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ABSTRACT: Although  widely need from various
applications, the luminescence of Cr* is easily prone to
thermal quenching (TQ), causing remarkable intensity
reduction as temperature rises, and posing a significant
constraint in applications such as high-power lighting, solid-
state lasers, and high-temperature optical sensing.
Numerous strategies have been reported to realize anti-
thermal quenching luminescence (ATQL) of Cr®*. However,
researches into anti-thermal quenching upconversion
luminescence (ATQUL) of Cr* are barely seen. Herein,
taking advantage of the enhanced luminescence of Yb*
facilitated by the Frenkel defects formed within Scy(WQ,),
(SWO) matrix upon heating, we have established Yb* —
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Cr** cooperative sensitization pathway for upconversion luminescence of Cr*, and achieved ATQUL of Cr* in SWO:Yb/Cr.
Our findings have not only offered novel perspectives for medium to high-temperature applications of Cr*-based
phosphors, the design principles are also extendable to other transition metal ions.
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1 Introduction

The luminescence of Cr** has drawn widespread attention due to its
characteristic broad-band emission, long lifetime, as well as high
quantum yield [1-4]. Moreover, Cr* luminescence is sensitive to its
local chemical environment such as temperature, pressure, and
external stress [5-10]. Therefore, by manipulating parameters such
as host materials, doping behavior (site occupation, co-doped ions,
concentration), and synthetic processes (sintering temperature and
time), the luminescence of Cr* can be tuned on demand [11-13].
Unfortunately, like other analogous, the luminescence of Cr* also
suffers from severe thermal quenching (TQ), ie., the intensity
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decreases at increased temperatures [14—17]. Although strategies to
anti-thermal quenching luminescence (ATQL) have been
successively reported, such as enhanced matrix structural rigidity
[18-20], trap-assisted mechanisms [21, 22], ion co-doping [23-25],
and multi-site occupation [26, 27], studies on anti-thermal
quenching upconversion luminescence (ATQUL) of Cr* are still
lacking.

Different from lanthanide ions (Ln*), transition metal ions like
Cr* has a 3d" electron configuration with three-dimensional
orbitals directly exposed to ligands, rendering responsive
luminescence to the local coordination environment. Considering
the merits of Cr* that is easily tunable and broad near-infrared
(NIR) emission when located at the center of a weak octahedral
crystal field [28-30], realization of ATQUL of Cr* possesses great
potential in areas such as photothermal therapy, lasing, and optical
sensing. However, current research on ATQUL is limited to Ln*,
and it is important to search for new principles that enable Cr*-
based ATQUL.

Herein, by combining the (i) Frenkel defect (FD) formed in
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Sc,(WO,); (SWO) crystal lattice, which first absorbs and stores the
excitation energy and then releases to doped Yb* at elevated
temperatures [15], and (ii) the perfectly matched energy levels
between the virtual energy level formed by Yb* ion pair and T of
Cr*, we have realized for the first time, very good ATQUL of Cr* in
SWO:YDb/Cr from 300 to 460 K, with a 16-fold enhancement. As a
proof-of-concept of this specially designed material, a high-
performance ratiometric luminescence thermometer is fabricated,
which shows outstanding absolute (S,) and relative sensitivity (S,) of
74% K and 4% K, respectively. This work has greatly pushed
forward studies on ATQUL from both fundament and applications
of Cr*-based phosphors, the embedded design principle shall also
be extended to other transition metal ions.

2 Experimental

2.1 Chemicals

S6,05 (99.9%), Yb,0, (99.9%), Er,O; (99.9%), GA(NO,); and
Yb(NO,); were purchased from Beijing HWRK Chem. Co. LTD.
Na,WO,2H,0, Cr,0; (99.9%) and WO; (99.9%) were purchased
from Anhui Senrise Technologies Co., Ltd. All the chemicals were
used as received without further purification.

2.2 Synthesis of SWO:A (A = Yb*, Er*, Cr*)

In a typical synthesis of SWO:Yb/Cr (8/0.1 mol%), accurately weigh
the following raw materials on an electronic balance based on
specific stoichiometric ratios: 0.919 mmol of Sc,0;, 0.08 mmol of
Yb,0;, 0.001 mmol of Cr,O;, and 3 mmol of WO,. Next, transfer
these raw materials into an agate mortar and grind them together
for 30 min to ensure thorough mixing. Then, transfer the well-
mixed powder into a high-temperature resistant alumina crucible.
Place the crucible containing the raw materials into a muffle
furnace at 1100 °C and maintain at this temperature for 6 h. After
the reaction is complete, cool it to room temperature, and grind it
again for 30 min to obtain finely homogeneous phosphor. Finally,
collect the powder in a 5 mL centrifuge tube for subsequent use.
SWO:Yb/Cr (x/0.1 mol%) (x = 2, 4, 6, 8, 10) and SWO:Er (2 mol%)
were synthesized by the same methods, where only the addition of
raw materials were changed accordingly.

