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ABSTRACT: Contactless fluorescent thermometers are rapidly
gaining popularity due to their sensitivity and flexibility. However,
the development of sensitive and reliable non-rare-earth-containing
fluorescent thermometers remains a significant challenge. Here, a
new rare-earth-free, red-emitting phosphor, LiZMngO4:Mn4+, was
developed for temperature sensing. An experimental analysis
combined with density functional theory and crystal field
calculations reveals that the sensitive temperature-dependent
luminescence arises from nonradiative transitions induced by
lattice vibration. Li,MgHfO,:Mn*" also exhibits reliable recovery
performance after 100 heating—cooling cycles due to the
elimination of surface defects, which is rare but vital for practical
application. This study puts forward a new design strategy for
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fluorescent thermometers and sheds light on the fundamental structure—property relationships that guide sensitive temperature-
dependent luminescence. These considerations are crucial for developing next-generation fluorescence-based thermometers.

1. INTRODUCTION

The ability to measure temperature is a fundamental need for
many industries, including meteorology, aerodynamics, med-
icine, and military technology. It also plays a pivotal role in
daily life in the form of air conditioning and refrigeration.'
Currently, reliable, inexpensive, noncontact temperature
measurement technology is also sought for corrosive or
hazardous environments, such as power stations or coal
mines, as well as for biological and cellular applications.”™"
Some of the most promising noncontact temperature probes
available today are fluorescent thermometers, which have been
utilized in bioimaging, surface temperature mapping, and
scanning thermal microscopy.””’ Fluorescent thermometers
commonly operate as optical sensors by measuring changes in
the fluorescence intensity of a single or cosubstituted phosphor
or monitoring the fluorescent decay lifetime dependent on
temperature. The fluorescence intensity ratio (FIR) method is
widely regarded as the most reliable and promising form of
optical thermometry since the resulting optical properties do
not depend on measurement conditions.*”

Up-conversion materials with Er’* and Yb®* codoping like
NaYF,:Er’*/Yb®>" are among the most popular class of
fluorescent thermometers. Here, relevant temperature infor-
mation is provided via the ratio of the fluorescence intensity of
the two activators’ thermally coupled radiative transitions
dependent on the temperature yield.""~"* This material up-
converts infrared (IR) light through Yb**, which undergoes
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energy transfer with Er’" to produce green emission bands
from the thermally coupled *H,,,, = *I;5, and *S;,, = *1;5,,
transitions. Fitting the ratio of the fluorescence intensity of
these two bands dependent on temperature yields a temper-
ature sensitivity of 1.2% K~'."* Unfortunately, these fluoride-
based materials are chemically unstable in water, limiting some
potential applications.'* Research has thus turned to oxide-
based up-conversion materials. One example is Gd,05:Er’"/
Yb**. This material is a good fluorescent thermometer due to
its maximum sensitivity of 0.0039 K™' at 300 K and a
minimum  sensitivity of 0.0018 K~' at 900 K.'®'® The
temperature information is obtained by monitoring the ratio
of the emissions from two thermally coupled levels."” Despite
the impressive thermometric optical properties, these up-
conversion materials require IR excitation sources which can
induce local heating, making it difficult to probe the
temperature accurately.lg

An alternative method to noncontact temperature sensing is
using rare-earth or transition-metal-substituted phosphors.
These phosphors can possess two thermally coupled
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Figure 1. (a) Rietveld refinement and (b) refined crystal structure of Li,MgHfO,. (c) Energy-dispersive spectrum (EDS) indicates that all of the
loaded elements are present in the sample. (d) SEM micrographs show that the particles have irregular morphologies. (e) TEM image and (f)

HRTEM image of Li,MgHfO,.

transitions from a single activator, such as in Y,05:Eu*" (f < f
transitions with the Dy level directly excited from specific ’F;
or 7F, Stark components),"® Sr,GeO,:Pr** (f < fand d & f
interconfigurational transitions),'” and Bi,Ga;0,:Cr**(d < d
transitions with 2E/*T, — *A, transitions),”’ to produce
fluorescent thermometers. In addition, the cosubstitution of
rare-earth elements allows temperature information to be
obtained from different thermal quenching performances of
the activators. Examples include Eu**- and Eu**-cosubstituted
Sc,0; nanoparticles which produce with violet and red
emission, respectively,”’ Na;Sc,P;0,,:Eu?*, Mn** with blue
and red emissions, respectively,”” and Ce®, Tb** codoped
LaOBr with blue and green emissions, respectively.””** These
cosubstituted materials often rely on 4f < 4f rare-earth
transitions to act as the internal standard to the sensitive
response of 4f <> 5d rare-earth transitions.

