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Negative thermal expansion triggered anomalous
thermal upconversion luminescence behaviors in
Er**/Yb>*-codoped Y>,Mo030;, microparticles for
highly sensitive thermometry+

Huocheng Lv, Peng Du, " * Laihui Luo 2 and Weiping Li

For the sake of overcoming the challenges of optical thermometers with high sensitivity, we designed
Er**/Yb**-codoped Y,Moz0;, microparticles with thermally enhanced upconversion (UC) emission.
Excited at 980 nm, the impact of the Yb>* ion content on the UC emission properties of the prepared
samples is studied. It is found that the optimal doping content for Yb3* ions in the Y,Mo3s0;5 host is 13
mol% and the involved UC mechanism pertains to the two-photon excitation process. As the
temperature increases from 303 to 583 K, an enhancement in the UC emission intensity is seen
triggered by the NTE effect. Furthermore, via use of the fluorescence intensity rate, the thermometric
behaviors of the Y>Mo3z01,:Er**/0.22Yb>* microparticles are explored, in which their maximum absolute
and relative sensitivities are 6.79% K™ and 0.79% K71, respectively. Additionally, in comparison with
those of the Y,Moz0::Er¥*/0.22Yb®" microparticles, YoMozO1,:Er®*/0.22Yb* @BIOF: Tm>*/Yb>*
composites exhibit superior thermometric properties with high absolute and relative sensitivities of
16.89% K~ and 1.09% K™, respectively. As Y,Moz01, compounds have NTE properties and high thermal
stability, our findings may inspire new insight into developing thermally enhanced upconversion

rsc.li/materials-advances

1. Introduction

Upconversion (UC) emission via the use of rare-earth ion doped
luminescent materials is regarded as a feasible strategy to
realize versatile applications in many aspects, such as high-
resolution bioimaging, light-emitting diodes, optical thermome-
try, pollutant degradation, etc."”> In particular, the utilization of
UC emission to implement optical thermometry has attracted
considerable attention owing to its satisfactory features (e.g.,
rapid response, high spatial resolution, non-contact readout,
etc.) in comparison with these of traditional thermometers.®’
Currently, the fluorescence intensity rate (FIR), which makes use
of the temperature-dependent emission intensities of thermally
coupled levels (TCLs) of rare-earth ions, has been greatly
researched for optical thermometry.®® In terms of the TCLs,
their energy band gap (AE) should be within a certain range of
200-2000 cm™ ', which is not of benefit for achieving high
relative sensitivity (i.e., S, oc AE/KT*).">"" Thus, a new technique,
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materials for highly sensitive thermometry.

which takes advantage of the temperature-dependent FIR value
of two emitting centers, was proposed to circumvent this issue.
Since the emission of Er** and Nd** ions exhibited different
temperature dependence, Dong et al. found that the absolute
sensitivity (i.e., S,) of NaYFg:Er*'/Nd*'/Yb®* UC nanocrystals
was 8.9% K ' and it was higher than that of reported
optical thermometers based on TCLs."> Also, utilizing the
temperature-dependent emission of Er’* and Tm*" ions,
Xu et al reported that the maximum S, value of Y,05:Er*'/
Tm®*/Yb** nanoparticles was 1.12% K " In sipte of these
achievements, the implementation of optical thermometry by
using UC emission is still hindered by some inherent limitations
of upconversion materials, such as weak and impressionable
emission. For example, thermal quenching (i.e., loss of the
emission at elevated temperature) generally exists in upconversion
materials, which greatly restricts the feasibility of UC emission.
Consequently, some facile and available strategies should be
proposed to figure out this shortage.

Recently, the interest in negative thermal expansion (NTE)
materials, whose unit cell volumes decrease as the temperature
increases, is increasing owing to their scientific curiosity (e.g.,
the mechanism behind the NTE) and practical applications
(e.g., adjusting the thermal expansion coefficient)."*"> Among
NTE compounds, A,M0;0;, (A represents a trivalent cation) has

© 2021 The Author(s). Published by the Royal Society of Chemistry
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received extensive attention on account of its merits of large
chemical flexibility, stable structure, high ion conduction and
strong NTE performance.'®'” Especially, Y,M0;0,, shows the
best NTE behaviors with lowest anisotropy since the Y*" ions
possess a relatively bigger ionic radius and smaller electrone-
gativity in comparison with other trivalent cations,"®"® and thus
it has been widely researched as a host material. Interestingly,
Wang et al revealed that the NTE effect in Yb,W;0;, and
Sc,M0304, compounds was of benefit for thermally enhancing
the UC emission of rare-earth ions (i.e., Er*", Ho>", and Tm®*) due
to the lattice distortion and contraction.>®*' These results provide
an idea that thermally enhanced UC emission is expected to be
realized in rare-earth ion doped NTE materials. Nevertheless, the
investigation on the thermal enhancement of UC emission as well
as its corresponding mechanism in rare-earth ion doped NTE
compounds is still not sufficient.

