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Negative thermal expansion (NTE) compounds provide an opportunity to understand the nature of thermal
expansion and the engineering applications of inorganic solid functional materials. However, very few NTE
materials have been found so far, which also restricts the unique applications of anomalous lattice effects in
solving luminescence thermal quenching and ratio fluorescence temperature measurement. In this work, we
have prepared (KMg),Sc,_,W30O45-based compounds with abnormal thermal expansion and luminescence
negative thermal quenching. Their crystal structure, microstructure, thermal expansion properties, and
semiconductor performance are studied by variable temperature X-ray diffraction, scanning electron
microscopy, low-temperature differential scanning calorimetry, and UV-vis diffuse reflection spectroscopy.
The thermal expansion can switch from positive to zero to negative by controlling the content of (KMg)**
ions. Interestingly, the upconversion luminescence spectra intensity in (KMg),Sc,_,W=sO2-based compounds
displays unique negative thermal quenching, including weak negative thermal quenching and strong thermal
quenching with the x from 0.4 to 0.8. The results of decay curves show that the trend of decay curves with
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temperature is consistent with the thermal expansion behaviour; the stronger the NTE properties, the
stronger the luminescence negative thermal quenching. The maximum absolute sensitivity (S,) of
(KM@).4S¢1.4oW301,:0.15Yb/0.03Er is 0.50 x 1072 K* at 385 K, and the maximum relative sensitivity (S,) is
0.86% K1 at 298 K. This work does not only provide a new NTE material but also find that the NTE material
as a luminescent host can produce a phenomenon of luminescence thermal enhancement.
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Another is the class of electron-driven NTE compounds, such

1. Introduction
as BiNiO3,'® BiCusFe,01,,"" Mn;AN,"? and alloys."? It should be

Most materials display thermal expansion under heating, called
positive thermal expansion (PTE). However, a few materials
exhibit the characteristics of “thermal shrinkage or cold expan-
sion”, which are named negative thermal expansion (NTE)
materials. These have attracted increasing attention in some
fields of precision control of thermal expansion, such as optical
fiber reflective grating devices and circuit boards, which could
act as an additive to control the thermal expansion of matrix
materials.” So far, NTE compounds can be roughly divided into
two broad categories: one is driven by low-frequency phonons,
such as oxides,>® fluorides,"” cyanides,®” and MOFs.*°
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noted that most phonon-driven NTE materials have a wider
NTE temperature window, even exceeding 1000 K, such as
ZrW,0g," Y,W304,," ScF;,'® and CaZrFe."” Among them, the
A,M;0,, series NTE materials have been extensively studied
due to their large coefficient of thermal expansion (CTE) and
flexible chemical structure.'®'° However, A,M;0,, with smaller
A*" cations (e.g. Fe*', AI*", and Cr’") has a higher phase
transition temperature, and its NTE behaviour is only displayed
after a monoclinic-orthogonal phase transition.>>*" For larger
A*" cations (such as Y**, Yb**, Er**, and Lu®"), the sample easily
absorbs water,'®?* and its NTE properties are only displayed
after the release of crystal water. NaZr,P;0;, (NZP) has a 3D
framework structure with a ZrOg octahedron corner linked to a
PO, tetrahedron,>® possessing hexagonal symmetry.>* Due to
high structural flexibility, it also has excellent ionic conductor
properties. Meanwhile, this structure is already known for the
possibility of ionic substitution to create new materials with
desired properties. Additionally, some NZP members present
high mechanical strength, good chemical stability, high
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melting point, great hardness, and radiation resistance.”® In
some cases, it has a detrimental effect on mechanical strength
because it causes microstresses and consequently microcracks.?®
Therefore, it is much more important to explore strong NTE
oxides over a wide temperature range.

