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t Sc2(MoO4)3:Dy
3+/Eu3+ phosphor

system: energy transfer dynamics and high-
sensitivity temperature sensing

Zhengrong Xia,a Rongqing Li,a Fangfang Liu,a Weiwei Zhou,*a Wang Zhao,a

Wei Meng,b Mingjun Song*c and Junpeng Xue *b

A series of Dy3+/Eu3+ co-doped Sc2(MoO4)3 (SMO) phosphors were synthesized via a conventional solid-

state reaction. Phase purity and morphology were characterized by X-ray diffraction with Rietveld

refinement and scanning electron microscopy, confirming the formation of phase-pure orthorhombic

crystals. The electronic structure was investigated through density functional theory calculations

combined with diffuse reflectance spectroscopy. Under 266 and 352 nm excitation, the Dy3+ doped

SMO phosphors exhibited characteristic emission peaks at 488 nm (4F9/2 / 6H15/2), 578 nm (4F9/2 /
6H13/2), 667 nm (4F9/2 / 6H11/2), and 761 nm (4F9/2 / 6H9/2). In the Dy3+/Eu3+ co-doped systems,

detailed analysis of spectra and luminescence decay kinetics quantitatively confirmed efficient energy

transfer from Dy3+ to Eu3+. Finally, the optimized SMO:Dy3+, Eu3+ phosphors achieved maximum relative

(Sr) and absolute (Sa) sensitivities of 3.817% K−1 and 0.018 K−1, respectively, demonstrating potential for

ratiometric optical thermometry applications.
1. Introduction

High-precision temperature sensing technology plays a vital
role in scientic research, industrial monitoring, and biomed-
ical applications, where accurate thermal characterization is
crucial for material studies and system regulation.1,2 However,
conventional contact-based sensors exhibit signicant limita-
tions: they are susceptible to electromagnetic interference,
suffer from thermal conduction delays, and have restricted
spatial resolution, making precise and noninvasive measure-
ments challenging in extreme environments (e.g., high-
temperature reactors, high-speed uid ows) or living
tissues.3 To address these challenges, optical thermometry has
emerged as an innovative solution. This technique establishes
a quantitative correlation between the temperature of lumi-
nescent materials and their optical parameters, such as uo-
rescence intensity ratio (FIR), lifetime, and spectral shi,
enabling noncontact measurements with advantages including
immunity to electromagnetic interference, rapid response time
(microsecond scale), and high spatial resolution (micrometer
scale).4 Among these methods, the dual-emission centers FIR
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technique represents a major breakthrough. By utilizing two
emission centers with distinct thermal quenching behaviors as
the reference and detection signals, this approach not only
compensates for excitation source uctuations and optical path
losses but also overcomes the inherent limitations of traditional
rare-earth-ion-based thermally coupled levels (TCLs), where the
narrow energy gap (200–2000 cm−1) leads to low relative sensi-
tivity and poor signal discriminability.5,6 This innovative
strategy signicantly enhances measurement reliability while
achieving higher sensitivity and a broader operational temper-
ature range, demonstrating great potential for diverse
applications.

In recent years, various ion pairs including Mn2+/Mn4+, Bi3+/
Eu3+, Er3+/Yb3+, Eu2+/Eu3+, Dy3+/Eu3+, Dy3+/Mn4+, have demon-
strated excellent temperature-sensing performance as dual-
emission centers in optical thermometry.1,7–10 Among these,
the Dy3+/Eu3+ pair has attracted particular attention due to its
distinctive temperature-responsive characteristics. Under UV or
blue light excitation, Dy3+ exhibits remarkable temperature
sensitivity in the FIR between its 575 nm (4F9/2 / 4H13/2) and
480 nm (4F9/2 /

4H15/2) emissions, while Eu3+ shows signicant
temperature-dependent lifetime variations at about 615 nm
(5D0 / 7F2).11,12 Notably, Dy

3+ demonstrates negative thermal
quenching behavior in specic host matrices, which substan-
tially extends the material's applicability in high-temperature
regimes.13,14 More importantly, the energy transfer between
Dy3+ and Eu3+ can reverse Eu3+'s thermal quenching behavior
from “positive” to “negative”, leading to synergistic enhance-
ment of luminescence efficiency at elevated temperatures.15
© 2025 The Author(s). Published by the Royal Society of Chemistry
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This unique interaction not only enables highly sensitive dual-
mode FIR thermometry over a broad temperature range (300–
500 K), but also allows tunable emission colors from cool white
to warm red through controlled doping ratios, providing an
important foundation for developing multifunctional optical
devices.

