMO:0.01Tm3+/0.15Yb3+ samples, the
Yb3+-codoped samples were investigated for UC emission. Since
Yb3+, when excited at 975 nm, is effective in producing the UC
emission from Tm3+ ions, it was chosen as a sensitizer.43,44

As the temperature increases from 298 K to 388 K, the
upconversion (UC) emission intensity of the NYMO:0.01Tm3+/
0.15Yb3+ nanoparticles decreases for the 1G4 / 3H6 and 3H4

/ 3H6 transitions of Tm3+ ions. This temperature-dependent
reduction in Tm3+ luminescence alters the color of the NYMO
luminophores under 975 nm excitation. Specically, the
emitted color shis noticeably from blue to pink as the
temperature rises from 298 K to 388 K, accompanied by
a continuous decrease in brightness. This color tunability,
driven by temperature control, highlights the robust stability of
Tm3+ ions. These ndings suggest that temperature can be
qualitatively assessed through the observed thermal bleaching
behavior, as depicted in Fig. 4b.

In order to determine the temperature-dependent UC
behavior of the converted particles, the FIR (I796/I477) values as
a function of T are shown in Fig. 5a. The blue emission band at
477 nm in the uorescent sample corresponds to the Tm3+

energy level transition to 1G4. The
1G4 level and the other level

(3H4) are not TCELs, and the electronic population does not
follow a Boltzmann distribution, and hence temperature cannot
be calculated using this rule. Therefore, a polynomial eqn (3)
with tting constants A1, A2, A3 and A4 is utilized to t the FIR
value of non-TCELs.45–47 The experimental data were tted to
a straight line, yielding a good linear t (R2 value is 0.999).

FIR = A1 + A2 × T + A3 × T2 + A4 × T3 (3)

In practice, absolute and relative sensitivities are oen used
to quantify the temperature measurement behaviour of ther-
mometers, which can be dened mathematically as follows.48,49

Sa ¼
����dFIRdT

���� Sr ¼ 1

FIR

����dFIRdT

���� (4)
4456 | RSC Adv., 2026, 16, 4452–4460
The values of Sa and Sr can be evaluated as a function of the
various un-coupled energy levels. Fig. 5b shows the variations in
sensitivity parameters (Sa and Sr) as a function of temperature
between 298 K and 388 K. It is worthwhile to study a co-doped
sample for optical thermometry because of the availability of
different NTCLs with the same or different dopants, which can
offer more possibilities for tuning the sensitivity of the ther-
mometer. Moreover, Fig. 5b provides an overview of the esti-
mated maximum value of the sensitivity parameters for each
case. It shows that for the selected pair of NTCLs (796/477 nm),
the NYMO sample has the highest relative sensitivity (Sr max =

2.05% K−1) in the physiological temperature range.
As illustrated in Fig. S3, the experimental temperature

uncertainty was determined by measuring 100 spectra at 298 K
under similar conditions since the sensor operation addition-
ally depends on the temperature resolution estimate. Temper-
ature resolution values show typically a Gaussian distribution
around ambient temperature.50,51 In this case, the standard
deviation is 0.54 K. To give a complete comparison with the
previously published FIR thermometers, the thermal sensing
features of different materials, including sensitivity and oper-
ating spectral range, are presented in Table 1. The sensitivity of
NYMO is substantially greater than that of previously reported
similar materials, suggesting that it is an excellent candidate
material for luminous temperature monitoring.

To test the accuracy of the temperature measuring tech-
nique, the thermometric parameters (FIR values) were regularly
measured. This was done by cycling the sample between low
and high temperatures. The results are shown in Fig. S4.
Repeatability (R) was dened as the average of the absolute
differences between the repeated measurements.

Rpð100%Þ ¼
�
1� max

��MiðTÞc �MðTÞc
��

FIRc

�
� 100 (5)

Mi(T)c is the measurement parameter (FIR or band centroid) in
the ith cycle and M(T)c is the average value of M(T) over seven
cycles. The FIR values showed reversible variations in response to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Experimental data and the fitted line of the FIR. (b) Curves of relative sensitivity, Sr, and absolute sensitivity, Sa, of NYMO co-doped Yb3+/
Tm3+ in the temperature range of 298–388 K.

