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Lanthanide (Ln3+)-doped phosphors generally suffer from thermal quenching, in 

which their photoluminescence (PL) intensities decrease at the higher temperature. 

Herein, we report a class of unique two-dimensional negative-thermal-expansion 

phosphor of Sc2(MoO4)3:Yb/Er. By virtue of the reduced distances between sensitiz-

ers and emitters as well as confined energy migration with increasing the tempera-

ture, a 45-fold enhancement of green upconversion (UC) luminescence and a 450-

fold enhancement of near-infrared downshifting (DS) luminescence of Er3+ are 

achieved from 25 to 500 ˚C. The thermally boosted UC and DS luminescence mech-

anism is systematically investigated through in situ temperature-dependent Raman 

spectroscopy, synchrotron X-ray diffraction and PL dynamics. Moreover, the lumi-

nescence lifetime of 4I11/2 of Er3+ in Sc2(MoO4)3:Yb/Er displays a strong temperature 

dependence, enabling ratiometric thermometry with the highest relative sensitivity 

of 13.4%/K at 298 K. These findings may gain a vital insight into the design of nega-

tive-thermal-expansion Ln3+-doped phosphors for versatile applications.  
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The photoluminescence (PL) intensity of lanthanide (Ln3+)-doped phosphors is 

usually quenched with increasing temperature, which is referred to as positive ther-

mal quenching1-4. This phenomenon has been frequently observed in most phos-

phors due to the vibration aggravation with temperature to promote the domination 

of non-radiative multiphonon transition probability (Fig. 1a). Such a phenomenon 

greatly limits the application of luminescent materials in the high-temperature region, 

which causes degeneration of device performance and eventually system failure. If 

no obvious decrease of PL intensity occurs on heating, the phosphor would show ze-

ro-thermal-quenching performance5, 6. This pathway can occur in the compensation 

of emission loss through the polymorphism modification of the host, wherein the 

energy transfer (ET) from electron-hole pairs to the excited state energy levels results 

in radiative recombination in close proximity at the thermally activated defect levels 

(Fig. 1b).  

Hitherto, several phosphors have been reported to exhibit abnormal thermo-

enhanced luminescence during heating7-10. Most of such abnormal thermally en-

hanced UC luminescence is observed in Ln3+-doped inorganic materials with three-

dimensional negative-thermal expansion characteristics (NTE)9, 10, where all the three 

cell parameters of the doped crystals shrink at elevated temperature. The host lattice 

shrinkage at high temperature may induce the decrease of distance between the 

sensitized ions and the activated ions to improve the ET efficiency, resulting in the 

enhancement of luminescence intensity9-11. At present, only a few NTE host materials 

are demonstrated to be suitable for Ln3+ doping and their luminescence performance 

is usually too poor to fulfill their practical applications. As such, more and more 

works have been devoted to the exploration of novel inorganic materials with NTE 

properties (Fig. 1c) 12-17.  

In this work, we report the synthesis and characterization of a phosphor based 

on Yb3+/Er3+ co-doped NTE matrix of Sc2(MoO4)3 with a unique two-dimensional NET 

coefficient (αa=-8.62×10-6/K, αb=4.25×10-6/K, αc=-6.35×10-6/K) (Fig. 1d). The distance 

of Ln3+ dopants in the matrix can be manipulated with temperature to realize the 

thermal enhanced both UC and DS emission of Er3+ upon 980-nm excitation. We ap-



ply in situ temperature-dependent Raman spectroscopy, synchrotron X-ray diffraction 

and luminescence dynamics to reveal the mechanism of negative-thermal effects. It 

is demonstrated that the thermally boosted UC and DS emissions can be achieved 

benefitting from the lattice shrinkage and confined energy migration at elevated 

temperatures. Moreover, the NIR-II PL lifetime of Er3+ in Sc2(MoO4)3:Yb/Er 

(SMO:Yb/Er) phosphors is found to be increased by more than two orders of magni-

tude as the temperature increasing from 25 to 425 °C. As such, we employ the pro-

posed phosphors for luminescent lifetime-based temperature sensing. 

Results 

 
Figure 1| Scheme of thermal-dependence effects in phosphor. a. Positive thermal quenching 

phenomenon. Temperature raising may aggravate the vibration of atoms to promote the domina-

tion of nonradiative multiphonon transition probability. b. Zero thermal quenching phenomenon. 