The selection of host materials is crucial for optimizing the
luminescent performance of rare-earth ions. In the eld of
optical temperature sensing, A2M3O12-type materials (where A
represents trivalent rare-earth ions and M denotes W6+ or Mo6+)
exhibiting negative thermal expansion (NTE) behavior have
attracted signicant attention.16–19 As well known, these mate-
rials demonstrate unique lattice contraction upon heating,
which reduces the interatomic distances between activator ions,
enhances energy transfer efficiency, effectively suppresses
thermal quenching, and may even induce thermally enhanced
luminescence. For instance, NTE materials such as Sc2W3O12:-
Eu3+, CaMoO4:Sm

3+, Sc2W3O12:Dy
3+ and Yb2W3O12:Er

3+ exhibit
outstanding luminescent performance even at elevated
temperatures.20–23 Among them, SMO stands out as a represen-
tative NTE material with remarkable thermal stability and
chemical durability, ensuring reliable performance under harsh
conditions. Notably, SMO: Eu3+ maintains over 90% of its initial
luminescence intensity even at 300 °C, demonstrating excep-
tional potential for high-temperature applications.24 In this
study, Dy3+/Eu3+ co-doped SMO phosphors were synthesized via
solid-state reaction. The structural properties, bandgap char-
acteristics, and luminescent behavior were systematically
investigated through X-ray diffraction (XRD), scanning electron
Fig. 1 (a) The crystal structure of SMO:Dy3+,Eu3+ with the ScO6 andMoO
and SMO:0.02Dy3+,0.02Eu3+ phosphors; (c) Rietveld refinement of SMO
(e) elemental mapping images of SMO:0.02Dy3+,0.02Eu3+ phosphor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
microscopy (SEM), diffuse reectance spectroscopy (DRS),
photoluminescence (PL) spectroscopy, and density functional
theory (DFT) calculations. Furthermore, the distinct thermal
responses of Dy3+ and Eu3+ ions were exploited to demonstrate
their potential for non-contact optical thermometry.

2. Results and discussion
2.1 Crystalline structure and morphology

Fig. 1a shows the crystal structure of SMO: 0.02Dy3+,0.02Eu3+,
which crystallizes in the orthorhombic system with space group
Pbcn. The lattice parameters of SMO are determined to be a =

13.242 Å, b = 9.544 Å, c = 9.637 Å, and the unit cell volume V =

1217.49 Å3. In this structure, Sc3+ ions coordinate with six
oxygen atoms to form ScO6 octahedra, while Mo6+ ions coordi-
nate with four oxygen atoms to form MoO4 tetrahedra. These
ScO6 octahedra and MoO4 tetrahedra are interconnected
through corner-sharing oxygen atoms, constructing a stable
three-dimensional Sc–O–Mo framework. In assessing Dy3+ and
Eu3+ ion substitution within the crystal structure, the difference
in ionic radius (Dr) was determined using the equation:

Dr ¼ RsðCNÞ � RdðCNÞ
RsðCNÞ � 100% (1)

where Dr signies the percentage variation in radius, CN indi-
cates the coordination number, and Rs and Rd refer to the radii
of the central and substituted ions, respectively. When Dy3+ (r=
0.91 Å, CN= 6) and Eu3+ (r= 0.95 Å, CN= 6) ions are doped into
SMO, they may potentially occupy Sc3+ sites (r = 0.75 Å, CN = 6)
or Mo6+ sites (r = 0.41 Å, CN = 4). The calculated ionic radius
4 polyhedrons; (b) XRD patterns of SMO, SMO:0.02Dy3+, SMO:0.02Eu3+

:0.02Dy3+,0.02Eu3+ phosphors; (d) the EDS spectrum, SEM image and

RSC Adv., 2025, 15, 28994–29002 | 28995
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variation for Dy3+ indicates that Dr(Sc–Dy) is 21.33%, while Dr(Mo–

Dy) is 121.9%. Taking into account the similarity in ionic radii
and charge balance considerations, Dy3+ ions preferentially
occupy Sc3+ sites rather than Mo6+ sites. Similarly, the Eu3+ ions
in the SMO: Dy3+,Eu3+ sample also exhibit a preference for
occupying Sc3+ sites. This selective substitution primarily arises
from the close match in ionic radii and coordination environ-
ment between the dopant ions and Sc3+, while effectively
maintaining the structural stability of the host lattice. Fig. 1b
presents the XRD patterns of the SMO host, SMO:0.02Dy3+,
SMO:0.02Eu3+, and SMO:0.02Dy3+,0.02Eu3+ phosphors, respec-
tively. As shown, all the diffraction peaks of the synthesized
samples exhibit similar proles and match well with the stan-
dard card of SMO (PDF #72-2078), conrming the successful
preparation of phase-pure phosphors without any impurities.
This result further demonstrates that the incorporation of Dy3+

and Eu3+ ions into the host lattice does not affect the phase
purity. To further analyze the crystal structure of the phosphors,
Rietveld renement of the lattice parameters for SMO:
0.02Dy3+,0.02Eu3+ was performed using GSAS soware, as
shown in Fig. 1c. The renement yielded reliable factors of Rwp

= 4.25%, Rp = 3.21%, and c2 = 2.34, conrming the formation
of a pure orthorhombic phase without any secondary phases.
The rened unit cell parameters are a = 13.284 Å, b = 9.554 Å, c
= 9.642 Å, and V = 1223.66 Å3. Notably, the expansion of the
lattice parameters provides clear evidence that Dy3+ and Eu3+

ions have been successfully incorporated into the SMO lattice.
Fig. 2 (a) Calculated electronic band structure of SMO; (b) DOS of SMO
Dy3+,0.02Eu3+ phosphors; (d) the band gap of pure SMO.