Although accurate and sensitive temperature detection is
realized in both up- and down-conversion fluorescent
thermometers, these materials have historically utilized rare-
earth activators. The processes involved in mining, separating,
and purifying the rare-earth precursors required for synthesis
are intensive and linked to soil erosion and geological
disasters.”> Developing a sustainable non-rare-earth fluorescent
thermometer would provide a significant value. Utilizing only
transition-metal activators as a temperature probe is an
alternative, cost-effective approach to noncontact temperature
sensing.”"*® To achieve this, it is imperative that the
transition-metal activator is extremely sensitive to subtle
changes in temperature. In addition, the emission from the
transition metal must be robust to temperature cycling.”” Any
irreversible thermal degradation of the phosphor automatically
inhibits accurate temperature sensing.30 Thus, the current
obstacle facing the development of next-generation, reliable,
and environmentally friendly fluorescent thermometers is the
identification of a sensitive and thermally robust phosphor.

In this study, we develop a rare-earth-free red-emitting
phosphor, Li,MgHfO,:Mn*". This phosphor crystallizes in the

rock salt crystal structure and exhibits remarkable temperature-
dependent luminescence and good recovery from cycling.
Density functional theory calculations revealed the structure—
property relationships that influence the sensitive temperature-
dependent luminescence observed in Li,MgHfO,:Mn*". This
study provides a unique path to achieve next-generation
fluorescent thermometers and deepens the fundamental
understanding required to design luminescence-based sensors.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. The powder sample of LMH:xMn** (0
< x < 0.5%) was synthesized by a high-temperature solid-state
reaction. Appropriate amounts of Li,CO; (99.9%), 4MgCO;Mg-
(OH),-SH,0 (A.R.), HfO, (99.9%), and MnO, (99.9%) were mixed
and finely ground to dry in an agate mortar by adding ethanol as a
dispersion medium. The powder mixture was then placed in an
alumina crucible and sintered at 1250 °C for 6 h under an air
atmosphere in a chamber furnace. The samples were cooled to room
temperature and then reground into powders for further character-
ization.

2.2. Characterization. The crystal phase of the obtained sample
was identified using an X-ray diffractometer (XRD, BRUKERD2
PHASER) with Cu Ka (g, = 1.54184) radiation and operated at 30
kV and 10 mA. Rietveld refinement was implemented based on the
General Structural Analysis System (GSAS) program.’’ The
morphology of the sample was measured using scanning electron
microscopy (SEM; Hitachi S-3600) and transmission electron
microscopy (TEM, FEI Tecnai F30). TEM was also used to measure
high-resolution transmission electron microscopy (HRTEM) and
elemental composition (by equipped energy-dispersive X-ray (EDX)
spectroscopy). The diffuse reflectance spectra (DRS) were obtained
using an ultraviolet—visible (UV—vis) spectrophotometer (PE,
lambda950), of which the BaSiO, white power was used as the
reference. Steady-state photoluminescence (PL) and photolumines-
cence excitation (PLE) spectra were recorded by a fluorescence
spectrophotometer (Fluorlog-3, Horiba Jobin Yvon) with a 450W
xenon arc lamp as the excitation source. The temperature-dependent
emission spectra were measured using the same fluorescence
spectrophotometer equipped with a standard high-temperature
fluorescence controller TAP-02 (Orient KOJI Instrument Co.,
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Figure 2. (a) Calculated band structure and (b) density of states of Li,MgHfO,. (c) Diffuse reflectance spectra of Li,MgHfO, host (blue) and
Li,MgHfO,:Mn*" (LMH:Mn™*, red). (d) Emission (blue) and excitation (red) spectra of Li,MgHfO,:Mn*". (e) Tanabe—Sugano energy-level
diagram of Mn*" in Li,MgHfO,. (f) Comparison of the experimental excitation (blue) and emission (red) spectra with the calculated Mn** energy
levels of Li,MgHfO,:Mn*". The black and green lines represent the calculated energy levels by cubic crystal field approximation and actual

symmetry, respectively.