2.3 Synthesis of Gd,(WO,);:Yb

In a typical synthesis of Gd,(WO,);:Yb (8 mol%), 1.84 mmol of
Gd(NO;); and 0.16 mmol of Yb(NO,); were added to 40 mL of
distilled water under magnetic stirring. After being mixed for
15 min, 3 mmol Na,WO,2H,0 was added and then agitated for
30 min. The resulting precipitates were separated by centrifugation
at 8000 rpm, washed with deionized water for 10 min, dried at 70
°C in air for 2 h, and finally annealed at 1100 °C for 6 h. After the
reaction is complete, cool it to room temperature, and grind it again
for 30 min to obtain finely homogeneous phosphor. Finally, collect
the powder in a 5 mL centrifuge tube for subsequent use.

24 Synthesis of SWO:Er & SWO:Yb/Cr composites

Accurately weigh phosphor samples of SWO:Er (2 mol%) and
SWO:YDb/Cr (8 mol%/0.1 mol%) in a 2:1 mass ratio, and place them
into a 20 mL beaker. Add 10 mL of ethanol and a magnetic stir bar
into the beaker. Stir the mixture at 1500 rpm for 12 h on a magnetic
stirrer to ensure complete mixing. Subsequently, position the beaker
on a magnetic stirrer equipped with heating functionality, set the

Nano Research, 2025, 18, 94907097

94907097 (2 of 7)

temperature to 50 °C, and maintain stirring at 1000 rpm until all
the ethanol has fully evaporated. Finally, place the beaker in an oven
and dry at 80 °C for 6 h to eliminate any remaining ethanol. After
drying, grind the samples uniformly and store them in small
centrifuge tubes for further use.

2.5 Characterizations

X-ray diffraction (XRD) was carried out on a Rigaku D/max 2550
diffractometer using monochromatized Cu K« radiation (A =
0.15418 nm) and the measurement were performed in the range of
20 = 10°-80° with 0.02 °/step. Scanning electron microscopy (SEM)
images were recorded on a Hitachi SU8220 field emission scanning
electron microscope (Hitachi High-Tech Co., Ltd.). Both
upconversion and downshifting luminescence spectra were
recorded on Edinburgh FLS1000 spectrometer equipped with an
external continuous wave diode 488 and 980 nm laser. The sample
was heated from 300 to 1100 K on a heating plat (HRTS-1000,
Shanghai Hui Tong Optical Instrument Co., Ltd.). The temperature-
dependent (300-500 K) luminescence spectra were collected in a
cryostat (Optistat DN2, Oxford Instruments). The decay curves
were measured on an Edinburgh FLS1000 fluorescence
spectrometer equipped with a pulse modulator controlled 980 nm
diode laser.

3 Results and discussion

Orthorhombic SWO is composed of corner-sharing ScOy
octahedra and WO, tetrahedra, at the center of which, Sc and W
locate, respectively (Fig. 1(a), and Figs. S1 and S2 in the Electronic
Supplementary Material (ESM)). Sc* sites will be replaced when the
activator Cr** and sensitizer Yb* ions are doped in SWO, which is
vital for realizing Yb* sensitized UCL of Cr*.

When heated, partial intrinsic WO, tetrahedra become distorted
and form extrinsic WO, (Fig. 1(b) and Fig. S3 in the ESM), which
well agrees with the two emission centers in Fig. 1(c). Overlap of
both molecular orbitals forms the FD, which functions as energy
reservoir by absorbing and storing the excitation energy at 976 nm
through the Yb** - FD energy transfer (ET), as depicted in Fig. 1(d)
[15]. Subsequently, the stored energy will be released upon heating
and then back-transferred to Yb*, the amount of which well
surpasses that depleted by TQ so that ATQL of Yb* can be easily
obtained (Fig. 1(e)). As a stark contrast, only one emission peak is
detected in the emission spectra (Fig. 1(f)) of monoclinic
Gd,(WO,); (GWO), which suggests only one type of WO,
tetrahedron, and thus no FD can be formed in GWO:Yb (Fig. 1(g)).
So, there is no energy reservoir functionality in GWO, and only
monotonous TQ of Yb* is obtained (Fig. 1(h)). The mechanisms
corresponding to ATQL and TQ of Yb* in SWO and GWO are
illustrated in Figs. 1(d) and 1(g), respectively.