It is well known that upconversion luminescence (UCL) of
RE*" doped materials can convert near-infrared light to visible
light and even ultraviolet (UV) light, and they have a large
application market in anti-counterfeiting, photodynamic therapy,
and temperature sensing.”” However, the use of luminescent mate-
rials is largely limited by thermal quenching (TQ), that is, the
luminescence intensity decreases with increasing temperature.
Therefore, maintaining or even enhancing the luminescence at high
temperatures is of high technological importance. A lot of attempts
have been made to improve the luminescence properties of UC
materials, such as adding sensitizers, tailoring the local crystal field,
controlling the particle size, and tuning the phase of host materi-
als;**" these attempts to combat TQ have only met with limited
success. Wang et al. used Yb,W;0;, and Sc,Mo030;, as luminescent
host materials to exhibit thermal enhanced UC emission of rare-
earth ions (i.e., Er’*, Ho*") due to contraction and distortion of the
host lattice with increasing temperature; the lattice contraction
brings a reduction in the distance between sensitizers (Yb**) and
activators (Er*"), which contributes to the energy transfer (ET) from
Yb*" to Er*" leading to enhancement of the UCL intensity.** These
results provide an idea of utilizing the advantages of NTE com-
pounds to design various luminescent materials with excellent
luminescence stability. However, the explanations that NTE materi-
als can solve TQ are different. Liao et al. studied the luminescence
properties of S¢,M0;04,:Yb*"/Er*" and explained that the thermally
enhanced UC emission is mainly controlled by the ET from Yb*" to
Er*" at 298-473 K and then by the radiation transition of Er** above
473 K.»® Huang et al. explained that the formation of a Yb-MoO,
dimer leads to the tunable ET process of Yb,M0304,:Yb*"/Er*".>* Wei
et al. reported that the Frenkel defect formed via controlled anneal-
ing of Sc,(WO,);:Ln (Ln = Yb, Er, Eu, Tb, and Sm) can work as an
energy reservoir and back-transfer the stored excitation energy to
Ln®" upon heating.’®> Nevertheless, the investigation on the
thermal enhancement of UC emission as well as its corres-
ponding mechanism in rare-earth ion doped NTE compounds
is still not sufficient and the connection between NTE intensity
and luminescence intensity is not clearly stated.

In this work, we have prepared a series of new NTE materials
(KMg),Scy g2 xW3015:0.15Yb/0.03Er (x = 0.4, 0.6, and 0.8),
which do not undergo phase transitions throughout the test
temperature range. Since Yb*" can obtain near-infrared excita-
tion at 980 nm and has a large absorption cross-section, and ET
for other rare earth ions is high,**® Yb®* is selected as the
sensitizer and Er’" as the activator. The structure and lattice
dynamics of (KMg),Scyg, yW3015:0.15Yb/0.03Er (x = 0.4, 0.6,
and 0.8) are revealed by variable temperature X-ray diffraction
(XRD), Raman testing, field emission scanning electron micro-
scopy (SEM) and differential scanning calorimetry (DSC) to under-
stand the NTE mechanism. UV-vis absorption spectroscopy and
density functional theory (DFT) calculations show that the
KMgScW;0,, sample has semiconductor properties. An
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Edinburgh FLS1000 steady-state fluorescence spectrometer con-
nected to a temperature controller (HFS600E-PB2) is used to
record the fluorescence spectra and decay curves. The tempera-
ture sensing performance of Er’* is studied in the range of 298-
748 K by monitoring the fluorescence intensity ratio (FIR) of *Hy,
and *S;;, thermally coupled energy levels (TCLs). At 385 K,
the maximum absolute sensitivity (S,) is 0.50 x 107> K " At
298 K, the maximum relative sensitivity (S,) is 0.86% K . The
results show that NTE materials have great application prospects
in luminescence. For convenience, the (KMg),Sc;.g, xW5012:
0.15Yb/0.03Er (x = 0.4, 0.6, and 0.8) samples are recorded as
KM4, KM6, and KMS8 in the following analysis.

