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Upconversion nanoparticles (UCNPs) have been naturally entangled with surface phonons since their dis-
covery due to their high specific surface area. However, in addition to quenching luminescence at ambient
temperatures, surface phonons play a crucial role in activating the dark layer between the sensitizer and
the activator to enhance luminescence in thermal environments. Considering that the positive effect of
surface phonons may be eliminated under inert cladding, a S-NaGdF,:Yb,Tm@NaYF,@NaGdF,:Yb,Er core-
shell-shell upconversion luminescence (UCL) system with two opposite thermo-responsive luminescence
behaviors is designed here. The imposition of an inert intermediate shell layer causes the weakening
of the blue luminescence of the core Tm ions in the thermal environment, while on the contrary the
outermost Er ions realize an effective enhancement of luminescence with the help of surface phonons.
In addition, the photoluminescence results show that effective modulation of luminescence color can be
achieved by changing the thickness of the inert shell layer, the concentration of Er ions in the activa-
tion layer, and the excitation power. Finally, the distinct thermally responsive luminescence behaviors
and temperature-dependent color variations enabled moderate temperature sensing and information en-
cryption applications. The maximum relative and absolute sensitivities can be up to 1.62 %/K and 0.64 %/K
from 298K to 573K, respectively. These findings provided new insights into optimizing the luminescent
properties of fluorides and provided a new platform for the application of multiple properties in a mate-

rial.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Temperature is a special physical parameter that plays a key
role in industrial manufacturing, biomedicine, and fault diagno-
sis [1-7]. Regarding temperature determination, non-contact up-
conversion nanoparticles (UCNPs) temperature probes with near-
infrared excitation have attracted attention due to their high
penetration, sensitivity, and accuracy [8-14]. Specifically, fluores-
cence intensity ratio (FIR) technology can provide a more effi-
cient temperature response by recording changes in activator emis-
sion intensity ratios at different temperatures, which is considered
a promising method for temperature measurement [15-19]. Al-
though great effort has been put into exploring high-performance
luminescence temperature probes, such as selecting activators with
thermally coupled states and mixing the host with two emis-
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sion centers, achieving high sensitivity that determines tempera-
ture resolution remains a daunting challenge [20,21].

The lanthanides (Ln3*) are characterized by an abundance of
radiative energy levels and different thermally-dependent elec-
tron mobility possibilities, which have invigorated the study of
nanoscale temperature probes [22-28]. Usually, it is a popular
strategy to use lanthanide ions with thermally coupled energy lev-
els as monitoring targets, such as Er** (2Hy;;, and 4Ss,) [29],
Ho** (°F4 and °S,) [30] and Tm3* (3F,3 and 3Hy) [31]. Their
electron configurations all obey Boltzmann thermal equilibrium al-
lowing enhanced luminescence with increasing temperature, but
such neighboring energy states typically have synchronized tem-
perature responses, resulting in lower temperature sensing perfor-
mance (below 1.0%/K) and poor signal discrimination [32-34]. In
addition to this, another strategy is to mix two materials with
different thermally dependent luminescence properties in a cer-
tain ratio [35-37]. For example, Martinez et al. reported a tem-
perature sensing design that ensembles thermally-quenching large
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UCNPs (>50nm) and negatively thermally-quenching small UC-
NPs (<50nm), yielding a high sensitivity of 5.88%/K. However,
this strategy depends on the mixing ratio of UCNPs and may in-
crease the likelihood of localized micro-size inhomogeneous distri-
butions, posing a potential problem for accurate sensing. In con-
trast, combining the non-thermal coupling effects of different lan-
thanide ions in a single structure to increase S; by means of a spe-
cial structural design would be a powerful breakthrough. Another
advantage of doing so was to achieve observable thermally respon-
sive luminescent color changes.