Inspired by this, we selected the Er*" ion as the activator
because of its intense green emission originating from the
TCLs of *Hy,,, and “S;,, whereas the Yb®" ion was employed
as the sensitizer since it can capture near-infrared light
efficiently and transfer the energy to Er’" ions.”>** With the
aid of sol-gel reaction technology, a series of Er**/Yb**-codoped
Y,Mo3;0;, upconverting microparticles were synthesized. The
phase structure, morphology and UC emission features of
the developed compounds were studied in detail. Furthermore,
the NTE effect triggered thermal enhancement of UC emission
in the resultant samples was also explored. Via the utilization of
the FIR technique to analyze the temperature-dependent
emission intensities of TCLs, the thermometric properties
of the synthesized microparticles in the temperature range of
303-583 K were investigated. Ultimately, to further improve the
temperature sensing capacity of the developed microparticles
with NTE behaviors, we constructed a composite in which the
negative (i.e., Y,Mo0;0:,:Er**/0.22Yb*") and positive (ie.,
BiOF:Tm**/Yb®") thermal expansion materials were involved.

2. Experimental
2.1 Synthesis of Er**/Yb**-codoped Y,Mo0;0,, microparticles

The sol-gel reaction technique was applied to prepare the Yy(1_0.01-x
Mo;0,,:0.02Er**/2xYb** (abbreviated as Y,M05;0,,:Er’/2xYb*"; 0 < x
< 0.16) compounds. Notably, the x value stands for the molar ratio.
High purity powders including (NH,)sM0,0,,4-4H,0, Er(NOs);-5H,0,
Y(NO,);-6H,0, Yb(NO;);-5H,0 and citric acid were used as starting
materials. Briefly, Y(NOs);-6H,O ((1.98 — 2x) mmol), Er(NO;);-5H,0
(0.02 mmol), Yb(NO;);-5H,0 (2x mmol) and (NH,)sM0,0,,-4H,0
(0.143 mmol) were weighed and put into a beaker which contained
200 mL of deionized water. Then, 10 mmol of citric acid was added
into the above solution under strong mechanical stirring. After that,
the beaker was sealed and the temperature was boosted to 80 °C.
After stirring for 30 min, the lid was shifted and it was heated at
80 °C for 12 h to remove the water, leading to the generation of a
wet-gel. Afterwards, we transferred it to an oven and kept it at 120 °C
for another 12 h to form the xerogel. Lastly, the xerogel was sintered
at 800 °C for 6 h in a furnace to form the final products.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2 Synthesis of Y,M030,,:Er**/0.22Yb** @BiOF:Tm**/Yb**
composites

The Big.040F:0.01Tm>"/0.05Yb*>" (BiOF:Tm>"/Yb*") positive
thermal expansion phosphors were prepared by a solid-state
reaction method. Powders including Bi,O;, NH,F, Er,O3; and
Yb,0; were employed as the raw materials. Proper amounts of
these above powders were weighed and mixed adequately by
means of an agate mortar. Then, this mixture was kept in a
crucible and sintered at 500 °C for 3 h to achieve the
BiOF:Tm>*/Yb®" phosphors. After that, a typical self-assembly
method was adopted to prepare the Y,Mo0;0,:Er*/
0.22Yb**@BiOF:Tm**/Yb®>" composites. In brief, proper
amounts of BiOF:Tm>'/Yb*" and Y,Mo0;0;,:Er*'/0.22Yb*"
microparticles (i.e., mass rate = 1:5) were weighed and added
into ethanol (30 mL). After stirring for 2 h, the mixture was
heated at 80 °C to remove the ethanol, leading to the formation
of the Y,M030,,:Er**/0.22Yb**@BiOF:Tm**/Yb®" composites.