Temperature raising excites the electron-hole pairs at the defect traps to the excited state energy 

levels to enhance the radiative recombination. c. Negative-thermal quenching (thermal-

enhanced) phenomenon. Temperature raising causes distance contraction, resulting in higher 

energy transfer efficiency and lattice distortion to improve the radiative transition probability. d. 

Schematic illustration of the negative-thermal-index in Sc2(MoO4)3:Yb/Er, indicating that both the 

a-axis and c-axis contract while the b-axis expands at high temperature. 



Negative-thermal expansion in Sc2(MoO4)3:Yb/Er 

SMO:Yb/Er phosphors were synthesized via a sol-gel method. The basic struc-

tures of the SMO:Yb/Er samples with different dopant concentrations were detected 

by X-ray diffraction (XRD) patterns (Supplementary Fig. 1). All the structures of the 

as-prepared samples are well consistent with the orthorhombic Sc2(MoO4)3 

(ICSD#20838) without any observable impurities. Their chemical compositions and 

morphologies were determined by energy dispersive X-ray spectroscopy (EDX) and 

scanning electron microscopy (SEM), respectively (Supplementary Fig. 2). It can be 

observed that the as-prepared SMO:Yb/Er samples are microcrystals with sizes of 1–

2 μm and Sc, Yb, Er, Mo and O elements are homogeneously distributed in the ma-

trix. 

Fig. 2a shows the Rietveld refinement of the synchrotron XRD (SXRD) patterns 

measured at room temperature for the SMO:Yb/Er phosphors. All the diffraction 

peaks can be well indexed by orthorhombic cell (space group: Pnab). In situ tempera-

ture-dependent SXRD was applied to reveal their thermal expansion behavior from 

25 to 400 C̊. The diffraction peaks on the whole temperature range are well in ac-

cordance with the orthorhombic SMO crystal, which suggests that no obvious phase 

change happened with increasing of the temperature. Based on these SXRD patterns, 

lattice constants as a function of temperature are calculated (Supplementary Fig. 3). 

With the increase of temperature, the a-axis contracts, and the b-axis expands stead-

ily, while the c-axis first expands and then contracts. The axial expansion coefficients 

were determined to be αa=-8.62×10-6/K, αb=4.25×10-6/K, αc=-6.35×10-6/K. Note that 

almost all the reported Ln3+-doped NET phosphors show three-dimensional negative 

thermal expansion while SMO:Yb/Er phosphors exhibit only two-dimensional nega-

tive thermal expansion. As such, the energy migration between Ln3+ dopants may be 

effectively confined within the two-dimensional layered structures for producing in-

tense PL emissions with increasing the temperature18. 

Pure orthorhombic SMO crystal is composed of corner-sharing ScO6 octahedra 

and MoO4 tetrahedra. Sc and Mo are located in the center of octahedron and tetra-

hedron, respectively, which would reciprocally rotate at elevated temperature to 



result in the lattice shrinkage. The calculated cell volume variation is similar to that 

of the lattice parameter c as shown in Fig. 2c. Such thermal expansion behavior has 

been also observed for pure SMO19-21. Nevertheless, the volume contraction coeffi-

cient (αv=-10.70×10-6/K) of SMO:Yb/Er is more negative than that of pure SMO (αv=-

6.30×10-6/K)6, due to the substitution of Sc3+ by Ln3+ dopants (i.e., Yb3+ and Er3+) with 

larger radius.  

 

 



For the case of homogeneous doping of Ln3+ ions in SMO, the average distance 

(RT) between the Yb3+ and Er3+ ions for different temperatures can be estimated by 

the following formula22: 𝑅𝑅𝑇𝑇 = 2 � 3𝑉𝑉𝑇𝑇4𝜋𝜋𝜋𝜋𝑋𝑋𝑐𝑐�13                               (1) 

where VT is the volume of the unit cell for different temperatures (Fig. 2c), Xc is the 

doping concentration, and N is the number of available crystallographic sites occu-

pied by the activator ions in unit cell (N=4). The distances of the Yb3+-Yb3+ ions and 

Yb3+-Er3+ ions in SMO:Yb/Er phosphors with different temperatures were calculated 

by the above formula (Fig. 2d). The result indicates that the distances of Yb3+-Er3+ 

ions (13.975 Å, at 25 C̊) decreased at higher temperature, which may benefit the im-

provement of the ET efficiency between Yb3+-Er3+ 23. In addition, the longer distance 

of two adjacent Er3+ ions at higher temperature (38.529 Å, at 400 C̊) may also reduce 

the cross-relaxation (4F7/2+4I11/2→4F9/2+4F9/2) to suppress the red emission 

(4F9/2→4I15/2) of Er3+ 24. 