The luminescence mechanism that exists between thermally re-
sponsive upconversion and the surface environment has recently
been explained by surface phonon-assisted energy transfer, clari-
fying the phonon factors that counteract thermal quenching [38].
More interestingly, core-shell engineering by adding inert or ac-
tive shells to the core has been developed rapidly, which can avoid
the contact of the core ions with the surface quenching and sig-
nificantly improve the upconversion luminescence efficiency [39-
45]. In addition, this design is able to confine the lanthanide lu-
minescent ions to different environments, which provides an ef-
fective aid for temperature sensing and color modulation of UC-
NPs [46]. For example, Yan et al. devised a new mechanical de-
sign of LiErF4@LiYF, to achieve ultrasensitive thermally activated
upconversion in Er sublattice core-shell nanostructures and ex-
hibit remarkable thermochromic features [47]. Zou et al. designed
an Ln3*-doped Gd,0,S@NaYF, core/shell heterostructure, which
achieved enhanced UCL performance and high relative thermal
sensitivity by modulating the interfacial strain by changing the
shell composition [48]. All these advances provide power for the
design of multifunctional thermally responsive upconversion lumi-
nescent materials using upconversion emitters with different lumi-
nescent behaviors in the thermal field.

Herein, this work explored the potential of non-thermal cou-
pled energy levels in non-contact nanothermometry and color
modulation. A novel NaGdF4;:40Yb,1Tm@NaYF,@NaGdF,:20Yb,2Er
(Coret, @Sy@Sg, ) core-shell-shell UCNPs was proposed to achieve a
higher sensitivity of temperature sensing and color modulation by
utilizing the thermoresponsive luminescence of the non-thermally
coupled energy levels of Tm and Er (Fig. 1a). In addition, the effect
of the intermediate inert shell layer on the luminescence intensity
and thermoresponsive luminescence behavior of core Tm was sys-
tematically investigated and the mechanism present therein was
probed. Finally, luminescence color modulation was achieved by
introducing different concentrations of Er active shells to compete
with the core for photon energy. These results indicated that the
luminescence changes induced by the percentage of activator and
the different thermoresponsive behaviors with increasing temper-
ature in the core-shell structure had great potential applications in
temperature sensing, anti-counterfeiting and information encryp-
tion.

Based on an in-depth analysis and study of the nanoscale field,
small-sized NaGdF,4:40Yb,1Tm (Corer,) and NaGdF4:20Yb,2Er
(Coreg;) UCNPs were synthesized using the reported co-
precipitation process (Fig. S1 in Supporting information). In
addition to providing the core for the core-shell structure, the
different luminescent properties of Tm and Er ions, as illustrated
in Fig. 1b, also offered the possibility of realizing the luminescence
modulation of the nanomaterials. Based on the hexagonal phase
core molding, a modified high-temperature thermal injection
process was used to synthesize multilayer core-shell nanoparti-
cles. X-ray powder diffraction (XRD) studies of the synthesized
UCNPs at each synthesis step confirmed the successful synthesis
of hexagonal-phase multilayered UCNPs (Fig. S2 in Supporting in-
formation). Transmission electron microscopy (TEM) micrographs
showed the spherical shape of the UCNPs after each synthesis
step, and the average diameter increasing from 6.5+0.06nm in
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the core to 18.3+0.06 nm in the final multilayered UCNPs (Figs.
1c-g and Fig. S3 in Supporting information). Subsequently, a clear
lattice interplanar spacing of 0.521nm was observed at high
resolution, which corresponds to the (100) lattice planes of the
NaGdF, nanocrystals (Fig. 1h).