2.3 Sample characterization

The crystal structure and crystallinity of the final products were
checked using an X-ray diffractometer (Bruker D8 Advance; Cu
Ko radiation). The elemental composition and morphology of
the samples were measured via a field-emission scanning
electron microscope (FE-SEM; HITACHI SU3500) equipped with
an energy-dispersive X-ray spectroscopy (EDS) accessory. The
surface properties and thermal stability of the resultant micro-
particles were examined by using a Fourier transform infrared
(FT-IR) spectrophotometer (Bruker Tensor 27) and differential
scanning calorimetry and thermogravimetric analysis
(DSC-TG) device (SDTQ 600), respectively. An ultraviolet-visible
(UV-vis) spectrophotometer (Cary 500) was adopted to record the
diffuse reflectance spectrum. The UC emission spectra of the
studied samples were detected via a fluorescence spectrometer
(Edinburgh FS5) with a temperature control system (Linkam
HFS600E-PB2) attached.

3. Results and discussion
3.1 Phase structure and microstructure behaviors

The impact of the doping content on the phase compositions of
the final products is verified by utilizing X-ray diffraction (XRD).
Fig. 1(a) shows the XRD profiles of the Y,M0;0,,:Er**/2xYb>"
microparticles. As illustrated, when the Yb** ion content is low
(i.e., x < 0.11), these recorded diffraction peaks are able to be
primarily indexed by the standard orthorhombic Y,Mo03;0;,
(JCPDS #28-1541), revealing that the designed Er®*/yb*'-
codoped Y,Mo030,, compounds are successfully synthesized
by means of the sol-gel reaction technique. Nevertheless, two
tiny peaks from the impurity phase of Y,Mo,0;5 (JCPDS #53-
0358) are detected in the XRD profiles when the doping content
is over 11 mol% (i.e., x = 0.11), as shown in Fig. 1(a), suggesting
that the Yb®" ions present a solubility limitation in the selected
host lattices. In order to understand the crystal structure of the
studied samples in depth, the Rietveld XRD refinements of the
Y,Mo0;0;,:Er** and Y,Mo;04,:Er**/0.22Yb*" microparticles are

Mater. Adv,, 2021, 2, 2642-2648 | 2643
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Fig.1 (a) XRD patterns of the Y,MosOy:Er**/2xYb®* microparticles.
Rietveld XRD refinement patterns of the (b) Y>MozO::Er*" and (o)
Y>Mo301,:Er**/0.22Yb*"  microparticles. (d) Crystal structure of the
Y2MO3012 unit cell.

performed and the corresponding results are depicted in
Fig. 1(b and c), respectively. The refinement results imply that
the prepared samples have a pure orthorhombic phase with the
Phcn space group. Furthermore, the lattice constants of the
Y,Mo0;01,:Er*/xYb®" (x = 0 and 0.11) microparticles are
demonstrated to be smaller, which are assigned to the different
ionic radii between the Y*" ions and dopants (i.e., Er’*, Yb*"),
than those of Y,M0304, (see Table S1, ESIt), further confirming
the formation of the Er**/Yb**-codoped Y,M0;0;, compounds.
Additionally, the Raman spectra also prove the generation of
orthorhombic Y,Mo030,,, as presented in Fig. S1 (ESIt). The
spatial structure of the Y,Mo030;, unit cell is drawn and shown
in Fig. 1(d). Evidently, Y,Mo03;0;, with an orthorhombic
phase consists of corner-shared MoO, tetrahedrons and YOq
octahedrons, namely, each YOq octahedron shares its corner
with six MoO, tetrahedrons, while each MoO, tetrahedron
shares its corner with four YOy octahedrons. Note that this
kind of structure is easily rotated at high temperature, leading
to the shrinkage of the crystal lattice as well as promoted energy
transfer (ET) between the sensitizer and activator.”>*!

To shed more light on the stability of the studied samples,
the thermogravimetric (TG) spectrum of the Y,Mo0;0,:Er’"/
0.22Yb*" microparticles is illustrated in Fig. S2 (ESIt). With
elevating the temperature from 300 to 867 K, no significant
change is seen in the mass, revealing the excellent thermal
stability of the resultant microparticles. The surface perfor-
mance of the synthesized microparticles is explored by employ-
ing the FT-IR spectra, as demonstrated in Fig. S3 (ESIT).
Furthermore, the FE-SEM images of the final products reveal
the non-uniform morphology of the particles with micron sizes
(see Fig. S4, ESIT), in which the shape and size of the particles
are insensitive to the doping concentration. Additionally, the
compositional analysis based on the EDS spectrum clarifies the
existence of Y, Mo, O, Er and Yb in the studied compounds,
as shown in Fig. S5(a) (ESIf). Moreover, these elements
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(i.e., Y, Mo, O, Er, and Yb) are distributed equally throughout
the whole microparticles (see Fig. S5(b-g), ESIt). The diffuse
reflectance spectra data not only prove the existence of Er*" and
Yb** ions in the studied samples, but also reveal that the energy
band gap of the final products is independent of the doping
concentration, as depicted in Fig. S6 (ESIT).