Ltd.). The fluorescence lifetime was measured by an Edinburgh FS- 5
spectrometer.

2.3. Computational Methodology. Vienna ab initio simulation
package (VASP) was used for the density functional theory (DFT)
calculations employing a plane-wave basis set with projector
augmented-wave (PAW) pseudopotentials.”>** The exchange and
correlation were described using the Perdew—Burke—Ernzerhof
(PBE) functional.** To account for the statistical site-sharing between
Hf and Mg in the host structure Li,MgHfO,, a 1 X 1 X 1 unit cell with
each possible distribution of Hf and Mg atoms was enumerated using
the “Supercell software.”*® The resulting six structural models were
each optimized and the most energetically favorable ordering was
selected based on the lowest calculated total energy for further
analysis. To determine the effect of Mn*' substitution on the
electronic structure of Li,MgHfO,, a 2 X 2 X 2 (128 atoms) supercell
of the lowest energy 1 X 1 X 1 unit cell was modeled where one Hf**
atom was replaced with one Mn** atom, corresponding to a 6.25%
doping concentration. Each structural optimization implemented an
electronic convergence criteria set to 1 X 107% eV and ionic relaxation
set to 1 X 107° eV/A. An energy cutoff of 500 eV was used and the
integration of the first Brillouin zone was carried out using a
Monkhorst—Pack k-point grid of 8 X 8 X 4 for the host structure and
6 X 6 X 2 for the Mn-doped supercell. Finally, the density of states of
the host and Mn*-substituted structure as well as the band structure
of the host was calculated using Heyd—Scuseria—Erzenhof screen
hybrid exchange and correlation functional, HSE06, which imple-
ments a 75:25% mixture of PBE:Hartree—Fock with a range
separation of 0.2 A to correct for the significant underestimation of
the PBE band gap.*® The VASPKIT code was used for the post-
processing of the VASP calculated band structure.””

Crystal field calculations of the Mn** energy levels were performed
using two approaches: (i) cubic crystal field approximation with the
above-given values of Dy, B, and C and (ii) exchange charge model of
crystal field,*** which does not involve any point symmetry
approximation but is based on the actual symmetry of the impurity
ion site. Since the details of the exchange charge model can be found
in the abovementioned references, we do not give them any further
details for the sake of brevity but proceed with the results of
calculations.

3. RESULTS AND DISCUSSION

3.1. Phase, Crystal Structure, and Morphology.
Polycrystalline samples of Li,MgHfO,:xMn** (x = 0, 0.001,
0.002, 0.003, 0.004, and 0.005) were synthesized through a
high-temperature solid-state reaction. Rietveld refinements of
the powder XRD data of the Li,MgHfO, host were performed
to confirm the crystal structure. As shown in Figure la, the
refinement shows good agreement with the published crystal
structure data (ICSD No. 61055)."" The refined structural
parameters are provided in Table S1, and the atomic
coordinates, equivalent isotropic displacement parameters,
and site occupancy factors data are summarized in Table S2.
Li,MgHfO, crystallizes in tetragonal space group I41/amd
(No.141). The crystal structure, shown in Figure 1b, is
composed of edge-sharing [LiOg4] and [(Mg/Hf)Og] octahe-
dra. The Mg®" and Hf"" cations are disordered on Wyckoff site
4a and are in a 50:50% ratio. The Li* (g.coorg = 0.76 A), Mg**
(Fo-coord = 0.72 A), and HE™ (rg.o0rq = 0.71 A) cations all have
similar ionic radii in octahedral coordination.*” This makes it
difficult to use size arguments to justify the substitution site for
the smaller Mn* (rgooq = 0.53 A). The substitution site
preference was thus investigated by calculating the bond
valence sum based on the refined bond lengths.43 According to
eqs S1 and S2, the bond valence sums for the Li*, Mg**, and
Hf" sites are calculated to be 0.9208, 1.8741, and 3.4895,
respectively. Since the bond valence sum of Hf** most closely
resembles the oxidation state of Mn*, it could be inferred that
the Mn*" ions tend to occupy the Hf*" site in the Li,MgHfO,
host crystal structure.** The distortion index, D, of [HfO,] was
then calculated to understand the local rare-earth environment
further. Following eq S3, D is calculated to be 0.0444,
indicating that the Mn*" ions lie in a distorted octahedron,
which agrees well with the spectroscopic properties discussed
in the following section.”