2. Results and discussion
2.1 Structure, composition, and morphology analysis

Fig. 1(a) shows the crystal structure of the KM4 sample. The
material has a hexagonal structure with the space group R3¢
(No. 167), which is consistent with those of NZP materials.*’
The structure of the KM4 sample consists of a [Sc(Mg)Og]
octahedron and a [WO,] tetrahedron, which is connected by a
shared O atom, and K" ions independently embedded in the
voids of the crystal structure. As shown in Fig. 1(b), the XRD
patterns of KM4, KM6, and KM8 samples are consistent with
that of the KMgScMo30;, standard card (PDF card number 04-
025-3546). There are no more or less peaks, indicating that the
synthesized sample is pure phase. We perform Rietveld refine-
ment on the crystal structure of the KM4 sample. It has good
crystallinity, and the pattern can be well refined by the R3¢
space group. The lattice parameters after refinement are a = b =
9.53897 A, ¢ = 24.41263 A, and V = 1923.748 A® (Fig. 1c). The
room temperature (RT) XRD refinement results of KM6 and KM8
samples are shown in Fig. S1 (ESIt). Fig. 1(d) shows the changes in
unit cell parameters and volume of (KMg),Sc; g, xW3012:0.15Yb/
0.03Er with the content of (KMg)*" ions. The unit cell parameters
and volume of the samples change linearly with the increase of
(KMg)*" ions, and the unit cell volume decreases with the increase
of the doping ion content. This is due to the replacement of the
larger Sc®* fon (R = 0.75 A, CN = 6, R is the ionic radius and CN is
the coordination number) by the smaller Mg>" ion (R = 0.72 A,
CN = 6). These results show that Mg”* ions are replaced at the Sc**
site, leading to a slight contraction of the unit cell volume.

The SEM image and the elemental distribution diagram of
the KM4 sample are shown in Fig. 2. It displays the irregular
blocky structure because of high aggregation under high-
temperature calcination. Fig. 2(b)-(h) show the elemental map-
ping of K, Mg, Sc, W, O, Yb, and Er, and the elements are
uniformly distributed in the sample. In addition, XPS analysis
is used to determine the valence states of the component
elements in the KM4 sample (Fig. S2, ESIt). The valence states
of K, Mg, Sc, and Yb are +1, +2, +3, and +3, respectively.

2.2 Thermal expansion performance

In order to extract the thermal expansion behaviour, the intrinsic
thermal expansion of the KM4 sample (300-800 K) was

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Crystal structure of the KM4 sample. (b) The XRD patterns for KM4, KM6, and KM8 samples at RT. (c) Rietveld refinement results of the XRD
pattern at RT of the KM4 sample. (d) Lattice constants of KM4, KM6, and KM8 samples.

investigated using a variable temperature XRD test (Fig. 3a). The
results of variable temperature XRD also suggest that the sample
maintains a hexagonal phase structure and has good thermal
stability. The illustration shows the diffraction peak (1 1 3)
between 21.4° to 21.6° shifts first to the left (300-350 K) and
then to the right (350-800 K). We can extract unit cell parameters
and volume of the KM4 sample by Rietveld refinement with the
Fullprof software, as shown in Fig. 3(b). The detailed unit cell

parameters and structural parameters are shown in Tables S1-S3
(ESIt). The thermal expansion of the sample shows anisotropy,
contraction of the a/b axis, and expansion of the c-axis. The
CTEs of the a, b, and c axes are o, = ¢ = —7.4 x 10 °K 'and o, =
15.5 x 10~° K, respectively. The volume CTE is «, = —3.4 x
10 ® K. It should be noted that it shows PTE (300-350 K) and
NTE (350-800 K). The initial shift of the diffraction peak to the
left may be due to the presence of trace amounts of crystal water

Fig. 2 (a) SEM image and (b)—(h) elemental mapping images of K, Mg, Sc, W, O, Yb, and Er elements for the KM4 sample.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Temperature-dependent XRD patterns and local amplification of the KM4 sample (300-800 K). (b) Temperature dependence of lattice
parameters and unit cell volume of the KM4 sample. (c) The CTEs of KM4, KM6, and KM8 samples vary with (KMg)** ions. (d) DSC data of the KM4 sample.