3.2 UC emission performance of the resultant microparticles

To find the optimal doping content of Yb*' ions in the
Y,Mo0;04, host lattices, the UC emission spectra of the
Y,Mo0;01,:Er**/2xYb*" microparticles excited at 980 nm were
examined and are presented in Fig. 2(a). Clearly, three emission
bands with central wavelengths of about 530 nm (i.e., *Hyy,, —
*1512), 553 nm (i.e., “S3;, — “I152) and 661 nm (.e., *Foi, — *I15/2)
arising from the Er’" ions are observed in the luminescence
profiles and their shapes are independent of the doping content
except for their intensities.>**” It is revealed in Fig. 2(b) that both
the green and red UC emission intensities are reinforced with
the increase of the dopant content and arrive at their maximum
values when the Yb®" ion concentration is 13 mol% (i.e., x =
0.13), whereas the UC emission intensities start to decline with
further elevating the doping concentration due to the energy
back transfer from Er*" to Yb** ions. Notably, from the XRD
results, one knows that the developed microparticles doped with
13 mol% Yb*" ions exhibit an impurity phase (see Fig. 1(a)).
Thus, to eliminate the influence of the impurity phase on the UC
emission and thermometric properties of the studied samples,
we selected the Y,Mo0;0;,:Er**/0.22Yb*" microparticles as a
representative sample since they not only possess a pure phase
structure but also show a relatively intense UC emission intensity.
The Commission International de I’Eclairage (CIE) coordinates of
the Y,Mo0;0,,:Er**/0.22Yb*" microparticles are (0.274, 0.705),
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Fig. 2 (a) UC emission spectra of the Y>Moz01,:Er**/2xYb>* microparti-
cles. (b) Dependence of the emission intensity on doping concentration.
The inset shows the CIE coordinate diagram of the Y2M03012:Er3*/
0.22Yb** microparticles along with their optical image excited at
980 nm. (c) UC emission spectra of the Y,Moz01:Er®*/0.22Yb>" micro-
particles as a function of pump power. (d) Double logarithmic plots of
pump power vs. emission intensities.
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which are situated in the green region, and it can emit bright
green emission upon 980 nm irradiation (see the inset of
Fig. 2(b)). In an attempt to expose the NIR-light-induced UC
emission mechanism, the pump power dependent UC emission
spectra of the Y,M03;0;,:Er’"/0.22Yb®" microparticles were
recorded and are depicted in Fig. 2(c). As revealed, with raising
the pump power, a monotonous increment is seen in the
emission intensity without altering the luminescence profiles.
As proposed in previous literature,>**® the amounts of photons
(i.e., n) which are needed to populate the high excited levels are
able to be estimated by using the function of Iy oc P (herein, Iyg
and P denote the emission intensity and pump power,
respectively). It is evident that the n values of the emission
corresponding to the *Hyy, — “Lisj, *S3p — *Lis and *Fopp —
1,5/, transitions are 1.74, 1.59 and 1.51 (see Fig. 2(d)), respectively,
implying that the above UC emission mechanism is contributed
by a two-photon excitation process. Ultimately, the simplified
energy level diagram of Er’* and Yb®" as well as the possible
luminescence processes is illustrated in Fig. S7 (ESIT).

For the sake of exploring the impact of NTE on the UC
emission properties of the final products, the evolution of the
luminescence profile as a function of temperature in the 303-
583 K range is investigated. When excited at 980 nm, the
resultant microparticles emit the featured emission of Er**
ions and the positions are hardly impacted by the temperature,
whereas the emission intensities are changed with altering the
temperature (Fig. 3(a)). As the temperature is increased from
303 to 583 K, the intensities of all the emission bands are
appreciably reinforced, as displayed in Fig. 3(b). Especially, the
intensity of green UC emission at 530 nm is enhanced by
around 4.4-fold when the temperature is boosted from 303 to
583 K, while those at 553 and 661 nm are boosted by about
1.4-fold and 2.6-fold, respectively. As confirmed in previous
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Fig. 3 (a) Temperature-dependent UC emission spectra and (b) emission
intensities of the YoMoz01»:Er®*/0.22Yb>* microparticles. (c) Energy level
diagram illustrating thermally promoted ET from Yb** to Er** ions. (d) CIE
coordinate diagram of the Y,MozO::Er®*/0.22Yb®" microparticles as a
function of temperature. The inset shows the optical images of the
resultant samples at different temperatures excited at 980 nm.
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1827 one knows that the unit cell volume of the