Raman spectroscopy is a valuable tool to evaluate the change of local struc-

ture25, 26. In situ temperature-dependent Raman spectra are shown in Fig. 2e. The 

observed mode with a frequency of 341 cm-1 corresponds to the bending mode of 

MoO4 tetrahedra. When the temperature increases, this Raman peak exhibits a blue 

shift (Fig. 2f). The median frequency B1g mode of SMO is observed at 511 cm-1. The 

higher frequency Ag at 979 cm-1 (the maximum phonon energy) is related to sym-

metric stretching modes of the MoO4 tetrahedra (Fig. 2g), and the modes with fre-

quencies in the range of 814-855 cm-1 are attributed to asymmetric stretching modes 

of the MoO4 tetrahedra27. As the temperature increases from 25 to 500 C̊, the Raman 

peak of 979 cm-1 redshifts to 971 cm-1, which implies an extensive deformation in the 

crystal through translational and/or rotational motions of the MoO4 tetrahedral 

units28. The reduction of maximum phonon energy may benefit the luminescence of 

Ln3+ at elevated temperatures.  

Thermally enhanced upconversion emission 



Figs. 3a and 3b show the UC emission spectra of the SMO:Yb/Er phosphors upon 

980-nm laser excitation at different temperatures. Two intense green emission bands 

peaking at 522 and 558 nm are observed, which correspond to the 2H11/2→4I15/2 and 

4S3/2→4I15/2 transitions of Er3+, respectively. A weak red emission band peaking at 654 

nm of Er3+ is attributed to the 4F9/2→4I15/2 transition18. In Fig. 3c, two temperature 

regions for the UC emissions can be observed. When temperature increases from 25 

to 200 C̊, the overall green emission intensity increases by 26 fold. When the temper-

ature increased from 200 to 500 C̊, the UC intensity can be further increased. Specifi-

cally, the overall UCL intensity increases by 45 fold from 25 to 500 C̊. To explicitly 

show the changes of brightness, we provide the photographs of logo for Jiangxi Uni-

versity of Science and Technology (JXUST) made by SMO:Yb/Er phosphors with in-

creasing temperatures (Fig. 3d). Upon 980-nm laser diode excitation, it can be seen 

that the logo becomes brighter with the increase in temperature.   

 

Figure 3| Thermally enhanced upconversion emission. a. UC spectra of SMO:Yb/Er phosphor 

with different temperatures. b. Two-dimensional UC emission topographical mapping within 

the temperature from 25 to 500 0C. c. Normalized UC emission intensity as a function of tem-

perature. d. UC photographs of SMO:Yb/Er phosphors at various temperatures by the Nikon 

D750 camera upon 980 nm excitation. 

 



Fig. 4a shows the temperature-dependent DS emission spectra of the 

SMO:Yb/Er phosphors upon excitation at 980 nm. The spectra exhibit characteristic 

near-infrared II (NIR-II) emission of Er3+ peaking at 1538 nm, which originates from 

the 4I13/2→4I15/2 transition. The emission intensity also displays a significant en-

hancement with increasing the temperature from 25 to 500 C̊ (Fig. 4b), where a 450-

fold enhancement of the integrated luminescence intensity was achieved (Fig. 4c). 

Fig. 4d shows the temperature-dependent NIR photographs of logo for JXUST made 

by SMO:Yb/Er phosphors. Upon 980-nm laser excitation, the logo of JXUST also be-

came brighter by a NIR camera with the increase of temperature. Due to the low pix-

el size of current near-infrared cameras, the shortened exposure time may reduce 

light saturation. As the temperature increases, the DS luminescence sharply increas-

 

Figure 4 | Thermally enhanced downshifting emission. a. DS emission spectra of SMO:Yb/Er 

phosphor with different temperatures. b. Two-dimensional DS emission topographical mapping 

with the temperature from 25 to 500 C̊. c. Normalized DS emission intensity as a function of 

temperature. d. Photographs of SMO:Yb/Er at various temperatures by a NIR camera. To avoid 

interference of 980 nm laser, the 1250 nm filter has been added in the front of Photonic Sci-

ence InGaAs camera.  



es. Therefore, we chose different exposure times in different temperature regions to 

take the photographs. 