28996 | RSC Adv., 2025, 15, 28994–29002
The SMO: 0.02Dy3+, 0.02Eu3+ phosphor was selected as a repre-
sentative to investigate the morphology of the synthesized
phosphors. As shown in the inset of Fig. 1d and S1, the SEM
images reveal that the prepared phosphors exhibit irregular
morphology with particle sizes of micrometer level. Further-
more, SEM mapping was performed to examine the elemental
distribution in the synthesized sample (Fig. 1d), demonstrating
the overall elemental dispersion. Fig. 1e displays the specic
distributions of Sc, Mo, O, Dy, and Eu, respectively, showing
homogeneous distribution of these elements across the scan-
ned area, which conrms the successful incorporation of Dy3+/
Eu3+ ions.
2.2 Electronic band structure and diffuse reection spectra

To elucidate the electronic structure characteristics of SMO, the
DFT calculations on its electronic properties were performed in
detail (see SI). As shown in Fig. 2a, the theoretical calculations
reveal that SMO exhibits an indirect bandgap of 3.515 eV, with
the valence band maximum (VBM) located at the G point and
the conduction band minimum (CBM) at the Y point in the
Brillouin zone. These results unambiguously conrm the indi-
rect bandgap semiconductor nature of this material. Further-
more, its wide bandgap characteristic (>3.3 eV) is crucial for
facilitating effective electronic transitions in rare-earth lumi-
nescent centers. To further investigate the electronic band
structure, the density of states (DOS) and partial density of
; (c) DRS of the SMO, SMO: 0.02Dy3+, SMO:0.02Eu3+ and SMO:0.02-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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states (PDOS) were calculated. As shown in Fig. 2b, the valence
band (−4.3 to 0 eV) is primarily contributed by O andMo atoms,
while the conduction band mainly originates from Sc and Mo
atoms, particularly their d-orbitals. In addition, the DRS was
performed on representative samples and the corresponding
bandgap values were calculated. As shown in Fig. 2c, all samples
exhibit a signicant reectance drop around 270 nm, which
corresponds to the absorption band of SMO. Upon doping Dy3+

and Eu3+ ions into the SMO host, several weak absorption peaks
are observed in the 300–600 nm range. These features can be
attributed to the 4f–4f transitions of Dy3+ and Eu3+ ions. The
optical band gap (Eg) of the material was based on the method
proposed by Wood and Tauc, as follows:25

ahv = A(hv − Eg)
n/2 (2)

where a is the absorption coefficient, hn represents the incident
photon energy, Eg denotes the optical band gap, and A is
a proportionality constant. The exponent n characterizes the
nature of the electronic transitions, with n = 1 for direct band
gap semiconductors and n = 4 for indirect band gap materials.
By tting the experimental data (Fig. 2d) with this equation, the
optical band gap of SMO was determined to be approximately
4.22 eV. This experimentally obtained value is slightly larger
than that calculated using DFT, which can be attributed to the
well-known band gap underestimation caused by the local
density approximation (LDA) method employed in DFT
calculations.26

2.3 Photoluminescence properties and energy transfer
mechanism

Building upon the excellent host properties of SMO, we selected
Dy3+ and Eu3+ as dopants for detailed luminescence studies.
Fig. 3a presents the excitation and emission spectra of SMO:
0.02Dy3+ phosphors. As shown, the excitation spectrum moni-
tored at 578 nm (corresponding to the 4F9/2 /

6H13/2 transition)
exhibit a broad charge transfer band (CTB) centered at 266 nm,
attributed to the overlap of O2− /Mo6+ LMCT and O2− / Dy3+

CTB.24,27 Additionally, several sharp peaks between 300-500 nm
are observed, corresponding to characteristic f–f transitions of
Dy3+, namely 6H15/2 /

4P3/2 (325 nm), 6H15/2 /
6P7/2 (352 nm),

6H15/2 / 6P5/2 (365 nm), 6H15/2 / 4I13/2 (384 nm), 6H15/2 /
4G11/2 (424 nm), 6H15/2/

4I15/2 (454 nm) and 6H15/2/
4F9/2 (469

nm), respectively.27 Fig. 3a also presents the PL spectrum of
SMO: 0.02Dy3+ under 266 and 352 nm excitation, exhibiting four
characteristic emission peaks at 488 nm (4F9/2 / 6H15/2),
578 nm (4F9/2 /