Table 1 Comparison of the sensitivity (Sr) of varied materials

Samples
Temperature
range (K)

Sr max

(% K−1) Ref.

Tm3+:Y2O3 303–753 0.35 52
Yb3+/Tm3+:Sr2GdF7 293–563 1.97 53
Yb3+/Tm3+:Y2O3 303–573 1.5 54
Yb3+/Tm3+:NaY2F7 307–567 1.63 55
Yb3+/Tm3+:GdVO4 297–673 0.87 56
Yb3+/Tm3+:NaBiF4 303–443 1.1 57
Yb3+/Tm3+:Y2Ti2O7 300–400 0.87 58
Yb3+/Tm3+:Na3GdV2O8 298–565 2.01 59
Yb3+/Tm3+:LiNbO3 400–773 0.7 60
Yb3+/Tm3+:NLMO 300–650 1.16 61
Yb3+/Tm3+:PbF2 GC 300–700 0.30 62
Yb3+/Tm3+:NaYF4 300–510 1.53 63
Yb3+/Tm3+:NYMO 298–388 2.05 This work

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/9

/2
02

6 
9:

27
:3

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
temperature, with all observed FIRs above 98% throughout the
tested temperatures. This result demonstrated the high repro-
ducibility and dependability of the thermometric methods used.
3.4. Photothermal conversion performance of Tm3+/Yb3+

codoped NYMO phosphors

To evaluate the photothermal conversion performance of the
NYMO:0.01Tm3+/0.15Yb3+ nanophosphor under 975 nm laser
excitation, upconversion (UC) emission spectra were measured
across a range of excitation power densities (90.8 to 194.9 W
cm−2), as shown in Fig. 6a. Variations in the population distri-
bution of the energy levels result in differing intensity changes
for the 1G4/

3H6 and
3H4/

3H6 transitions of Tm
3+ ions within

the sample. This differential intensity variation causes a shi in
the uorescence intensity ratio (FIR), dened as I796/I477, with
increasing excitation power density. The FIR as a function of
excitation power density is plotted in Fig. 6b, revealing a gradual
increase in FIR as the power density rises from 90.8 to 194.9 W
cm−2. This trend indicates a corresponding rise in the sample's
internal temperature with higher laser power, as illustrated in
© 2026 The Author(s). Published by the Royal Society of Chemistry
Fig. 6c. A greater change in FIR values signiesmore pronounced
heating of the material.64,65

The temperature increase in the NYMO:0.01Tm3+/0.15Yb3+

phosphor is primarily due to energy absorption by the crystal-
line powder, which is then dissipated as heat via nonradiative
processes. This thermal energy propagates from the crystal,
raising the temperature of the surrounding volume. Concur-
rently, enhanced electron–phonon interactions further
contribute to heating within the crystal, with these interactions
becoming more signicant at higher temperatures. These
ndings highlight the efficient conversion of NIR laser excita-
tion power density into heat by the Tm3+/Yb3+ co-doped NYMO
phosphor, positioning it as a promising material for photo-
thermal therapy applications.66,67
3.5. Investigation of the depth of penetration under tissue

To assess the suitability of the NYMO:0.01Tm3+/0.15Yb3+

nanophosphor for biological experiments, a vertical setup was
designed to excite the sample using a method similar to those
reported in the literature.68–70

Using the experimental setup schematically illustrated in
Fig. 7a and described in detail in the Experimental section, we
investigated the optical attenuation experienced by the two
emission bands of NYMO:0.01Tm3+/0.15Yb3+ nanoparticles
(NPs). This conguration enabled us to quantify the progressive
attenuation of Tm3+ luminescence as it propagates through
a blood layer of controlled thickness. The NPs were excited with
a 975 nm laser, and the resulting upconversion emission was
collected by a microscope objective positioned opposite the
sample. Blood, known for its high absorption and scattering
coefficients in the NIR-I region, is widely used as a tissue-
mimicking phantom to approximate the optical response of
human skin.71,72 Its extinction coefficient spectrum, measured
using a Lambda 1050 PerkinElmer double-beam absorption
spectrometer, is shown in Fig. 7b.