Thermally enhanced photoluminescence mechanism 

To shed more light on the mechanism responsible for the thermal-enhanced UC 

and DS emissions, the temperature-dependent luminescence of Yb3+ was investigat-

ed. Fig. 5a displays the excited state (2F5/2) lifetime of Yb3+ in SMO:Yb/Er. It exhibits a 

marked increase in the PL lifetime from 16.62 to 278 μs as the temperature was 

raised from 25 to 200 C̊. Generally, the radiation trapping of Yb3+ may lengthen the PL 

lifetimes in phosphors29, 30, because the lattice contraction may shorten the distance 

of Yb3+-Yb3+ at elevated temperature to promote the radiation trapping of Yb3+ (Sup-

plementary Fig. 3). In Yb3+-Er3+ codoped phosphors, Yb3+ acts as not only radiation-

trapping to store energy but also as a sensitizer to transfer the energy to Er3+. These 

radiation trappings may enhance the emission of Er3+
. Moreover, the distance of 

Yb3+-Er3+ becomes shorter with an increase of the temperature. The ET processes be-

tween sensitizer (Yb3+) to activator (Er3+) are usually considered to occur through di-

polar-dipolar interactions, whose ET efficiency is proportional to r-6 (r is the average 

donor-acceptor distance)31. As such, the ET efficiency can be greatly improved at ele-

vated temperature. Correspondingly, both the UC and DS emissions of SMO:Yb/Er 

were significantly enhanced when the temperature increased.  

Moreover, Yb2WO6:1%Er with normal positive-thermal expansion was adopted 

as a comparative investigation9. As expected, thermally quenched PL emission was 

detected when the temperature increased from 25 to 300 C̊ (see Supplementary Figs. 

4 and 5), since the increased distance between Yb3+ to Er3+ would reduce the ET effi-

ciency from Yb3+ to Er3+. To reveal the role of the sensitizer of Yb3+, Er3+ single-doped 

SMO and Yb3+ single-doped SMO phosphors were also synthesized. From the tem-

perature-dependent PL emission spectra of the SMO:Er (5%) phosphors (Supplemen-

tary Fig. 6), the UC emission intensity of Er3+ decreases with the increase of tempera-

ture upon 980-nm excitation without the ET from Yb3+ to Er3+ due to the detrimental 

cross-relaxation process between Er3+ ions. Meanwhile, the NIR-II DS emission of Er3+ 



for SMO:Er (5%) phosphors improved by only 5.9-fold with the increase of tempera-

ture (Supplementary Fig. 7), which is greatly less than the enhanced factor of 

SMO:Yb/Er phosphors. These results verify that the contribution of ET from the sen-

sitizer (Yb3+) to the activator (Er3+) is essential for achieving efficient UC and DS lumi-

nescence of Er3+. 

 

Figure 5| Thermally enhanced photoluminescence mechanism a. Temperature-dependent lumi-

nescence lifetime of 2F5/2 excited state of Yb3+ in Yb3+/Er3+-codoped and Yb3+-single doped SMO, 

respectively. Temperature-dependent energy transfer efficiency of Yb3+-to-Er3+. b. Temperature-

dependent lifetimes of 2H11/2 (522 nm) and 4I11/2 (1538 nm) excited states of Er3+ in SMO:Yb/Er, 

respectively. C. Energy level diagram of green UC (NIR DS) emission showing the proposed tem-

perature dependence of electronic transition and energy-transfer processes in SMO:Yb/Er. 