6H13/2), 667 nm (4F9/2 /
6H11/2), and 761 nm

(4F9/2 /
6F11/2), corresponding to the characteristic 4f–4f tran-

sitions of Dy3+.28 The most intense emission at 578 nm (yellow
region) signicantly surpasses the 488 nm (blue) emission
intensity, which is attributed to their distinct transition origins:
the 488 nm emission arises from a magnetic dipole (MD)
transition (4F9/2 / 6H15/2), while the 578 nm emission origi-
nates from an electric dipole (ED) transition (4F9/2 /

6H13/2).23

The dominant ED transition at 578 nm not only indicates its
hypersensitive nature to the local crystal eld environment but
also suggests a strong inuence of the host lattice on
© 2025 The Author(s). Published by the Royal Society of Chemistry
luminescence behavior of Dy3+. Fig. 3b displays the emission
spectra of SMO: xDy3+ phosphors (x = 0.01, 0.02, 0.04, and 0.08)
under 352 nm excitation. All samples exhibit similar spectral
proles but varying emission intensities. The luminescence
intensity initially increases with Dy3+ concentration, reaching
a maximum at 2 mol% doping, beyond which concentration
quenching occurs. This phenomenon can be explained by the
enhanced non-radiative energy transfer (ET) between neigh-
boring Dy3+ ions at higher concentrations, which becomes the
dominant decay pathway when the critical distance between
activators is exceeded, as follows:29,30

Rc ¼ 2

�
3V

4pNxc

�1
3

(3)

here, Rc, V, xc, and N denote the critical distance, unit cell
volume (1223.66 Å3 for SMO), optimal Dy3+ doping concentra-
tion (0.02), and number of cation sites per unit cell (8),
respectively. The calculated Rc value of 24.5 Å for this phosphor
system signicantly exceeds the 5 Å threshold for exchange
interaction dominance in rare-earth ions. This quantitative
analysis conrms that multipolar interactions constitute the
primary mechanism for concentration quenching in this
material system. The non-radiative energy transfer mechanism
in SMO:xDy3+ phosphors was further elucidated using Dexter's
theoretical formula:31

log

�
I

x

�
¼ A�

�
q

3

�
log x (4)

where x, I and A represent the activator concentration, emission
intensity, and the constant, respectively. q denotes the interac-
tion type between rare-earth ions: q = 6 for electric dipole–
dipole interaction, q= 8 for dipole–quadrupole interaction, and
q = 10 for quadrupole–quadrupole interaction. Fitting the
experimental data of emission intensity versus Dy3+ concentra-
tion (solid curve in Fig. 3c) yielded a q value of 4.35, being close
to 6, clearly demonstrates that the concentration quenching of
Dy3+ in the SMO host primarily occurs through electric dipole–
dipole interactions. Fig. 3d presents the PLE spectrum of SMO:
0.02Eu3+ phosphor monitored at the characteristic emission
wavelength of 614 nm. The spectrum exhibits two distinct
features, namely a broad asymmetric CTB spanning 200–
350 nm, primarily attributed to the overlapping charge transfer
transitions of O2−–Eu3+ and O2−–Mo6+ and several sharp peaks
corresponding to the 4f–4f transitions of Eu3+ ions. The narrow
excitation peaks observed at 362 nm (7F0 /

5D4), 382 nm (7F0
/ 5G2), 394 nm (7F0 /

5L6), 416 nm (7F0 /
5D3), and 465 nm

(7F0 / 5D2) represent ground state absorption transitions,
while those at 537 nm (7F1 / 5D1) and 593 nm (7F1 / 5D0)
originate from excited state absorption processes.32 Notably, the
excitation spectrum reveals two dominant peaks at 280 nm
(CTB) and 394 nm (7F0 / 5L6 transition), with the former
exhibiting the highest intensity. Under 282 nm and 394 nm
excitation, the emission spectrum of SMO:0.02Eu3+ exhibits
characteristic peaks at 538 nm (5D1/

7F0), 594 nm (5D0/
7F1),

614 nm (5D0 /
7F2), 654 nm (5D0 /

7F3), and 706 nm (5D0 /
7F4), as shown in Fig. 3d.32 The dominant emission at 614 nm
RSC Adv., 2025, 15, 28994–29002 | 28997
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Fig. 3 (a) PLE and PL spectra of SMO:0.02Dy3+ phosphor; (b) PL spectra of SMO:xDy3+ phosphors; (c) the linear fitting of log(I/x) vs. log(x); (d) PLE
and PL spectrum of SMO:0.02Eu3+ phosphor.
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corresponds to the hypersensitive electric dipole transition,
whose intensity is strongly inuenced by the local crystal eld
symmetry. In contrast, the magnetic dipole transition at 594 nm
remains relatively insensitive to the surrounding environment.
The intensity ratio R (I614/I594) of 5.98 for SMO: 0.02Eu3+ clearly
indicates that Eu3+ ions occupy low-symmetry sites lacking
inversion centers, consistent with our observations for Dy3+-
doped sample (see Fig. 3a).