It is well known that luminescence of Cr* is closely related to the
local crystal field environment [28]. When doped into Sc* site that
located at the center of the octahedron, the excitation spectrum of
Cr* in SWO:Cr (0.1 mol%) comprises two peaks located at 488 and
700 nm (Fig. 2(a)), corresponding to the ‘A, > “T| and ‘A, > *T,
transitions of Cr*, respectively.

The Dq/B value calculated from excitation spectrum of SWO:Cr
(0.1 mol%) is less than 2.3, indicating that Cr** sits in a weak crystal
field (Fig. 2(b) and Eq. S1 in the ESM). Under this circumstance,
the lowest excitation energy level is ‘T, and the spin-allowed ‘T, >
*A, transition occurs. Therefore, under 488 nm excitation, electrons
in the *A, ground level will be excited to the ‘T) level and then

Tsinghua University Press


https://www.sciopen.com/article/10.26599/NR.2025.94907097
https://www.sciopen.com/article/10.26599/NR.2025.94907097
https://www.sciopen.com/article/10.26599/NR.2025.94907097
https://www.sciopen.com/article/10.26599/NR.2025.94907097
https://www.sciopen.com/article/10.26599/NR.2025.94907097
https://www.sciopen.com/article/10.26599/NR.2025.94907097
https://www.sciopen.com/article/10.26599/NR.2025.94907097
https://www.sciopen.com/article/10.26599/NR.2025.94907097

Nano Research | Vol. 18, No. 2

Wei et al.

©Sc Ow °0

Extrinsic

400 500 600 700
Wavelength (nm)

() | Intrinsic
I
" Ay =250 nm
v
I
-
= ; Ay =270 nm
8 ' -
I
2 o
7} =
2 " A, =290 nm E
L <
£

' A, =330 nm
|

400 500 600 700
Wavelength (nm)

@ @

! 1T2\ ATQL of Yb*
_ I \§ WO = Yb*
3 ke
% i Energy Ex
:‘Z; % ! ET feservoir aer g
(S N Sl > s =
E G | SN X
o
. 1+ Yb3*: 2F, ,—F,,
e v °F

WO,

300 700 1100
Temperature (K)

GWO:Yb

Yb3+ Yb3+

| Yoo Fo"Fy)

2

300 700 1100
Temperature (K)

Figure1 Frenkel defect-modulated ATQL of Yb* in SWO. (a) Crystal structure of SWO. (b) Distortion of intrinsic WO, (blue tetrahedra) to extrinsic WO,> (green
tetrahedra) forms FD. (c) Wavelength-dependent emission spectra of SWO. (d) ET pathways inside SWO:Yb (8 mol%). (e) Temperature-dependent luminescence
intensity ratio I, x/Io; x of Yb* in SWO:YDb (8 mol%). (f) Wavelength-dependent emission spectra of GWO. (g) ET pathways inside GWO:Yb (8 mol%). (h) Temperature-

dependent luminescence intensity ratio I, x/Lg; i of Yb* in GWO:Yb (8 mol%).

undergo a non-radiative relaxation to the ‘T, energy level. These
electrons subsequently emit downshifting NIR luminescence
ranging from 700 to 1200 nm upon returning to the *A, level (Fig.
S4 in the ESM). More importantly, the 488 nm excitation
coincidently matches the virtual energy level formed by the Yb* ion
pair, which then transfers the excitation energy to the ‘T level of
Cr* through cooperative sensitization [31, 32], generating NIR
UCL of Cr* (Fig. 2(c)), and also forms the basis for realizing
ATQUL of Cr*. To avoid the influence of the 976 nm excitation
signal on the NIR UCL of Cr*, an 800 nm short-pass filter was used
at the testing end, thus shifting the NIR emission of Cr* to 750 nm
(Fig. S5 in the ESM).
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Control experiment suggests 8 mol% is the optimal doping
concentration of Yb* for realizing UCL of Cr* in SWO:Yb/Cr (x
mol%/0.1 mol%) (x =2, 4, 6, 8, 10) (Figs. S5-S7 in the ESM). Power-
dependent spectra prove a two-photon upconversion mechanism in
SWO:YDb/Cr (8 mol%/0.1 mol%) (Fig. 2(d) and Fig. S8 in the ESM).
The detected slope of 1.88 is less than the theoretical value for a two-
phonon process, which shall be due to the large depopulation rate
of intermediate energy level in the upconversion process caused by
backward ET from Cr* to Yb* [33-35].