Fig. 7c presents themeasured emission intensity of Tm3+/Yb3+

co-doped NYMO NPs (emission at 796 nm) as a function of
RSC Adv., 2026, 16, 4452–4460 | 4457
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Fig. 6 Power dependence of NYMO:0.01Tm3+/0.15Yb3+ ions. (a) The fitted line of FIR (796/477) and (b) calibration temperature.

Fig. 7 (a) Schematic representation of the experimental setup for the determination of the penetration depth of two photon-excited NYMO
nanoparticles. (b) Wavelength dependence of blood extinction coefficient. (c) Intensity of photon-excited luminescence emitted by Tm3+

nanoparticles: NYMO as a function of blood thickness under 975 nm excitation.

4458 | RSC Adv., 2026, 16, 4452–4460 © 2026 The Author(s). Published by the Royal Society of Chemistry
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phantom thickness. As expected, the luminescence signal
decreases monotonically with increasing depth, consistent with
attenuation dominated by absorption and scattering processes.73

The attenuation prole was quantitatively analyzed, allowing us
to estimate the depth at which the signal drops to the detectable
limit under our measurement conditions. Based on this analysis,
the effective in vitro penetration depth for the 796 nm emission is
approximately 4 mm in the blood phantom. It should be noted
that this value represents an inferred penetration depth from the
attenuation curve rather than a direct imaging demonstration.
Nevertheless, the observed attenuation behavior aligns well with
reported NIR propagation characteristics in biological tissues
and conrms that the Tm3+-based emission exhibits enhanced
transmission through strongly scattering media. These results
highlight the potential of NYMO:0.01Tm3+/0.15Yb3+ nano-
particles for applications requiring improved light penetration in
biological environments.

4. Conclusion

In this study, we successfully synthesized Tm3+/Yb3+-co-doped
NYMO nanoparticles using the sol–gel method and comprehen-
sively characterized their structural, morphological, and lumi-
nescent properties. Under a 975 nm laser excitation, the
upconversion (UC) emission spectra displayed two distinct bands
at 477 nm and 796 nm, corresponding to the 1G4 /

3F6 and
3H4

/ 3H6 transitions of Tm3+ ions, respectively. By applying the
uorescence intensity ratio (FIR)method between these emission
bands, the nanoparticles exhibited a maximum relative sensi-
tivity (Sr) of 2.05% K−1 at 298 K and a maximum absolute
sensitivity (Sa) of 0.53% K−1 at 388 K, demonstrating their
potential for high-precision optical thermometry. To evaluate
photothermal conversion performance, the UC emission spectra
weremeasured across a range of excitation power densities (90.8–
194.9 W cm−2). The observed variation in emission intensity was
attributed to changes in the population distribution among
energy levels, resulting in a gradual increase in FIR (I796/I477) with
increasing excitation power. This indicates a rise in internal
temperature driven by laser-induced energy absorption and
subsequent nonradiative heat dissipation, further amplied by
enhanced electron–phonon interactions at elevated tempera-
tures. Additionally, under 975 nm excitation, the near-infrared
(NIR) emission from the NYMO nanoparticles remained detect-
able at tissue depths of up to 4 mm, conrming their exceptional
tissue penetration capabilities. Operating within the biological
optical window, these Tm3+-sensitized NYMO nanoparticles
enable effective deep-tissue imaging and enhanced detection of
subtle biological signals. In conclusion, the Tm3+/Yb3+ co-doped
NYMO nanoparticles exhibit outstanding optical sensitivity,
efficient photothermal conversion, and robust tissue penetra-
tion, positioning them as highly promising candidates for inte-
grated applications in optical temperature sensing,
photothermal therapy, and deep-tissue in vivo imaging.
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I. Mediavilla and J. Jiménez,Mater. Adv., 2025, 6, 1307–1318.
18 I. Kachou, K. Saidi, C. Hernandez-Alvarez, M. Dammak and

I. R. Martın, Mater. Adv., 2024, 5, 8280–8293.
19 M. Fhoula, K. Saidi, C. H. Álvarez, K. S. Carracedo,
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