For Yb3+-doped SMO phosphors, the excited state (2F5/2) lifetime of Yb3+ exhibits 

a similar change trend as that of SMO:Yb/Er (Fig. 5a). Without the ET from Yb3+ to 

Er3+, the excited state (2F5/2) lifetime of Yb3+ for SMO:Yb phosphors was determined 

to be longer than that of SMO:Yb/Er at the same temperature. The ET efficiency (ηET) 

can be calculated from the following expression32: 𝜂𝜂𝐸𝐸𝑇𝑇 = 1− 𝜏𝜏𝑌𝑌𝑌𝑌−𝐸𝐸𝐸𝐸𝜏𝜏𝑌𝑌𝑌𝑌                             (2) 



where τYb-Er and τYb are the PL lifetimes of Yb3+ at 1051 nm in SMO:Yb/Er and SMO:Yb 

phosphors (see the luminescence decay curves of Supplementary Fig. 8), respectively. 

Accordingly, it was determined that the ET efficiency from Yb3+ to Er3+ in SMO:Yb/Er 

increased gradually when the temperature was raised from 25 to 200 ˚C (Fig. 5a). For 

the temperature above 200 ˚C, the ET efficiency kept almost constant (~55%). How-

ever, the overall UC and DS emission intensities of SMO:Yb/Er crystal continued to 

increase in this temperature region.  

To figure out this contradiction, the temperature-dependent UC PL lifetime of 

2H11/2 for Er3+ was measured ( Fig. 5b). It exhibited a dramatic increase from 29.77 to 

141.67 μs with the temperature rise from 25 to 200 ˚C, which implies that the non-

radiative transition of 2H11/2→4I15/2 was inhibited at elevated temperature. Neverthe-

less, only a tiny change was observed for the PL lifetime of 2H11/2 for Er3+ with the 

temperature above 200 ˚C. Note that a similar trend was also observed for the PL 

lifetime of Yb3+ in SMO:Yb. The luminescence lifetime (τ) of an excited state is de-

termined by τ=1/(Ar+Anr)33,34, where Ar and Anr are the radiative and nonradiative 

transition probabilities of this energy level, respectively. Accordingly, it is deduced 

that the increase of Ar is nearly equal to the decrease of Anr. The promoted Ar and 

inhibited Anr in the Ln3+ dopant indicate that lattice distortion enhances a crystal field 

with odd parity and modifies local symmetry of activator ions via the NTE effect. 

Based on the above analysis, the thermally enhanced UC emission with the tempera-

ture from 25 to 200 ˚C is mainly governed by the ET from Yb3+ to Er3+. For the tem-

perature above 200 ˚C, the thermally enhanced UC emission is mainly controlled by 

the radiation transition of Er3+ that is strengthened with an increase of temperature 

(Fig. 5c).  

To reveal the mechanism responsible for the negative-thermal DS luminescence 

of SMO:Yb/Er, we measured the temperature-dependent PL decays of 4I11/2 of Er3+, 

which can be well fitted by a single-exponential function (Supplementary Fig. 9). 

When the temperature increased from 25 to 200 C̊, it was determined that the PL 

lifetime of 4I11/2 level of Er3+ increased markedly from 61.2 μs to 2004 μs. Meanwhile, 

the Yb3+-Er3+ ET efficiency of the SMO:Yb/Er crystal increased from 29% to 55% with 



increasing the temperature (see Fig. 5a). According to the previous analysis of UC 

process, the thermally enhanced DS luminescence for this temperature region was 

mainly governed by the energy transfer from Yb3+ to Er3+. Besides, the PL lifetime of 

4I11/2 level of Er3+ increased from 2004 to 7789 μs as the temperature rise from 200 

to 425 ˚C. At higher temperature above 425 ˚C, the PL lifetime of 4I11/2 level of Er3+ 

decreased, which indicated that the increase of Ar was larger than the decrease of Anr. 

These results demonstrate that NIR DS emission with the temperature from 200 to 

425 C̊ was also enhanced via the control of radiative transition (Fig. 5c).  

Photoluminescence lifetime-based thermal sensing 

The tunable PL lifetime of Er3+ in SMO:Yb/Er phosphors, which spans two orders 

of magnitude with the temperature from 25 to 425 ˚C, offering a great opportunity 

for their application in lifetime-based luminescent thermometry (LLT). Note that LLT 

is of special importance owing to several attractive merits over conventional intensi-

ty-based thermometry35-37. For instance, PL lifetime is insensitivity to the variation in 

phosphors concentration and excitation intensity, which enables LLT to circumvent 

the measurement error that is intrinsic and inevitable for intensity-based thermome-

try. In addition, for the conventional intensity-based thermometry, the intensity sig-

nal may become unreliable at different depths since the signal-to-noise ratio may be 

very low when the depth-induced quenching of the intensity signal is serious. By con-

trast, the lifetime signal remains essentially unaltered at different depths.  