in the sample.”* The volume CTEs of KM6 and KM8 are o, =
—1.2 x 10°°* K" and «, = 3.5 x 10~ ° K, respectively (Fig. S3
and S4, ESIt). Therefore, we can achieve adjustable CTEs by
changing the composition ratio of the samples. In addition,
compared with samples showing zero thermal expansion (ZTE)
such as (Scg.s5Gag.osFeo1)Fs (0 = 0.2 x 107% K%, 300-900 K),*°
NiPt(CN)s (o = —1.02(11) x 107°® K ', 100-330 K),*" and
FeCo(CN)s (o = —1.5 x 10 ® K, 4.2-300 K),** the synthesis
method of KM4, KM6 and KM8 samples is simpler and more
convenient, and the temperature window is much wider. Fig. 3(c)
further shows the change of CTEs of the samples with the
content of (KMg)** ions. The CTEs of KM4, KM6, and KMS8
samples change from negative to zero to positive with the
increase of (KMg)** ions. The explanation for this phenomenon
is that Mg** ions occupy the position of S¢** ions, and K" ions are
separately embedded in the voids of the structure. As x increases
from 0.4 to 0.8, more and more spaces in the crystal structure of
the sample are occupied by K* ions, which weakens the flexibility
and reduces the space for the coupling rotation of the material,
resulting in the weakening of NTE performance. This thermal
expansion behavior also was observed in Na,GaFe(CN), and
Li,(Sc,Fe); systems.'®*? In Fig. 3(d), the endothermic peak at
300-350 K corresponds exactly to the increase in sample volume
in Fig. 3(b), so it is speculated that the sample might contain

1572 | J Mater. Chem. C, 2024, 12, 11569-11578

crystal water. After 350 K, the crystal water is completely released
and the sample begins to exhibit its own NTE properties. In
summary, when x = 0.4, the NTE performance of the sample is
the strongest.

2.3 NTE mechanism of KM4

In order to further reveal the mechanism of NTE, bond angles
and bond lengths of KM4 are extracted from 300 to 800 K.
Fig. 4(a) shows that the KM4 sample has only two kinds of bond
angles: Sc5-01-W3 and Sc5-02-W3. Sc atoms and W atoms are
connected by O1 and O2 to form a Sc-O-W atomic chain and
coupled with O atoms for rotation. In order to reveal the NTE of
the a/b axis and the PTE of the c-axis, the changes of Sc5-O1-
W3 and Sc5-02-W3 bond angles with temperature are ana-
lyzed, as shown in Fig. 4(b). With the increase in temperature,
the Sc5-01-W3 bond angle decreases from 147° to 143.2°, and
the Sc5-02-W3 bond angle decreases from 152.3° to 145.8°,
that is, both bond angles decrease. The detailed bond angle
information is given in Table S4 (ESIT). The content of (KMg)**
ions in the KM4 sample is the least among a series of KM4,
KMB6, and KM8 samples, and there are relatively many gaps in the
crystal structure, which makes the material space more flexible
and the degree of material coupling rotation the highest. Fig. 4(c)
analyzes the variation of the distance between the nearest

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc00711e

Published on 19 June 2024. Downloaded on 1/20/2026 4:21:34 AM.

Journal of Materials Chemistry C

(@) g
14700 1523°5.8
(0)] <
Scs
W3
heating
v
Vg, =2
B _— 148]20 145.8° Scs
1 Sc5 ‘
ae——=b O=g=Oaws
(c) 5.70
—=— Sc5-Scs
SicT —— W3-W3
e 'l
)
@
2564}
I
-
]
= 1 L
) 4.98F T
£
496
=
-
8494
=
—
4.92 +
4.90 L L L L L L
300 400 500 600 700 800

Temperature (K)