Fig. 4a presents the PL spectrum of SMO: 0.02Dy3+ and PLE
spectrum of SMO: 0.02Eu3+ phosphors. Notably, a signicant
spectral overlap is observed between the emission peaks of Dy3+

and the sharp excitation peaks of Eu3+, suggesting the possible
occurrence of energy transfer (ET) from Dy3+ to Eu3+. To eluci-
date the ET mechanism between Dy3+ and Eu3+ ions, a series of
SMO:0.02Dy3+,yEu3+ samples were successfully synthesized. As
shown in Fig. 4b and c, the emission spectrum under 266 and
352 nm excitation exhibit characteristic peaks of both Dy3+ and
Eu3+ ions, whose intensities are strongly dependent on dopant
concentration. Notably, with increasing Eu3+ content, the
emission intensity of Dy3+ decreases rapidly while that of Eu3+

rises accordingly (see insets of Fig. 4b and c). This opposite
variation trend clearly indicates the occurrence of ET from Dy3+

to Eu3+ ions. The ET efficiency (h) was further quantied using
the equation:33

h ¼
�
1� IS

IS0

�
� 100% (5)

where IS and IS0 represent the emission intensities of Dy3+ with
and without Eu3+ co-doping, respectively. As demonstrated in
28998 | RSC Adv., 2025, 15, 28994–29002
Fig. 4d, h values show a continuous enhancement with
increasing Eu3+ concentration, reaching maximum efficiencies
of 80.53% and 67.2% under 266 and 352 nm excitation. These
results conrm the effective ET from Dy3+ to Eu3+ ions in the
SMO host lattice. According to previous reports, the ET mech-
anism between Dy3+ and Eu3+ predominantly occurs via electric
multipolar interactions.30 Based on Dexter's theory, the rela-
tionship for electric multipolar interactions can be expressed
as:30

IS0

IS
fCQ=3 (6)

where IS0 and IS represent the emission intensity of
SMO:0.02Dy3+ without and with Eu3+, and C is the total
concentration of Dy3+ and Eu3+ ions. As shown in Fig. 4e, the
linear correlation between IS0/IS and CQ/3 was established
through linear tting. The optimal tting parameter R2 (closest
to 1) was achieved at Q = 6, conrming that the ET mechanism
in SMO:Dy3+,Eu3+ phosphors originate from dipole–dipole
interactions. To corroborate the spectroscopic analysis, the
decay curves of SMO:0.02Dy3+,yEu3+ phosphors monitored at
578 nm emission were investigated (Fig. 4f). The experimental
data reveal that the decay curves follow a second-order expo-
nential decay law, expressed mathematically as:34

IðtÞ ¼ A1 exp

�
� t

s1

�
þ A2 exp

�
� t

s2

�
þ I0 (7)

where I(t) represent the luminescence intensity at time t, A1 and
A2 are constants, and s1 and s2 correspond to the fast and slow
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) PLE spectra of SMO:0.02Eu3+ and PL spectra of the SMO:0.02Dy3+ phosphors; PL spectrum of SMO:0.02Dy3+,yEu3+ phosphors under
(b) 352 and (c) 266 nm excitation; (d) ET efficiency (h) of SMO:0.02Dy3+,yEu3+ phosphors under 352 and 266 nm excitations; (e) Dependence of
(IS0/IS) of Dy

3+ on C6/3
Dy+Eu, C

8/3
Dy+Eu and C10/3

Dy+Eu; (f) decay profiles of the SMO:0.02Dy3+,yEu3+ samples.
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decay components, respectively. Based on this model, the
effective decay time (s*) can be calculated using the following
equation:

s* = (A1s1
2 + A2s2

2)/(A1s1 + A2s2) (8)

The calculated results demonstrate that for y values of 0,
0.006, 0.01, 0.02, 0.03, 0.06, and 0.09, the corresponding decay
times are 97.54, 45.65, 39.52, 22.08, 19.47, 12.51, and 11.77 ms,
respectively. Notably, the decay time exhibits a monotonic
decrease with increasing Eu3+ concentration, further providing
conclusive experimental evidence for the ET process from Dy3+

to Eu3+.

2.4 Thermal properties

To evaluate the potential application of the as-prepared samples
in optical thermometry, the PL spectra of SMO:0.02-
Dy3+,0.02Eu3+ were measured under different excitation wave-
lengths (394, 352, and 273 nm) over the temperature range of
323–443 K (Fig. 5a–c). The results reveal distinct temperature-
dependent luminescence behaviors under various excitation
conditions, namely the emission intensity of Dy3+ exhibits
a nearly monotonic increase with rising temperature, while the
luminescence behavior of Eu3+ shows strong excitation-
dependent characteristics. Specically, under 394 nm excita-
tion, the Eu3+ emission displays a monotonic decrease due to
thermal quenching. In contrast, under 352 and 273 nm
© 2025 The Author(s). Published by the Royal Society of Chemistry
excitation, the Eu3+ emission demonstrates non-monotonic
behavior with initial enhancement followed by attenuation,
which likely results from the competition between energy
transfer processes and thermal quenching effects. These
distinct temperature-dependent luminescent responses
between Dy3+ and Eu3+ ions endow the material with promising
optical thermometric properties. As demonstrated in previous
studies, the FIR of dual-emitting activators can be calibrated for
temperature sensing using two emission signals within a single
spectral band, where the FIR is dened as follows:35