Small-sized UCNPs are usually limited by severe surface
quenching sites, greatly reducing upconversion luminescence in-
tensity and quantum yield. The heterogeneous core-shell struc-
ture using the optically inert NaYF, shell was able to passivate
the migration of photon energy to the surface quenching center
and change the symmetry of the crystal field around the Tm ions
through lattice mismatch, which ultimately increased the prob-
ability of radiative relaxation [49]. Therefore, the passivation ef-
fect of the inert shell thickness and the luminescence properties
on core-shell nanoparticles were investigated here under ambi-
ent conditions. As shown in Fig. 2a, the NaGdF,;:40Yb1Tm@NaYF,
(Corety@Sy) under 980 nm laser excitation exhibited two strong
blue band emissions, which can be attributed to the 'D, — 3Hg
and 1G4 — 3Hg transitions of Tm. As the thickness of the inert shell
layer increases steadily from 1 nm to 4 nm, the luminescence inten-
sity of the blue part was enhanced by 20, 197, 409, and 710-fold,
which was entirely attributed to the effective elimination of the
surface quenching centers by the coating of the inert shell layer. It
was worth noting that the increase of shell layer thickness cannot
effectively change the luminescence color of core-shell UCNPs, be-
cause the inert layer coating makes the enhancement of the blue
region significantly higher than that of the UV and red areas. This
behavior was demonstrated by the enhancement factor in each lu-
minescence wavelength band (Figs. S4 and S5 in Supporting in-
formation). In addition to NaYF4;, NaLuF; and NaGdF, are often
used as inert shell passivationdefects to achieve luminescence en-
hancement. Here, a comparison was made for different inert shells
and the passivation mechanism was explored from the stability
point of view through theoretical calculations. The photolumines-
cence spectra of different shell layers showed that the NaYF, shell
layer was able to realize a significant enhancement of the lumi-
nescence effect, which was much higher than that of the NaLuF,
and NaGdF, shell layers (Fig. S6 in Supporting information). More-
over, the theoretical calculations in Fig. 2b showed the material en-
ergy of NaYF4 was much lower than that of Lu and Gd, which sug-
gested that the capping of NaYF, allowed UCNPs to possess better
stability and be beneficial for luminescence applications. Consid-
ering that UCNPs have abundant discrete energy levels and pos-
sess different heat-dependent electronic transitions, temperature-
dependent luminescence studies were performed here on prepared
Coret,, UCNPs. Photoluminescence results showed that when the
temperature was increased to 573 K, Tm enhanced its luminous in-
tensity by 71-fold in the blue region, 69-fold in the red region,
and 147-fold in the entire visible band, which suggested that Core
underwent a pronounced negative thermal quenching (Fig. 2c and
Fig. S7 in Supporting information). This luminescence enhance-
ment behavior was attributed to the partial chelation of Yb by
surface oxygen, i.e.,, [Yb-O] [38]. Since the surface of the Corery,
UCNPs was covered with carboxyl groups of oleic acid, more sur-
face phonons locally coupled to Yb become more active with in-
creasing temperature. The presence of [Yb-O] and the inclusion
of phonon vibrational at multiple frequencies in oleic acid was
demonstrated here by Raman spectroscopy and Fourier-transform
infrared spectroscopy (FTIR). The peaks at 1454 and 1558 cm™! be-
long to the asymmetric and symmetric stretching vibrations of
COO" and at 2856 and 2925cm’! belong to the asymmetric and
symmetric stretching vibrations of -CH,/-CHs. The wavenumbers
of 247, 296 and 355cm™! originate from the phonon frequencies
of the fluoride crystals, while the frequencies of 471, 491, 559 and
620cm! are supposed to come from the [Yb/Y/Tm-O] ligand (Figs.
S8 and S9 in Supporting information). This [Yb-O] complex can
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Fig. 1. (a) Schematic representation of Corer,@Sy@Sg upconversion nanostructures for color modulation and ratiometric nanothermometry. (b) Upconversion emission
spectra of Corer,, and Corer, UCNPs. The spectra were recorded under 980 nm laser irradiation at a pump power of 0.1 W. (c-g) Transmission electron microscopy (TEM)
images of the core, different inert shell thicknesses (2 nm and 3 nm) and different active shell thicknesses (2 nm and 3 nm). Scale bar: 50 nm. (h) High-resolution TEM images

corresponding to Corerp,@Sy@Sg,. Scale bar: 20 nm.
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Fig. 2. Optical and thermal response luminescence properties of core and core-shell structures. (a) Upconversion emission spectra of core-shell UCNPs with different inert
shell thicknesses (1, 2, 3 and 4nm). (b) Material energies after cladding the Corer,, using different inert shell layers. The inset represents a schematic diagram of the different
core-shell structures. (¢) Temperature-dependent upconversion luminescence intensity from 298K to 573K at 475nm and 698 nm for Corer, and Corer,@Sy with an inert
shell layer thickness of 2nm UCNPs. The direction of the arrow indicates an increasing or decreasing trend of luminescence. (d) Upconversion luminescence spectra of
Corery, Corer, @Sy and Corer, @Sy@Sg,. The spectra were recorded under 980 nm laser irradiation at a pump power of 0.1 W. (e) Integration of luminescence intensity in the
blue, green and red regions with increasing thickness of the NaGdF,:20Yb,2Er shell layer. (f) Relationship between laser excitation power and photoluminescence intensity

of prepared Corer,@Sy@Sg;.