View Article Online

Paper

(b)
152 —=— $¢5-01-W3
—e— S¢5-02-W3
150 |
S
9.«
D
0148
=
<
=
S 146
-]
144
142 1 1 1 1 1 1
300 400 500 600 700 800
Temperature (K)
(d) 1050
£
S 900 _ )
= < < < < < < < t
=2
@ * + * *- + * >~——o—o
=
g z P
£
<
m A A € i b ¢ b 4 )4 b 4 4
300 |, o o - o o
— -
1 " 1 " 1 1 i 1
300 400 500 600 700
Temperature (K)

Fig. 4 KM4 sample. (a) Local lattice diagram of Sc5-01-W3 and Sc5-02-W3 bond angles from 300 K to 800 K. (b) The bond angles of Sc5-0O1-W3
and Sc5-02-W3 as a function of temperature. (c) The distance between the closest Sc atom and the closest W atom as a function of temperature. (d)

Raman mode frequency shifts as a function of temperature for KM4.

identical atoms of the KM4 sample with temperature. The dis-
tance between Sc5 atoms decreases from 5.6630 A to 5.6200 A, and
the distance between W3 atoms increases from 4.9487 A to
4.9692 A. The detailed bond length information is shown in Table
S5 (ESIT). Because both Sc5-01-W3 and Sc5-02-W3 bond angles
decrease with the increase of temperature, it results in the crystal
structure stretching diagonally upward with the increase of tem-
perature according to Fig. 4(a), resulting in contraction of the ab
plane and elongation in the c-axis direction.

The negative thermal expansion of a framework structure
originates from the phonon anharmonic vibrations. Raman
spectroscopy has proved to be a powerful tool for studying
phonon behaviours, providing information on shifts/broadening
of phonon modes with pressure and temperature. Generally,
Raman mode frequency undergoes a redshift (softening) with
increasing temperature. Anomalous changes in Raman mode
indicate negative thermal expansion. Blue shifts (stiffening) are
observed at 291 em™" and 340 cm™ ' (Fig. 4d). As shown in
Fig. 4(d), the Raman peaks at 291 cm ' and 340 cm ' are
assigned to the bending vibrations of MoO, groups.** This
indicates that these modes have contributed to negative thermal
expansion.*>*® It should be noted that other Raman modes also
have very little total anharmonicity, indicating that the coefficient

This journal is © The Royal Society of Chemistry 2024

of thermal expansion is little. This behaviour was also observed by
other zero or low thermal expansion materials.*”*

Fig. S5(b) (ESIt) shows the shift of diffraction peaks corres-
ponding to KM4, KM6, and KM8 samples with (KMg)** ions at RT.
The vibration modes at 263 cm™, 292 cm™ %, and 354 cm ™! move
toward higher wavenumbers with the increase of the (KMg)**
content. The increase in wavenumber represents the hardening of
chemical bonds, which will reduce the structural flexibility of the
samples and is not beneficial for NTE.***® Therefore, the KM8
sample with the highest content of (KMg)*" shows PTE. With the
decrease of (KMg)*" ions, the thermal expansion performance of
the sample changes from positive to negative.

2.4 Semiconductor properties of the KMgScW;0;, sample

In addition, the band gap of KMgScW;0;, has been investigated
by UV-vis absorption spectroscopy. The band gap E, is obtained
by using the Tauc plot method, which is mainly based on the
formula proposed by scholars such as Tauc, Davis, and Mott:>"

(ochv)% = B(hv — E,) 1)

where o is the absorption coefficient, £ is Planck’s constant, v is
the incident light frequency, B is the proportionality constant, E,

J. Mater. Chem. C, 2024, 12,11569-11578 | 11573
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is the band gap width of the semiconductor, and 7 is dependent
on the type of semiconductor (n = 1/2 for direct band gap
semiconductors, n = 2 for indirect band gap semiconductors).
As shown in Fig. 5(a), the band gap is estimated to be about
~4.24 eV according to the Tauc plot method, which shows the
wide band gap semiconductor characteristics. The results of the
DFT calculations indicate that KMgScW;0;, is an indirect band
gap semiconductor with a band gap of 4.17 eV (Fig. 5b), which is
smaller than the experimental value. This may be due to the fact
that DFT calculations tend to underestimate the real band gap of
materials.>® The above results show that KMgScW;0O;, has
semiconductor properties, so it has the potential to be used as
a material for making semiconductor devices.