FIR ¼ IDy3þ

IEu3þ
(9)

Specically, within the temperature range of 323–443 K, the
FIR values exhibit a monotonic increasing trend with rising
temperature, which can be well tted by polynomial functions
(Fig. 5d–f). To quantitatively evaluate the thermometric perfor-
mance of the material, the absolute sensitivity (Sa) and relative
sensitivity (Sr) were employed as key assessment parameters,
calculated according to the following equations:35

Sa ¼ dðLIRÞ
dT

(10)

Sr ¼
���� 1

LIR
� dLIR

dT

����� 100% (11)
RSC Adv., 2025, 15, 28994–29002 | 28999
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Fig. 5 (a–c) Temperature-dependent PL spectra of the SMO: 0.02Dy3+,0.02Eu3+ sample under 394 nm, 352 nm and 273 nm. (d–f) Temper-
ature-dependent FIR value of Dy3+/Eu3+ under 394 nm, 352 nm and 273 nm. (g–i) Sr and Sa values of SMO: 0.02Dy3+,0.02Eu3+ phosphor at
different temperatures under 394 nm, 352 nm and 273 nm.
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Based on the aforementioned functions and tted values, the
Sr and Sa values of SMO:0.02Dy3+,0.02Eu3+ phosphors were
calculated, as shown in Fig. 5g–i. The results demonstrate that
Table 1 Optical thermometric properties of several typical temperature

Phosphor Temperature range (K)

CaLa4Si3O13:Dy
3+,Eu3+ 323–573

Ca3Al2Ge3O12:Dy
3+,Eu3+ 303–523

Ca2YNbO6:Dy
3+,Eu3+ 300–475

Li2Ba5W3O15:Dy
3+,Eu3+ 303–443

SrMoO4: Dy
3+,Eu3+ 300–520

SrLaGaO4:Dy
3+,Eu3+ 298–423

BaLa4Si3O13:Dy
3+,Eu3+ 298–523

NaPbBi2(PO4)3:Dy
3+,Eu3+ 303–483

K2Ta(PO4)3:Dy
3+,Eu3+ 298–473

KBaGd(WO4)3:Dy
3+,Eu3+ 298–478

GdAl3(BO3)4:Dy
3+,Eu3+ 300–500

SrIn2(P2O7)2:Dy
3+,Eu3+ 298–523

SMO:Dy3+,Eu3+ 323–443

29000 | RSC Adv., 2025, 15, 28994–29002
within the temperature range of 323–443 K, both Sa and Sr
values of the samples exhibit distinct variation trends with
increasing temperature. Specically, under excitation
sensing materials based on the Dy3+/Eu3+ doped phosphors

Sa (K
−1) Tmax (K) Sr (% K−1) Tmax (K) Ref.

— 3.32@323 9
0.000551@303 0.0359@303 11
0.00469@300 3.14@300 15
— 0.97@303 28
— 1.46@300 32
0.0061@298 0.36@298 36
0.205@523 1.462@497 37
0.0039@463 0.65@443 38
0.00153@323 0.16@323 39
0.033@478 0.64@458 40
— 1.37@475 41
0.00382@293 0.741@293 42
0.0082@383 3.817@343 This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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wavelengths of 394, 352, and 276 nm, the maximum Sr values
reached 3.817% K−1 (at 343 K), 0.33% K−1 (at 383 K), and 0.20%
K−1 (at 423 K), respectively. Meanwhile, the highest Sa values
were 0.0082 K−1 (383 K), 0.018 K−1 (383 K), and 0.000184 K−1

(423 K). Table 1 compares the Sr and Sa values of this study with
those of other reported temperature sensors. The results
demonstrate that among Dy3+–Eu3+ co-doped temperature
sensing materials, our sample exhibits relatively good temper-
ature sensing properties, highlighting its potential for non-
contact temperature sensing applications.
3. Conclusions

In this study, a series of Dy3+/Eu3+ co-doped SMO phosphors
were synthesized via conventional solid-state reaction. The
electronic band structure was systematically investigated
through combined DRS and DFT calculations, with detailed
analysis of band structure and DOS providing theoretical
insights into the luminescent behavior. Under UV excitation,
the phosphors exhibited characteristic emissions originating
from Dy3+ (4F9/2 /

6H15/2,
6H13/2,

6H11/2, and
6H9/2 transitions)

and Eu3+ (5D0 /
7FJ, J = 0–4 transitions). Efficient ET from Dy3+

to Eu3+ was achieved through dipole–dipole interaction,
enabling tunable multicolor emission. Temperature-dependent
photoluminescence studies (323–423 K) on SMO:0.02-
Dy3+,0.02Eu3+ revealed distinct thermal responses between the
two activators, yielding maximum Sa and Sr values of 0.018 K−1

and 3.817% K−1, respectively. These ndings demonstrate the
potential of Dy3+/Eu3+ co-doped SMO phosphors as high-
performance optical thermometric materials for non-contact
temperature sensing applications.
Conflicts of interest

There are no conicts to declare.
Data availability

The authors conrm that the data supporting the ndings of
this study are available within the article and its SI.