Based on the above discussion, it can be predicted that the
ATQUL of Cr* shall originate from the ATQL of Yb* through the
Yb* > Cr* cooperative sensitization process. As depicted in Fig.
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Cr* vs. excitation power density (A, = 976 nm).

3(a), upon 976 nm excitation, the excited electrons at the Fs, level
can further absorb 976 nm photons and store the excitation energy
in the °T, energy reservoir in SWO, which will be released upon
heating and back-transferred to Yb*, leading to ATQL of Yb* (Fig.
1(e) and Fig. S9(a) in the ESM).

Thanks to the perfect energy level match between *T, (Cr*) and
?Fs, (Yb*), such energy can be further transferred from Yb* to co-
doped Cr* resulting upconversion emission at 750 nm. Indeed, the
apparently dropped luminescence intensity of Yb* when co-doped
with 0.1 mol% Cr* clearly proves the Yb* > Cr** ET (Fig. 3(b)),
which perfectly consists with the temperature-dependent
luminescence intensity shown in Fig. 3(c) and Fig. S9 in the ESM.
As shown in Fig. 3(d), the ET efficiency gradually increases from
300 K and reaches a record-high value of 45% at 500 K (Fig. S10
and Table S1 in the ESM), which ensures that the energy
transferred to Cr** well surpasses that depleted by TQ on Cr*, and
forms the origin of ATQUL in SWO:Yb/Cr (8 mol%/0.1 mol%). As
expected, unlike the routine TQL of Cr** under 488 nm excitation
without ET from Yb* (Fig. 3(e) and Fig. S11(a) in the ESM), the
UCL intensity of Cr* in SWO:Yb/Cr (8 mol%/0.1 mol%)
continuously increases with temperature, reaching a maximum 16-
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fold enhancement at 460 K (Fig. 3(e) and Fig. S11(b) in the ESM).

The great ATQUL of SWO:Yb/Cr (8 mol%/0.1 mol%) lays a
solid foundation (Table S2 in the ESM) for realizing high-
performing optical thermometer working at high-temperature,
which can effectively eliminate errors caused by testing
environment and instrumentation [36]. Therefore, a composite
material system was prepared by mixing SWO:Er (2 mol%) with
SWO:YDb/Cr (8 mol%/0.1 mol%). On one hand, the green and NIR
emission peaks of Er** and Cr* are located between 510-570 and
700-800 nm (Fig. S12 in the ESM), respectively, which effectively
avoid temperature sensing errors caused by emission peak overlap.
On the other hand, unlike the ATQUL of SWO:Yb/Cr (8 mol%/0.1
mol%), SWO:Er (2 mol%) exhibits normal TQ (Fig. 4(a)). The
diametrically opposed thermal-responsive luminescence of Er* and
Cr* offers a higher response difference than ordinarily used
thermally coupled energy levels [37], which renders better
thermometric sensitivities.

The thermometric parameter of fluorescence intensity ratio
(FIR), which is defined as the intensity ratio of I, and L, is plotted in
Fig. 4(b), exhibits a good exponential relationship at 300-440 K.
The calculated maximum S, and S, reaches 7.4% K (440 K) and
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4% K™ (300 K), respectively (Fig. 4(c) and Eq. S2 in the ESM),
exhibiting great performance and the cyclic test further proves

decent reliability of constructed luminescence thermometry (Fig.
4(d)).

4 Conclusions

We have realized for the first time, UCL and further ATQUL of
Cr* in SWO:Yb/Cr, ie., a 16-fold enhancement was obtained at

..................

94907097 (5 of 7)

460 K compared to that at room temperature. Mechanism studies
prove that ATQUL originates from the Frenkel defects formed in
SWO, which enables the ATQL of Yb* and finally ATQUL of Cr*
through a record-high efficient Yb*-Cr* cooperative sensitization
process. The S, and S; of 7.4% K" and 4% K™ in the as fabricated
ratiometric luminescence thermometer demonstrating its excellent
temperature sensing performance and stability. Using Cr* as a
prototype, this work extends the study of ATQUL to transition
metal ions, which provides a new perspective for realizing ATQUL

Nano Research, 2025, 18, 94907097
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at a wider range and will greatly promote derived optical
applications.

Electronic Supplementary Material: Supplementary material
(further details of structure and composition characterizations,
luminescent measurements, and detailed calculations) is available in
the online version of this article at https://doi.org/10.26599/NR.
2025.94907097.
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