also activate the dark layer between the sensitizer Yb to the acti-
vator Tm, facilitating energy transfer from Yb to Tm and ultimately
producing brighter upconversion emission. Notably, a similar neg-
ative thermal quenching effect was observed in Coreg, UCNPs (Fig.
S10 in Supporting information).

In order to further substantiate the important role of [Yb-O] in
generating surface phonons to enhance the upconversion limines-
cence efficiency in a thermal field, evidence was collected by re-
verse logic examination of materials without [Yb-O] coordination
on the surface. As shown in Fig. 2¢, the isolation of [Yb-O] on
the surface of Corer,, UCNPs was achieved using Corer,,@Sy UC-

NPs encapsulated with a 2nm NaYF, inert shell layer (Figs. S11 in
Supporting information). This may prevent the molecular assist of
the surface oleic acid from acting on the rare earth ions in Corery,,
resulting in the loss of the original negative thermal quenching
effect of Tm (Figs. S12 and S13 in Supporting information). The
temperature-dependent emission spectra of Corer,, @Sy UCNPs in-
dicated that the presence of the shell layer caused to a 3.4-fold
attenuation of the Tm luminescence intensity at 436-502 nm. This
result indicated that the encapsulation in the shell layer made
the thermally responsive luminescence behavior of Corer, UC-
NPs change from negative thermal quenching to thermal quench-
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ing, which indirectly proved the importance of [Yb-O] in realizing
the thermal enhancement of nanomaterials. In addition, a 1.4-fold
enhancement of Tm luminescence at 674-718 nm was observed,
which was entirely attributed to the thermal coupling effect.

In order to better achieve the luminescence color modulation
and temperature sensing performance, the NaYF, interlayer with a
thickness of 2nm and the NaGdF,4:20Yb, 2Er activation shell were
selected here. This strategy can effectively improve the overall lu-
minescence intensity, reduce the energy relaxation between acti-
vators and change the luminescence effect of the two activators in
the thermal environment. As shown in Fig. 2d, the characteristic
peaks of both Tm and Er ions can be observed in Corery,,@Sy@Sg,
UCNPs, which clearly indicated that the luminescence combination
of the core and shell layers jointly consumes photon energy. The
addition of the Er ions contained shell layers caused a significant
attenuation of the luminescence of Tm in the core and an obvious
change in the overall blue to green ratio of the Corer,, @Sy@Sg, UC-
NPs, which shifted the luminescence color of the core-shell-shell
UCNPs from the blue to the green color gamut (Fig. S14 in Support-
ing information). This phenomenon may be attributed to the Yb-Er
mediated excitation energy depletion in the outer shell layer weak-
ening the absorption of input photon energy by Yb-Tm in the core.
To further verify this effect in multilayer systems, Coreq,, @Sy@Sg,
UCNPs with different thicknesses of NaGdF4:20Yb,2Er shell layers
were prepared by increasing the number of thermal injections. The
photoluminescence results under 980 nm excitation showed that
the blue emission intensity decreased from 106.09 to 39.5, the
green emission intensity increased from 3.5 to 91.9, and the red
region increased from 18.7 to 39.6 with the increased of the thick-
ness of the NaGdF4:20Yb,2Er shell layer (Fig. 2e and Fig. S15 in
Supporting information). This indicated that there was some com-
petition between Yb-Tm in the core and Yb-Er in the shell under
the condition of constant laser power. Although Yb in the core can
in principle efficiently absorb 980 nm photon energy for Tm up-
conversion emission, most of the excitation photon energy was ab-
sorbed by Yb in the shell layer to enhance Er emission as the thick-
ness of the active shell layer increases. This behavior led to insuf-
ficient excitation of Yb in the core and a significant reduction in
blue light intensity, so the Corer,,@Sy@Sg, UCNPs with a thick ac-
tive shell were observed to be significantly green emitting under
980 nm laser pumping. Meanwhile, this also provided some help
for multicolor luminescence modulation and luminescence appli-
cation expansion.