The sample purity and morphology were further investigated
using EDS and SEM. The EDS spectrum (Figure 1c) indicates
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Figure 3. (a) Contour plot of the temperature-dependent emission spectra of Li, MgHfO,:Mn*" from 298 to 473 K. (b) Relative emission intensity
of Li,MgHfO,:Mn*" as a function of temperature. The activation energy, AE, was determined to be 0.30 eV by fitting (red line) the emission
intensity versus temperature curve to the Arrhenius equation. (c) Schematic of the mechanism of thermal quenching in Li,MgHfO,:Mn** and (d)
1931 CIE XYZ chromaticity coordinates (blue dots) lie within a three-step MacAdam ellipse.

that only the loaded elements, Li, Mg, Hf, and O, are present
in the product. SEM also showed that the particles have
irregular morphologies with particle sizes between 2 and S pm,
as shown in the micrographs in Figure 1d and the TEM image
in Figure le. The measured interplanar distance of Li,MgHfO,
was 0.208 nm, consistent with the (020) obtained from the
refined structure data. These results indicate that a highly
crystalline product was obtained.

Finally, the electronic structures of Li,MgHfO, and
Li,MgHfO,:Mn*" were analyzed using DFT calculations.
First, the hybrid band structure of Li,MgHfO,Mn*" was
calculated to determine the value of the band gap (E,). The
calculated band structure, provided in Figure 2a, reveals an
indirect band gap between I" and M with a value of 5.58 eV.
This band gap is wide enough to accommodate the 3d < 3d
transitions of Mn*". Decomposing the total electronic density
of states into the partial density of states of Li,MgHfO,, as
shown in Figure 2b, shows that the conduction band minimum
is dominated by Hf 5d states which hybridize with O 2p states.
The valence band maximum is set by O 2p states with minor
contributions from the Hf 5d and Mg 3s states. Incorporating
Mn*" and calculating the partial density of states reveals that
the conduction band minimum and valence band maximum
are set by the same states as the host. The 3d states of Mn** lie
within the band gap of the host crystal structure, as expected.*’

Figure 2c displays the diffuse reflectance spectra of
Li,MgHfO, and Li,MgHfO,:Mn*". The host crystal structure
exhibits high reflectance in the UV-to-visible range except for a
drop between 220 and 400 nm, which is ascribed to the
transition from the valence band to the conduction band of the
host. The diffuse reflectance spectrum of Li,MgHfO,Mn*"
shows more distinct absorption bands, originating from the

transitions between the 3d ground state to the excited state of
Mn*, which is consistent with the Mn*" energy levels
generated in the DOS of Li,MgHfO,:Mn*.*> The exper-
imental optical band gap of Li,MgHfO, can be estimated
according to eqs S4 and S5.*° Applying the Kubelka—Munk
transformation and fitting the obtained data yields a band gap
value of 3.56 eV, which surprisingly is smaller than the value
calculated by density functional theory (Figure S1).