literature,
Y,Mo03;0;, host lattice is reduced with rising temperature,
leading to the decline of the distance between the sensitizer
(i.e., Yb*") and activator (i.e., Er**). Consequently, the ET from
Yb** to Er*" ions is able to be promoted and more desired
excited levels are generated (Fig. 3(c)),>>*' resulting in the
thermal improvement of the UC emission intensities. Furthermore,
the distortion of the host lattices can also contribute to the
enhanced UC emission intensity since it can elevate the possibility
of the electronic transitions of rare-earth ions.”® Owing to these
two processes, anomalous thermal UC luminescence behaviors
are achieved in Er*'/Yb*"-codoped Y,Mo;0;, microparticles.
Notably, the increment rates of the obtained emission are
different, which is mainly caused by the features of the TCLs
of Er’" ions. In particular, with elevating the temperature,
electrons located in the *S;, level can be pumped to the *Hyq/,
level via the thermal activation process. Also, the population of
the *Fo, level from the *S;, level can also be impacted by
temperature. Thus, the population of the *H,y,,, *S;,, and “F,
levels will be different at high temperature, leading to the diverse
enhancement rates in their emission intensities. Aside from the
promoted UC emission intensity, the color coordinates of the
resultant microparticles are also changed from (0.274, 0.705) to
(0.228, 0.739) when the temperature is elevated from 303 to
583 K due to the inconsistent responses of the green and red UC
emission to temperature, as displayed in Table S2 (ESIf). In
addition, with rising temperature, the emitted light becomes
brighter and brighter, as demonstrated in the inset of Fig. 3(d),
straightforwardly illustrating that the UC emission performance
of the rare-earth ions in NTE compounds is able to be promoted
via heating.

3.3 Thermometric behaviors of the prepared microparticles

As is known, the *Hy,/, and S, levels belong to the TCLs of
Er*" ions, which makes Er** ion based luminescent materials
promising candidates for optical thermometry. For the purpose
of investigating the thermometric properties of Er’*" ions in
NET compounds, the normalized temperature-dependent
green UC emission spectra of the Y,Mo0;0;,:Er**/0.22Yb*"
microparticles are shown in Fig. 4(a). Significantly, the intensity
of the *Hyy/, — 5, transition is improved compared with that
of the *S;, — "I;5, transition when the temperature is
increased from 303 to 583 K, resulting in a temperature-
dependent FIR value. As disclosed, the FIR value of the emis-
sion arising from the *Hyq/, — “I;5/ to *S3, — “I;5/, transitions
is boosted from 0.71 to 2.45 with adjusting the temperature in
the 303-583 K range (see Fig. 4(b)). From previous reports,>>*°
it is obvious that the FIR value of TCLs shows a good exponential
relation with temperature (i.e., 7), as defined below:

FIR = ﬁ—U = Aexp(—AE/kT) 1)
L

where Iy and I, refer to the intensities of emission originating
from the upper and lower TCLs, respectively, 4 is a coefficient,
AE is related to the band gap between the TCLs and k denotes
the Boltzmann constant. Via the use of eqn (1) to fit the
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Fig. 4 (a) Normalized green UC emission spectra of the Y>MozOq,:Er**/
0.22Yb*" microparticles in the temperature range of 303-583 K. (b)
Temperature-dependent FIR value. (c) Plot of In(FIR) versus 1/T of the
Y>Mo3015:Er¥*/0.22Yb microparticles. (d) Dependence of the S, and S,
values on the temperature.

experimental data, the values of 4 and AE/k are found to be 8.70
and 723.03, respectively (see Fig. 4(b)). Note that the above
function can also be presented in the form of a linear formula:

In(FIR) = A’ — AE/KT @)

where A’ is regarded as a constant. The plot of In(FIR) versus 1/T
is shown in Fig. 4(c). Through linear fitting, one knows that the
values of A’ and AE/k are 2.30 and 788.34, respectively.
Obviously, the AE/k values which are achieved from eqn (1)
and (2) present little difference, showing that these fitting
results are trustworthy.