For SMO:Yb/Er phosphors, the plot of calculated lifetime value (τ, μs) and tem-

perature (T, K) is presented in Fig. 6a, where the dependence of lifetime on tempera-

ture can be well fitted by the following equation: 𝜏𝜏(𝑇𝑇) = −1589.24 + 228.21𝑒𝑒𝑒𝑒𝑒𝑒0.006𝑇𝑇                 (3) 

Furthermore, the absolute temperature sensitivity (Sa) and relative temperature sen-

sitivity (Sr) based on the luminescence lifetime of Er3+ are calculated according to the 

following equations (Fig. 6b), respectively38:    𝑆𝑆𝑎𝑎 = �𝑑𝑑𝜏𝜏𝑑𝑑𝑇𝑇�                                      (4) 𝑆𝑆𝑟𝑟 = �1𝜏𝜏 ∙ 𝑑𝑑𝜏𝜏𝑑𝑑𝑇𝑇�                                    (5) 



The optimal Sa and Sr were determined to be as high as 57.51 μsK-1 and 13.4% K-1, 

respectively. Temperature-recycle measurements demonstrated that the SMO:Yb/Er 

can provide excellent thermal sensing repeatability (Fig. 6c). For comparison, we also 

displayed other state-of-the-art luminescent thermometry materials (Fig. 6d). The 

optimal Sr value of SMO:Yb/Er was observed to be an order of magnitude higher than 

that of other majority LLTs39,40-44.  

 

 



To compare the Sr with the traditional intensity-based thermometry, we list the 

representative optical ratiometric thermometry methods with emission bands lying 

within the NIR window (Table S1). The LLT of SMO:Yb/Er phosphor also exhibits a 

very high Sr value. Specifically, the optimal Sr value of SMO:Yb/Er is observed to be 

ten times higher than that of LuVO4:Yb/Er@SiO2
45 and more than twice higher rela-

tivel to that of LaF3:Yb/Er@LaF3:Yb/Tm46. All these results indicate that SMO:Yb/Er 

phosphor can be explored as an ideal candidate for LLT-based temperature sensing 

with high Sr. 

 

Discussion 

In summary, a novel two-dimensional negative-thermal phosphor of SMO:Yb/Er 

has been proposed. The negative-thermal effect was systematically investigated by In 

situ temperature-dependent Raman spectroscopy, synchrotron X-ray diffraction and 

luminescence dynamics. We achieved 45-fold and 450-fold thermally enhanced UC 

luminescence and NIR-II DS emission of Er3+ from 25 to 500 C̊, which originated from 

the thermally promoted energy transfer with increasing temperature. By virtue of 

the tunable PL lifetime of Er3+ at different temperatures, the proposed phosphors 

were employed for LLT-based temperature sensing, which can circumvent the intrin-

sic limitations of poor temperature sensitivity based on the conventional intensity-

based thermometry. These findings open up a new avenue for the exploration of 

thermal-enhanced quenching phosphors with excellent UC and DS luminescence for 

versatile applications.  

 

Experimental section 

Synthesis of Sc2(MoO4)3:Yb/Er. A series of different Yb3+ (Er3+) doping concentrations 

of Sc2(MoO4)3:Yb/Er phosphors were synthesized by a sol-gel method47. All the chem-

icals of Sc2O3 (99.99%, Ganzhou Guangli High-tech Materials Co. Ltd), Yb2O3 (99.99%, 

Ganzhou Guangli High-tech Materials Co. Ltd), Er2O3 (99.99%, Ganzhou Guangli High-

tech Materials Co. Ltd), (NH4)6Mo7O24⋅4H2O (AR, Shanghai Aladdin Biochemical Tech-



nology Co., Ltd.), HNO3, C2H5NO2, C6H8O7⋅H2O were used as raw materials. Firstly, the 

nitrates of all the rare-earth oxides were obtained by dissolution in dilute nitric acid. 