Luminescence is a highly nonlinear process and the exci-
tation irradiance is likely to have different enhancement ef-
fects on the luminescence band. The luminescence properties of
Corery, @Sy@Sg, UCNPs under different 980 nm laser power excita-
tions were investigated here. The Corer;,@Sy@Sg, UCNPs showed
strong power-dependent upconversion luminescence and a corre-
sponding change in emission color from green to blue as the ex-
citation power was tuned from 0.1W to 1.0W (Figs. S16 and S17
in Supporting information). The blue, green and red emission in-
tensities were further plotted as a function of excitation power. As
shown in Fig. 2f, the blue luminescence emission was much higher
than that of green and red, which can explain the predominantly
blue emission of the Corer,,@Sy@Sg, UCNPs under high-power ex-
citation. The combination of the above luminescence behavior of
UCNPs at room temperature provided a new idea for achieving ac-
curate luminescence color modulation (Fig. 3a).

Corer;, @Sy@Sg, UCNPs with an active shell thickness of 3 nm
and activators located in both environments provided an opportu-
nity to modulate luminescent behavior in thermal environments.
The temperature-dependent upconversion emission spectra un-
der 980 nm excitation were plotted in Fig. 3b. The green emis-
sion of the shell-most layer Er at 520 and 540 nm (Hy;, — *ly5p
and 453/2—>4I]5/2) progressively enhanced with temperature un-
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til 573K, which was a function of the thermally coupled emis-
sion bands [50]. Notably, the most pronounced enhancement of red
emission at 658 nm may be attributed to the role of [Yb-O] in fa-
cilitating the energy transfer from the sensitizer Yb to the activator
Er, which ultimately produced brighter upconversion red emission.
In contrast, the blue emission of Tm in the core at 475 and 450 nm
decreased weakly with increasing temperature, which may be at-
tributed to the fact that the core was enclosed in the interior with-
out the assisted enhancement of surface phonons. However, an en-
hancement of Tm emission at 698 nm can still be detected, which
was fully attributed to the help of thermal coupling effects.

Based on the different luminescent behaviors of Tm and Er in
Corer,@Sy@Sg, UCNPs under ambient temperature variations, it
can be applied to non-contact temperature sensing. Therefore, the
fluorescence intensity ratio (FIR) of the two emission bands cen-
tered at 475nm (Ipy_475) to 655nm (Ig.g55) can be well fitted by
the following equation:

Frm—

FIR =475 _ 4 Aexp? (1)
Igr 655

where yy, A and Ry are constants associated with the

Corer,@Sy@Sg, UCNPs system, and T denote the Kelvin tem-
perature. On this basis, the absolute and relative temperature
sensitivities (S, and S;) were derived and calculated from the
following equations [51]:

dFIR C
Sa= 37| = Bexp(—C/T)xﬁ (2)
_|9FIR 1 o, _  Bexp(=C/T) C o
=17 FR | 1% = Bexpcymy 172 0% G

As the temperature increases from 298 K to 573K, the integral
intensity ratio of 475-655nm significantly decreased by 13-fold
and was well fitted by Eq. 1 (Fig. 3c). Based on these conditions,
the maximum S, and S; were up to 0.26%/K and 1.64%/K from
298K to 573K (Fig. 3d). Most temperature sensing used materi-
als containing the thermally coupled energy levels Er* (2Hys,,
4S35) and Ho*t (°Dg, 3S;/°F,), which leads to inherent draw-
backs such as low temperature resolution and insignificant color
change with temperature. However, in contrast to other strategies
using UV and NIR excitation, the temperature sensing sensitivity of
Corery, @Sy@Sg, UCNPs was measured by integrating wavelengths
in the non-thermally coupled bands of the two activators. The use
of this non-thermal coupling band provided moderate S; and S,,
while the significant change in color also conferred self-referencing
capabilities, demonstrating the advantages of Corer,,@Sy@Sg, UC-
NPs designed for nanothermometry (Table S1 in Supporting infor-
mation).