3.2. Photoluminescence. The emission and excitation
spectra of Li,MgHfO,:Mn*" are presented in Figure 2d. The
excitation spectrum consists of four distinct bands arising from
O>"-Mn*" charge transfer, and 4A2g - 4T1g (~348 nm), 4A2g
- 2T2g (~412 nm), and 4A2g - 4ng (~480 nm) spin-allowed
transitions, which arise from Mn** in an octahedral field.** The
excitation spectrum also indicates that Li,MgHfO,:Mn*" can
be excited by UV (310—380 nm), near-UV (380—420 nm),
and blue (420—480 nm) light, consistent with the diffuse
reflectance analysis above. This phosphor shows a red emission
band with the peak located at 673 nm, attributing to the 2Eg -
4Ag transition of Mn* in an [MnOg] octahedral environ-
ment.””

Figure S2 shows the emission intensity dependence on the
activator concentration of Li,MgHfO,xMn* (x = 0.001,
0.002, 0.003, 0.004, and 0.005). The emission intensity
maximum is obtained when x = 0.002. Therefore, all further
measurements were conducted on the phosphor with this
activator concentration. Further increasing the activator
concentration causes the emission intensity to decrease,
presumably due to the onset of concentration quenching.
The low optimal activator concentration is not surprising given
that concentration quenching occurs readily in these systems
through energy transfer among Mn*" ions.*® The critical
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Figure 4. (a) Schematic of a sensitive and reliable fluorescent thermometer based on Li,MgHfO,:Mn*". (b) Image of LZU and a QR code
illuminated by the phosphor under UV light with temperature ranging from 298 to 473 K. (c) Relative temperature-dependent sensitivity of
Li,MgHfO,:Mn*. (d) Intensity ratio (green circles) and emission peak position (blue triangles) of Li,MgHfO,:Mn*" upon heating and cooling
cycles. (e) 1931 CIE XYZ coordinates Li,MgHfO,:Mn** after cycling with a three-step MacAdam ellipse drawn around the 298 K data.

distance of energy transfer, R, was determined using eq S6 to the following crystal field parameters (in cm™, Stevens
be 33.65 A. The critical distance is much longer than the normalization): B,° = 5135, B,* = 31844, B,’ = — 5172, B,™*
refined distance between the nearest-neighbor Hf** ions, 3.10 =7, and B,> = —8 show that the spin-quartet states *T, and *T,
A, making energy transfer the likely mechanism for the are widely split by the low-symmetry component of the crystal
observed concentration quenching. field. Such a wide splitting accounts for the broad excitation
To further investigate the 3d’ energy level of Mn* in band, which was discussed above. This wide splitting could
Li,MgHfO,, the Tanabe—Sugano energy-level diagram is ultimately lead to sensitive temperature-dependent lumines-
illustrated in Figure 2e. As presented in eqs S8—S11, the cence for reliable fluorescence thermometry.
corresponding wavelength and energy gap of (*Ay, — *T)y), 3.3. Effect of Temperature and Cycling. Next-

(4A2g - 4T2g)’ and (ZEg — *Ay,) transitions can be used to generation fluorescent thermometers require that the phosphor

calculate the values of crystal4+ﬁel<'i strength (Dy) and the Racah emission intensity to be extremely sensitive to changes in

parameteﬁ B and C of Mn™ Li,MgHfO, as 2083, 777, and temperature. Thus, the temperature-dependent emission of

3038 cm™, respectively. The value of D /B was calculated to Li,MgHfO,:Mn** from 298 to 473 K was measured. As seen in

be 2.69, which is greater than 2.2 and indicates that Mn*" is in Figure 3a, the emission intensity of Li,MgHfO,:Mn*"
. 1 ’ :

a strong crystal field environment within the host crystal continually decreases with increasing temperature, likely due

structure. According to the Tanabe—Sugano energy-level . d ¢ diati laxati d by latti
diagram, the ’E, energy level of the d* electron configuration £ R rates of nonraciative relaxation causec by lattice
gram, 8 &Y & vibrations.”® By 373 K (100 °C), only 34.5% of the low-

is independent of the crystal field but highly correlated to the S L .
. . Lo temperature emission intensity is retained. Moreover, the
magnitude of the nephelauxetic effect, which is related to the .
temperature-dependent luminescence response can be further

degree of overlap between the wavefunctions of Mn*" and its
& P probed by fitting the relative emission intensity data dependent