(NH4)6Mo7O24⋅4H2O (Shanghai Aladdin Biochemical Technology Co., Ltd.) and 

C2H5NO2 were dissolved in a suitable volume of de-ionized water, respectively. The 

solution of (NH4)6Mo7O24⋅4H2O and C2H5NO2 was slowly dropped into the solution 

containing rare-earth nitrates, into which a certain of citric acid as a chelating agent 

(citric acid/metal ion=2:1) was added. The above solution was heated at 80 0C to 

produce a light yellow transparent gel, which was further dried at 120 0C for 24 h to 

get the yellow dried gel. Finally, the dried gel was annealed at 800 0C for 3 h in air. 

The white powder samples obtained via natural cooling were used for further charac-

terization. A series of Sc2(1-x-y)(MoO4)3:xYb/yEr (x=0, 1%, 5%, 10%, 15%, 20%, 25%; y=0, 

0.1%, 0.5%, 1%, 2%, 4%, 8%) powders were prepared. 

Synthesis of Er3+-doped Yb2WO6. According to the stoichiometric composition of 

Yb1.98Er0.02WO6, all the reactants were weighed and mixed thoroughly in an agate 

mortar, then sintered in a tubular furnace at 1300 0C for 4h in air. After cooled down 

to room temperature, the synthetic products were ground for subsequent analysis. 

Characterization. The samples were characterized by powder X-ray diffraction (XRD) 

performed on a Panalytical X'Pert diffractometer using Cu Kα radiation (λ=0.154187 

nm). All of the patterns within the 10-90° 2θ range were collected in a scanning 

mode with a step size of 0.02°. The morphology patterns of samples were obtained 

on a field emission scanning electron microscope (SEM JSM-6700F) equipped with an 

Energy Dispersive Spectrometer spectra (EDS) and transmission electron microscope 

(TEM JEOL-2010).  

In situ Temperature-dependent synchrotron X-ray diffraction  

The powders were loaded into 1.0 mm diameter corundum capillaries. The capillary 

was then mounted on the thermal stage of beamline 14B1, at Shanghai Synchrotron 

Radiation Facility (SSRF). The wavelength used at the 14B1 was 0.6887 A ̊ (18 KeV). 

The detailed information about beamline BL14B1 can be found in our previous 

work48. To track the structural changes accompanied with the temperature changes, 

SXRD spectra continuously were recorded as a set of circles on a two-dimensional 



image plate detector in the transmission mode during heating from room tempera-

ture to 400 C̊ (i.e., heating rate = 5 0C min–1). The total recording time for one spec-

trum was approximately 30 s. 

In situ Temperature-dependent Raman spectroscopy  

In situ Raman spectroscopy was carried out using Renishaw inVia Reflex Raman mi-

croscope. Sample powders pressed into sheet were fixed in the heating device with 

N2 as protective atmosphere. The laser with wavelength 532 nm was selected as the 

illuminant with around 1 μm diameter. The power of the laser was set below 1 

mW/μm2 to avoid sample damage. The acquisition time of each Raman spectrum 

was 12 s to 5 times for every 25 ͦ0C from room temperature to 500 ͦ0C. The laser spot 

was constantly adjusted through the microscope to make the beam stay at the same 

place during heating. The collected Raman spectra were fitted using Gauss and Voigt 

functions. 

In situ Temperature-dependent photoluminescence   

The temperature-dependent UC (DS) luminescence spectra were evaluated by a 

FLS980 spectrophotometer equipped with a CW 980nm diode laser (LASEVER INC. 

LSR980CP-FC-9W) as excitation source, and R928P (NIR-PMT) photomultiplier as de-

tector as well as a temperature control instrument (Linkam THMS600). The tempera-

ture-dependent luminescence decay curves were measured by a FLS980 instrument 

equipped with 980 nm pulse laser diode (laser: LASEVER INC. LSR980CP-FC-9W; sig-

nal generator: JDS6600). UC photographs at various temperatures were taken by the 

visible Nikon D750 camera under CW 980nm laser (laser power: 0.57 W/cm3). To 

avoid interference of 980 nm laser, the GRB3 filter was added in the front of the visi-

ble camera. Photographs NIR downshifting of Sc2(MoO4)3:Yb/Er at various tempera-

tures were taken by a NIR camera (Photonic Science). To avoid interference of 980 

nm laser (laser power: 0.32 W/cm3), the 1250 nm long-pass filter was added in the 

front of a NIR camera.  
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