Supplementary information is available. See DOI: https://
doi.org/10.1039/d5ra04860e.
Acknowledgements

This research was supported by the Natural Science Foundation
for Distinguished Young Scholars of Anhui University
(2022AH020087); Natural Science Foundation of Anhui Province
(2108085MB53); Anhui Provincial Innovation Team for Experi-
mental Teaching in Physics (2023cxtd101 and 2023zybj047);
Research Program of Huainan Normal University
(2024XJZD015); the Natural Science Foundation of Jiangsu
Province (BK20241002); Project of Weifang Science and Tech-
nology Development (2025ZJ1114).
© 2025 The Author(s). Published by the Royal Society of Chemistry
References

1 Y. Ma, X. Zhou, J. Wu, Z. Dong, L. Cui, Y. Wang and
A. Meijerink, J. Am. Chem. Soc., 2025, 147, 12925–12936.

2 Q. Zhu, Y. Sun, Y. Wang and Z. Xia, Laser Photonics Rev.,
2025, 2402225, DOI: 10.1002/lpor.202402225.

3 P. Zheng, Y. Xiao, P. Xiong, S. Su, A. Yang, X. Wang, S. Xu,
P. Shao, Z. Zhou, S. Wu, E. Song, J. Gan and D. Chen, Adv.
Funct. Mater., 2025, 2505094, DOI: 10.1002/adfm.202505094.

4 H. Wang, L. Mei, K. Su, J. Liu, Q. Wang, Z. Wu, Q. Guo and
L. Liao, Laser Photonics Rev., 2024, 19, 2400665.

5 Y. Ding, S. Zhang, Z. Li, C. Wang, N. Han, M. Liu, Q. Mao and
J. Zhong, Small, 2025, 2502793, DOI: 10.1002/
smll.202502793.

6 G. Li, X. Chen, M. Wang, S. Cheng, D. Yang, D. Wu, Y. Han,
M. Jia, X. Li, Y. Zhang, C. Shan and Z. Shi, Adv. Mater., 2023,
35, 2305495.

7 J. Xue, L. Li, M. Runowski, Y. Guo, B. R. Lee, J. H. Jeong, P. Du
and S. H. Park, Adv. Optical Mater., 2023, 11, 2300600.

8 J. Xue, Z. Yu, H. M. Noh, B. R. Lee, B. C. Choi, S. H. Park,
J. H. Jeong, P. Du and M. Song, Chem. Eng. J., 2021, 415,
128977.

9 X. Zhang, Z. Sun, R. Lu, J. Xu, H. Xu and W. Xu, Inorg. Chem.
Front., 2024, 11, 5924–5938.

10 J. Liao, Z. Han, F. Lin, B. Fu, G. Gong, H. Yan, H. Huang,
H.-R. Wen and B. Qiu, Inorg. Chem., 2023, 62, 9518–9527.

11 L. Zhou, R. Chen, X. Jiang, T. Zhang, X. Shi, Z. Leng, Y. Yang,
Z. Zhang, C. Zuo, C. Li, W. Yang, H. Lin, L. Liu, S. Li, F. Zeng
and Z. Su, Inorg. Chem., 2024, 63, 1274–1287.

12 M. Zhang, L. Lin, Z. Feng, Z. Wang, Y. Yang, W. Ma, J. Cai,
P. Lu, S. Jia and Z. Zheng, J. Rare Earth., 2023, 41, 1662–1669.

13 B. Deng, A. Zhang, W. Chen, J. Jiang, Z. Liang, F. Li, F. Zeng
and G. Zhang, J. Mater. Sci.: Mater. Electron., 2022, 33, 23030–
23041.

14 R. Gopal, A. Kumar and J. Manam, Mater. Chem. Phys., 2021,
272, 124960.

15 Y. Shi, R. Cui, X. Liu, L. Yang, Y. Li, J. Zhang and C. Deng,
Opt. Mater., 2023, 136, 113495.

16 L. Pu, P. Li, J. Zhao, Y. Wang, D. Guo, L. Li, Z. Wang and
H. Suo, Laser Photonics Rev., 2023, 17, 2200884.

17 R. Zhu, K. Jia, Z. Bi, Y. Liu and Y. Lyu, J. Solid State Chem.,
2020, 290, 121592.

18 H. Yan, R. Li, L. Feng, Y. Yu, G. Gong, H. Huang, H.-R. Wen
and J. Liao, J. Mater. Chem. C, 2024, 12, 12353–12362.

19 B. Fu, H. Yan, R. Li, L. Feng, Y. Yu, G. Gong, H. Huang and
J. Liao, Laser Photonics Rev., 2024, 18, 2400739.

20 X. Pei, M. Yan, Y. Liu, L. Fan, T. Jiang, Z. Mi, L. Liu, C. Li,
H. Lin, S. Li, W. Yang, F. Zeng and Z. Su, Displays, 2025,
87, 102922.