surrounding ligands.* Brik et al. introduced a new parameter, _ )
P, known as the nondimensional nephalauxetic ratio, that on temperature to the Arrhenius equation (eq S13). The fit,
seen as the red line in Figure 3b, yields an activation energy,

represents a quantitative comparison of the covalent effects P Lo m
between host crystal structures and reflects the magnitude of AE," of 0.30 er which is quite lower than some Mn -doped
phosphors with thermally robust luminescence

the nephelauxetic effect.’® According to eq S12, the calculated p 18 " A
(K,TiFg:Mn*™—1.13 eV;*® K,GeFg:Mn*"—0.93 eV, etc.).

value of 8, is 0.97, typical for oxide host crystal structures and 2 o GV T
smaller than that of fluoride hosts. This indicates a strong This low activation energy barrier implies that thermal

nephelauxetic interaction between Mn** and the surrounding quenching can readily occur, yielding highly sensitive temper-
O?" ligands due to the less ionic nature of the Mn*—0%" ature-dependent emission intensity in Li,MgHfO,:Mn**. The
bonding.’ temperature-sensitive emission allows this material to be used
Crystal field calculations of the Mn*" energy levels were also as a noncontact fluorescent thermometer. This optical
carried out to elucidate the energy levels of Mn*" in response is due to thermal quenching caused by the wide
Li,MgHfO,. As shown in Figure 2f and Table S5, the splitting of the *T, and *T, spin-quartet states of Mn*'
calculated excitation and emission energy levels show excellent mentioned above, which can be well understood by the
agreement with the experimental spectra. Interestingly, configuration coordinate diagram shown in Figure 3c. The
calculations of the Mn*' energy levels in actual symmetry lowest sublevel that arises from the *T, state is moved closer to
(Mn*" occupies the Hf** site with the Wyckoff 4b sites) using the emitting E state, enhancing nonradiative transitions from
E https://doi.org/10.1021/acs.inorgchem.1c03971
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Figure S. (a) Powder X-ray diffractograms, (b) X-ray photoelectron spectra (XPS), (c) SEM micrographs, (d) fluorescent decay curves (yellow
lines are fit lines), and (e) thermoluminesence (TL) spectra of Li,MgHfO,:Mn*" before and after 100 heating and cooling cycles. (f) Schematic

illustrating the mechanism for reducing defects.

the “E to the *T, and ultimately back down to the *A, ground
state.”

Beyond the emission intensity changes, the emission color of
Li,MgHfO,:Mn*" also changes depending on the temperature.
As depicted in Figure 3d, the 1931 CIE XYZ chromaticity
coordinates of Li,MgHfO,:Mn*" linearly shift from (0.6939,
0.3051) at 298 K to (0.5928, 0.4030) at 473 K. By analyzing
the color shift via a three-step MacAdam ellipse for each of the
temperature-dependent CIE coordinates, it can be observed
that each ellipse is well distinguished and does not overlap,
indicating that the color changes dependent on temperature
are perceptible by the average human eye.’**> Thus, the
emission color is sensitive to temperature, which is beneficial
for temperature sensing applications.

The above structural and spectral characterization of
Li,MgHfO,:Mn*" suggests that this phosphor is ideal for
fluorescent thermometry. Thus, a schematic of a fluorescent
thermometer based on Li,MgHfO,:Mn*" has been proposed in
Figure 4a. This rare-earth-free phosphor exhibits a sensitive
response to temperature in the range of 298—473 K where the
luminescence transitions from bright red emission to fully
quenched, as shown in the inset. The variation in the
brightness and the perceived color of the phosphor could be
standardized and calibrated to identify the temperature. An
example of this is provided in Figure 4b where the fluorescence
images of LZU and a QR code illuminated by the phosphor
gradually become more and more unrecognizable, indicating
the remarkable sensitivity of Li,MgHfO,:Mn**. The sensitivity
of this phosphor is verified by calculating the relative sens1t1v1ty
(S,), a vital parameter for temperature sensors, using eq $14.%
As displayed in Figure 4c, the relative sensitivity reaches the

maximum of 0.0129 K™ at 323 K in the range of 298—473 K,
which is higher than the FIR-based thermometry material
NaYE,:Er**, Yb** (S, = 0.012 K!),"’ indicating that
Li,MgHfO,:Mn*" has excellent potential as an optical
temperature sensor.