2.5 Luminescence properties and temperature sensing
performance of the synthesized particles

In order to investigate the effect of thermal expansion char-
acteristics on the luminescence performance, the UCL spectra
of KM4, KM6, and KM8 samples over the temperature range of
298-748 K are studied under the excitation of a 980 nm laser.
Fig. 6(a) shows the UC emission spectra of the KM4 sample
with temperature change. The sample has three distinct UC
emission bands in the 500-700 nm range, which are derived
from the electron emission transition of the activator (Er**) ion.
The green emission bands centered at 521 nm/535 nm and
547 nm/558 nm are generated by the emission transitions of
the *Hi1/22)/*Hi1/2(1) and *S3/502)/*S32(1) €nergy levels by the Er’"
ion (*Hyy, and *S;5,) energy level split, respectively.>*>* The
*Hy/, and *S), energy levels are traditional thermally coupled
energy levels, and any pair of energy levels *H1(2)/*Hy1/2(1) and
*S32(2)/*S3/2(1) energy levels are thermally coupled energy levels
due to the small energy gap.”® A weak red emission with a
central wavelength of 655 nm leads to an electron emission
transition from the Er*" ion (*Fo;, — *I;55).>® The spectral
position of the KM4 sample is almost not affected by tempera-
ture, but the luminescence intensity increases with the increase
of temperature, which is different from the TQ phenomenon in
many rare earth ion doped luminescent materials.”” In
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Fig. 6(b), the green UC emission intensity at 521 nm is
increased by about 300 times, the green UC emission intensity
at 547 nm is increased by about 80 times, and the corres-
ponding total green UC emission intensity (*Hyy;, + *Ss) is
increased by about 380 times (298-748 K). Er’* ions have
excellent green light emission, while the red light emission
band is relatively weak from spectra. The change of green
emission intensity corresponding to 521 nm in the UCL spectra
of samples of different proportions with temperature is ana-
lyzed, as shown in Fig. 6(c). The data shown in the figure have
been logarithmically processed. The green emission enhance-
ment of the KM4 sample is the strongest, while the green
emission of the KM8 sample is first enhanced and then
weakened. This phenomenon shows that the stronger the
NTE performance, the stronger the luminescence performance
of the sample. Fig. 6(d) shows the possible UCL emission
mechanism of a sample with the temperature at 298-748 K
under 980 nm laser excitation. Yb*>* ions absorb energy from a
980 nm laser excited from the ground state ?F, to the 2Fs,
level, transfer energy to neighboring Er** ions and then return
to the ground state *F5,. ET occurs between Yb** and Er** ions
and energy is transferred to Er’*:*I ;, (ET1), *Fyy, (ET2), and
*F,,, (ET3). Er*" ions from the ground state “I;5, level transition
to the *I,,, energy level (ET1), and Er*" ions from the I3, level
transition to the *Fo, level (ET2). Er’" ions transition from the
*114/2 level to the “F5, level and undergo rapid relaxation from
the “Fy, level to the *Hy1/22)/*Hi1/2(1) and *Szja02)/*S3/0(1) energy
levels (ET3). Finally, the green emission bands (521 nm/535 nm
and 547 nm/558 nm) can be attributed to the transitions of
Er*': *Hy1p0)/ " Huao) = “Tisz and *Sypo()/*Sa(1) = *Lisp. The
red radiation (655 nm) is produced by the Er**
transition. The energy transfer depends directly on the sixth
power (R °) of the distance between Yb*>" and Er’** ions.?®>° The
unit cell volume of the KM4 sample decreases with the increase
of temperature, and lattice distortion occurs, resulting in a
decrease in the distance between the sensitizer (i.e. Yb**) and
the activator (i.e. Er’"), and the ET between the lanthanide
dopants is promoted, thus enhancing the UCL intensity of the