21 H. Zou, X. Yang, B. Chen, Y. Du, B. Ren, X. Sun, X. Qiao,
Q. Zhang and F. Wang, Angew. Chem., Int. Ed., 2019, 131,
17415–17419.

22 H. Wu, B. Hu, B. Chen, D. Li, J. Liang, B. Li, P. Huo, X. Tang
and Z. Zhu, Mater. Today Commun., 2024, 39, 108890.

23 L. Han, Q. Li, L. Wang, W. Zhou, Y. Miao, S. Tian, Y. Fan,
Z. He and Z. Ci, Opt. Mater., 2024, 149, 115112.
RSC Adv., 2025, 15, 28994–29002 | 29001

https://doi.org/10.1039/d5ra04860e
https://doi.org/10.1039/d5ra04860e
https://doi.org/10.1002/lpor.202402225
https://doi.org/10.1002/adfm.202505094
https://doi.org/10.1002/smll.202502793
https://doi.org/10.1002/smll.202502793
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04860e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 3
/1

/2
02

6 
5:

39
:0

4 
PM

. 
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
24 W. Yao, G. Lu, H. Zhao, D. Huang, B. Bai, N. Huang, M. Yu,
C. Cao, Y. Li and A. Xie, Opt. Mater., 2024, 157, 116212.

25 D. L. Wood and J. Tauc, Phys. Rev. B, 1972, 5, 3144–3151.
26 J. P. Perdew and M. Levy, Phys. Rev. Lett., 1983, 51, 1884–

1887.
27 V. Chauhan, P. Dixit, P. K. Pandey, S. Chaturvedi and

P. C. Pandey, J. Phys. Chem. C, 2023, 127, 19159–19171.
28 A. Seema, A. Kumar, N. Deopa, M. K. Sahu, A. Prasad and

A. S. Rao, J. Lumin., 2024, 269, 120444.
29 G. Blasse, Phys. Lett. A, 1968, 28, 444–445.
30 D. L. Dexter, J. Chem. Phys., 1953, 21, 836–850.
31 N. Deopa, S. Saini, S. Kaur, A. Prasad and A. S. Rao, J. Rare

Earth., 2019, 37, 52–59.
32 V. Chauhan, P. Dixit, P. K. Pandey, S. Chaturvedi and

P. C. Pandey, Methods Appl. Fluoresc., 2024, 12, 15002.
33 L. Li, M. Dou, Y. Yan, Y. Li, F. Ling, S. Jiang, G. Xiang, J. Liu

and X. Zhou, Opt. Mater., 2020, 102, 109808.
29002 | RSC Adv., 2025, 15, 28994–29002
34 K. Li, J. Fan, M. Shang, H. Lian and J. Lin, J. Mater. Chem. C,
2015, 3, 9989–9998.

35 J. Xue, H. M. Noh, B. C. Choi, S. H. Park, J. H. Kim, J. H. Jeong
and P. Du, Chem. Eng. J., 2020, 382, 122861.

36 Y. Qiu, R. Cui, M. Zhang and C. Deng, J. Mol. Struct., 2024,
1304, 137622.

37 F. Liao, B. Shen, W. Wu, Y. Zhang and J. Hu, Ind. Eng. Chem.
Res., 2021, 60, 2931–2943.

38 K. J. Albert, S. M. M. Kennedy, V. Rathinamala and A. Princy,
J. Inorg. Organomet. Polym. Mater., 2024, 34, 4609–4621.

39 S. Zhang, D. Zhao, S. Dai, H. Lou and R. Zhang, J. Rare Earth.,
2021, 39, 921–929.

40 W. Zhou, M. Song, Y. Zhang, Z. Xie andW. Zhao, Opt. Mater.,
2020, 109, 110271.

41 L. Yang, Y. Ding, X. Wen, H. Zhu, G. Wang, X. Li and
X. Hong, New J. Chem., 2022, 46, 19534–19541.

42 Y. Liu, R. Wang, Q. Yang, G. Li, J. Huang and G. Cai, J. Am.
Ceram. Soc., 2022, 105, 6184–6195.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04860e

	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing
	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing
	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing
	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing
	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing
	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing
	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing

	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing
	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing
	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing
	Dual-luminescent Sc2(MoO4)3:Dy3tnqh_x002B/Eu3tnqh_x002B phosphor system: energy transfer dynamics and high-sensitivity temperature sensing