In order to better elucidate the excellent performance of
Corery, @Sy@Sg, UCNPs with respect to temperature, upconversion
luminescence spectra were tested with rapid cycling between high
and low temperatures. The temperature-dependent photolumines-
cence results showed that the Corer,, @Sy@Sg, UCNPs maintained
their original brightness and crystal structure integrity after 5 cy-
cles (Fig. 3e and Fig. S18 in Supporting information), which indi-
cated that the UCNPs remained stable and durable up to 573K. It
was worth noting that similar structural stability was observed in
Corety, in thermal environments (Fig. S19 in Supporting informa-
tion). In addition, the role of temperature variation in modulating
the emission color was also verified here. The Corer,, @Sy@Sg, UC-
NPs produced blue and green pooled emissions at room tempera-
ture, and the intensity of the luminescence in blue and green var-
ied weakly with increasing temperature. In contrast, the emission
at 655 and 695 nm showed a significant negative thermal quench-
ing, which shifted the overall color of the material towards the red
color gamut (Fig. 3f). Based on these properties, Corery,,@Sy@Sg,
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UCNPs offered great advantages for applications such as display
and information security in harsh environments.

More interestingly, the unique encapsulable structure and
thermo-responsive properties of the nanoparticles enabled the
achievement of highly saturated RGB colors, tunable emission, and
a wide color gamut. This can be realized by adjusting the shell
thickness, incorporating additional activators, and modulating the
ambient temperature (Fig. 4a). The fast thermal response, high
thermal stability, and apparent temperature-dependent behavior
of luminescent colors of Corer,,@Sy@Sg, UCNPs provided new op-
portunities for cutting-edge applications in temperature detection
and information encryption. Utilizing the thermo-responsive prop-
erties of the UCNPs described above, a conception for detecting the
surface temperature of a high-temperature object was provided.
Corer,@Sy@Sg, UCNPs were fabricated into uniformly distributed
thin films and immobilized on the surface of a high-temperature
object. The intensity of the blue and red emission bands under
980 nm excitation was then monitored by a spectrometer and com-
pared with a predetermined reference value to derive the current
actual temperature of the object. If only an approximate surface
temperature was desired, the tester can observe the color by shin-
ing a laser directly on it (Fig. 4b). As an additional benefit, the

luminescent color of the nanomaterials gradually changed from
green to red during the heating process (Fig. 4c), providing an ideal
candidate for information security and anti-counterfeiting applica-
tions. For the “smiley face and letter” design, it only displayed a
green “smiley face and Y” icon under 980 nm excitation, whereas
it turned into a red “smiley face and Y” icon when the back-
ground temperature was increased to 573 K. This combination of
photothermal triggers has the unique advantage of being reusable
and extremely high-resolution (Fig. S20 in Supporting information).

In summary, the novel design of Corer,,@Sy@Sg, UCNPs was
demonstrated here, which has certain advantages in the fields of
upconversion luminescence color control, temperature sensing and
information encryption. The photoluminescence spectrum and the
precise control of the shell thickness revealed that the more the
inert shell was coated, the better the luminescence performance
in the blue region. By exploiting the relationship between the ac-
tive shell and the core to compete for near-infrared photon en-
ergy, the luminescence color of the whole UCNPs can be effectively
controlled from blue to green. In addition, the thermal quenching
behavior of Tm and the negative thermal quenching behavior of
Er can occur simultaneously through the design of Corer,,, @Sy@Sg,
structure. What’s more, this thermally correlated special lumines-
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cence behavior achieved a relative sensitivity of 1.64%/K and an
absolute sensitivity of 0.26%/K, providing valuable experience for
the fabrication of ultra-high-performance temperature probes. Fi-
nally, the color gamut span of the luminescent color from light
green to red as the temperature increases confirmed its potential
for application in communication encryption and security.
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