When considering the harsh operating environment of
fluorescent thermometers, it is imperative to ensure that the
phosphors are resistant to thermal degradation, which can
cause an irreversible loss of emission intensity or luminescent
lifetime and prevent a material from application. Thus, the
thermal stability of Li,MgHfO,:Mn*" was investigated by
conducting heating—cooling cycles from 298 to 473 K. As
displayed in Figure 4d, the emission intensity remains relatively
constant and fluctuates around 100% as the number of
heating—cooling cycles approaches 100. Meanwhile, as shown
in Figure 4d, the emission peak position of Li,MgHfO,:Mn**
remains stable after 100 heating—cooling cycles. Moreover, as
shown in Figure 4e and Table S6, a number of the 1931 CIE
chromaticity coordinates fall within a three-step MacAdam
ellipse (0 cycle), which is also beneficial for practical
applications.

To reveal the mechanism behind this serendipitous recovery
behavior, systematical analyses of the structure and optical
properties before and after 100 heating—cooling cycles were
performed. As shown in Figure Sa, powder X-ray diffracto-
grams are virtually identical, indicating that the average
structure is not influenced by the variation in temperature.
Similarly, X-ray photoelectron spectra (XPS), presented in
Figure 5b, indicate that the oxidation states of the constituent
elements remain unchanged after 100 temperature cycles. This
recovery behavior is likely due to defects present within the

https://doi.org/10.1021/acs.inorgchem.1c03971
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phosphor. As shown in Figure Sc, the average particle size of
the material becomes larger, and the morphology is smoother
after the heating—cooling process, suggesting that surface
defects are reduced. This is further confirmed by fluorescence
decay and thermoluminescence measurements. As shown in
Figure Sd, the fluorescent decay curves were fitted (yellow
line) triexponentially following eq S15. The average
luminescent lifetimes were determined following eq S16 as
39.6 and 47.4 ms after 0 and 100 heating—cooling cycles,
respectively. The longer luminescent lifetimes after the
annealing cycles indicate that the nonradiative transitions
become suppressed.”® The morphology and decay time of
Li,MgHfO,:Mn*" after six heating—cooling cycles, which is
shown in Figures S3 and S4, is also consistent with this
variation tendency. Meanwhile, the intensity of the thermolu-
minescence curve in Figure Se decreases, indicating the
number of trap states are reduced by eliminating defects.”” A
schematic of this defect-driven recovery mechanism is
displayed in Figure 5f where the removal of surface defects
upon annealing promotes radiative transitions and improves
the resulting optical properties.

4. CONCLUSIONS

In summary, a novel non-rare-earth red-emitting phosphor,
Li,MgHfO,:Mn*, was designed as a next-generation fluo-
rescent thermometer. Li,MgHfO,;Mn*" exhibits sensitive
temperature-dependent luminescence from 298 to 473 K
where the relative sensitivity of the phosphor was determined
to be 0.0129 K" at 323 K. Bond valence sum calculations
revealed that the substituted Mn** ions tend to substitute on
the Hf* site, which leads to large crystal field splitting. The
structure and crystal field calculations reveal the impressive
temperature-dependent optical properties originating from the
nonradiative transitions induced by lattice vibration. Moreover,
Li,MgHfO,:Mn*" exhibits good heating—cooling recovery
performance, which results from the elimination of surface
defects as confirmed by phase morphology and thermolumi-
nescence analysis. Such recovery behavior is quite rare but vital
for practical applications. This study provides a feasible guide
for achieving a sensitive and reliable fluorescent thermometer
and a fundamental understanding of the structure—property
relationships that yield a highly responsive temperature-
dependent luminescence. These results should inspire the
spectral tuning of luminescence materials for a myriad of
fluorescence sensing applications.
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