4 4
: Fop = Tlisp
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Fig. 5 (a) UV-vis absorption spectroscopy of the KMgScWzO;, sample; the inset shows the Tauc plot analyses to determine the optical band gap. (b)

Calculated band structure of the KMgScWzO1, sample.
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Fig. 6 (a) UCL emission spectra of the KM4 sample at 298-748 K under 980 nm laser excitation. (b) The corresponding UCL emission integral intensities
of ZHM/Z(Z)/ Hi1/20). S3/2(2)/ Sz/21) and total (2H11/2 + 453/2) levels of Er¥* ions. (c) Integral intensity of KM4, KM6, and KM8 samples as a function of
temperature. (d) Simplified energy level diagram to describe the ET process in the KM4 sample.

sample. The KM6 sample displays NTE (350-650 K) and PTE thermal enhancement (RT-598 K), the total green UCL intensity
(650-800 K) (Fig. S3, ESIt). The sample shows luminescence is about 3.3 times that of RT, and then the sample shows
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Fig. 7 The decay curves of (a) KM4 and (b) KM8 samples as a function of temperature. (c) The lifetimes of KM4 and KM8 samples as a function of
temperature. (d) Commission Internationale de L'Eclairage (CIE) chromaticity diagram of the KM4 sample under 980 nm laser excitation. (e) The
relationships between FIR values and sample temperature. (f) The absolute sensitivity S, and relative sensitivity S, curves.
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luminescence TQ (598-748 K) (Fig. S6b, ESIt). Because the KM8
sample displays PTE (350-800 K) (Fig. S4, ESIf), the lumines-
cence intensity of the sample should be quenched with the
increase in temperature. The initial luminescence thermal
enhancement may be due to the decrease of water molecules
on the sample surface with increasing temperature, after which
the PTE properties of the substance itself promote the TQ
phenomenon of the sample (Fig. S7b, ESIt). Fig. 7(a)-(c) show
the decay curves of KM4 and KM8 samples at 521 nm wave-
length. Here we use the quadratic exponential function to get
Ay, Ay, Ty, and Ty:

=t =t
I, =1+ AieT + Arel> (2)

where I, represents the luminescence intensity at time ¢, Iy
represents the luminescence intensity at time 0, A; and A, are
constants, ¢ is the time, and 7; and T}, are short decay time and
long decay time respectively. The effective average decay time of
7 can be defined using the following equation:®*%*

AL TP+ A4y T

= 3
t A1~T1+A2~T2 ()

After fitting, the effective average decay time 7 of the KM4
sample in Fig. 7(c) increases from 6.76 ps to 20.44 ps (298-
748 K), and that of the KM8 sample decreases from 45.53 ps to
24.75 ps (298-748 K). The calculated trends of decay curves with
the temperature of the two samples are consistent with the UCL
spectra associated with the samples. The unit cell volume of the
KM4 sample decreases with the increase of temperature, which
makes the distance between Yb®>" and Er’" ions decrease, thus
improving the ET of Yb*" ions and Er** ions and increasing the
effective average decay time 7 of the KM4 sample at 521 nm.
According to the above analysis, the abnormal luminescence
thermal enhancement characteristics of the sample are closely
related to the NTE properties of the sample itself. The NTE
properties of the sample can induce the phenomenon of
luminescence thermal enhancement in the sample. The stron-
ger the NTE of the sample, the better the luminescence perfor-
mance of the sample. Therefore, the optimal ratio of the KM4
sample is selected for the next stage of the study.

The colour coordinates of the KM4 sample changed from
(0.374, 0.565) to (0.238, 0.729) as the temperature increased,
and the emitted green light became brighter and brighter
(Fig. 7d), further indicating that the stronger the NTE charac-
teristics, the much more the luminescence thermal enhance-
ment behaviour. In general, using the FIR technique between
TCLs from rare earth ions, UCL phosphors can be applied to
achieve ratio thermometry.”> It is of great significance for
sensing applications to select suitable TCLs to study the
relationship between luminescence intensity and temperature.
The energy gap between *H,, and *S;/, levels is 850 cm™?,
which is relatively suitable for thermal equilibrium. The ratio of
the transition strength of *Hyy, — “Iy5/, to that of *S3;, — I35,
is different with the change of temperature, resulting in the
FIR value being temperature dependent. Fig. 7(e) shows the
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relationship between FIR and temperature. From previous
reports,®>®* it can be clearly seen that the FIR value and TCLs
have a good exponential relationship with temperature (i.e., T),
which is defined as follows:

=E
I < gAhy - eksT 4)

S B

In AE

Eqn (4) and (5) describe the thermal equilibrium controlled
by the Boltzmann factor, where g is the degeneracy of state, A is
the spontaneous emissivity, # is Planck’s constant, v is the
frequency, E is the energy gap, kg is the Boltzmann constant,
and T is the absolute temperature.”® In Fig. 7(e), the FIR (Iu/Is)
value is proportional to the sample temperature, and the FIR
value increases significantly from 0.5411 at 298 K to 2.5170 at
573 K. According to the curve fitting in Fig. 7(e), the absolute
sensitivity S, can be defined using the following equation:*°

oT T kpT? (©)
The relative sensitivity S; can be defined using the following
formula:*°

S,  AE
Se= FIR  kgT? )

S, and S, are calculated from eqn (6) and (7). At 385 K, S, has a
maximum value of 0.50 x 102 K%, and at 298 K, S, has a
maximum value of 0.86% K ' (Fig. 7f). The maximum S, of the
KMS6 sample is 0.68 x 10> K ' at 545 K, and S, is maximum at
298 K, 1.22% K" (Fig. S6d, ESIt). The maximum S, of the KM8
sample is 0.72 x 107> K~ ! at 440 K, and the maximum S, is
0.98% K" at 298 K (Fig. S7d, ESI{). The sensitivity of the rare-
earth-doped fluorescent temperature sensor is compared in
Table S7 (ESIt). The comparison shows that our material has a
good relative sensitivity and a wide temperature range. In addi-
tion, it works well at high temperatures. Therefore, our material
will be a potential candidate for high-temperature sensors.

3. Conclusions

In summary, the (KMg),Sc, ,W30;,-based compounds with
space group R3c are synthesized using a solid-state reaction.
They show NTE in the a/b axis and PTE in the c-axis. We can
adjust the content of (KMg)*" to tailor the volumetric thermal
expansion from positive to zero and negative. For an NTE
material of KM4, the Sc5-O1-W3 bond angle decreases from
147° to 143.2°, and the Sc5-02-W3 bond angle decreases from
152.3° to 145.8°, and extracting the distance between the
nearest identical atoms, the distance between Sc atoms
decreases, while the distance between W atoms increases,
and NTE occurs in the ab plane. Besides, UV-vis absorption
spectroscopy and DFT calculations show that the KMgScW;0,,
sample is a wide-band gap semiconductor. KM4 shows the
luminescence negative thermal quenching, while the PTE
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sample of KM8 displays positive thermal quenching behaviour.
The lifetimes of KM4 with NTE properties and KM8 with PTE
properties are tested, and the trend of sample decay curves with
temperature is consistent with the relevant UCL spectra. The
NTE properties of the KM4 sample cause the lattice volume
shrinkage with the increase in temperature, which improves
the ET of Yb** to Er’*, and thus the average lifetime 7 of the
KM4 sample at 521 nm increases. The NTE performance of the
KM4 sample is the strongest and the time of luminescence
thermal enhancement of this sample is the highest. The
temperature sensing performance is studied in the range of
298-748 K. The maximum S, is 0.50 x 10 > K * at 385 K, and
the maximum S, is 0.86% K * at 298 K. These results show that
we have not only discovered a new type of NTE material with
adjustable CTE but also provide a new insight for the applica-
tion of NTE materials in the field of luminescence.
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