To clarify whether the designed materials can be employed
as luminescent probes for ratiometric thermometry or not, it is
necessary to evaluate their temperature-dependent S, and S;, as

defined below:*"*?
dFIR AE
Su= g = FIRx = 3)
I dFIR  AE

Through substituting the fitted values into these functions, the
S, and S, values of the Y,M0;0;,:Er**/0.22Yb*" microparticles
as a function of temperature are obtained and shown in
Fig. 4(d). It is presented in Fig. 4(d) that both the S, and S,
values exhibit a monotonous decreasing tendency with the
increase of the temperature. Especially, the maximum S, and
S, values of the Y,M030,,:Er**/0.22Yb*" microparticles are
6.79% K "' and 0.79% K, respectively, which are comparable
with previously developed optical thermometers (see Table 1).
Considering the thermally enhanced UC emission as well as the
relatively high sensitivities, the Y,M0304,:Er**/2xYb>" micro-
particles are promising luminescent probes for optical
thermometry.
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Table1l Comparison of the thermometric properties of developed optical
thermometers based on rare-earth ion doped luminescent materials

Sa S,
Temperature (K™') (K™
Luminescent materials (K) (%) (%)  Ref.
BisIO,:Er’" 303-543 0.69 136 4
BaY,O4Er’'/Yb*" 298-573 019 — 8
B-NaYF.:Yb*'-Er*'@si0, 299-337 — 1.31 30
Na,YMg(VO,);:Er**/Yb** 303-573 0.77 1104 31
NaLuF,:Eu** @g-C;N, 303-503 0.57 0.455 36
CagZnLa(PO,),:Tb* /Eu** 298-448 — 0.53 38
Bi,SiOs:Er*'/Yb** 298-600 — 0.99 39
LaNbO,:Bi**/Eu** 303-483 4.4 1.89 40
Na,YMg(VO,);:Er**,Yb*" 303-573 0.77 1.104 41
Gd,05:Er**/Yb** 298-578 1.86 1.51 42
Y,M030,,:Er*t/Yb** 303-583 6.79 0.79  This work
Y,Mo0;0,,:Er*'/Yb* @BiOF:  303-583 16.89 1.09  This work

Tm3+/Yb3+

Aside from utilizing the temperature-dependent emission
intensities of TCLs to realize temperature monitoring, another
technique, which is based on luminescent compounds with
dual-emitting centers, is also intensively adopted. Moreover, it
is widely acknowledged that most compounds pertain to
positive thermal expansion materials, in which their unit cell
volumes are enlarged at elevated temperature, leading to the
thermal quenching effect. Obviously, the UC emission perfor-
mances of the rare-earth ions in positive and negative thermal
expansion materials exhibit inverse responses to temperature.
Thus, simultaneously taking advantage of the temperature-
dependent UC emission intensities of rare-earth ions in
negative and positive thermal expansion combined materials
would be a valid route to ameliorate the thermometric properties
of luminescent materials. As a proof of this guess, we
synthesized Y,M030,,:Er*7/0.22Yb*> @BiOF:Tm>*/Yb>" composites
and explored their thermometric behaviors. Herein, BiOF:Tm>"/
Yb** phosphors, which can emit intense UC blue emission at 480
arising from the 'G, — *Hg transition of Tm*" ions,* belong to
positive expansion materials and their UC emission intensity
gradually decreases with rising temperature (see Fig. S8, ESIt).
Upon 980 nm excitation, the UC emission spectra of the designed
Y,M0;0,,:Er*"/0.22Yb* @BiOF:Tm>"/Yb**  composites as a
function of temperature were examined. It is demonstrated in
Fig. 5(a) that the intensities of the blue (i.e., Tm**) and green (i.e.,
Er’") emission are dependent on the temperature. In particular,
the intensity of Tm*" jons exhibits a downward trend as the
temperature changes from 303 to 583 K, whereas that of the Er**
ions shows an opposite changing tendency, as illustrated in Fig. S9
(ESIt). Furthermore, from the normalized temperature-dependent
UC emission spectra (Fig. 5(b)), one obtains that the green
emission intensity of Er** ions is sharply enhanced in comparison
with that of Tm®" jons, leading to temperature-dependent FIR
values. As disclosed in Fig. 5(c), the FIR value of the blue (ie.,
Tm*") to green (i.e., Er*") emission is greatly increased from 2.17 to
16.93 when the temperature is tuned in the 303-583 K range.
Notably, the relationship between the temperature and the FIR
value of non-TCLs of rare-earth ions is able to be described as
follows:**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Contour lines of the Y,MozO1,:Er®*/0.22Yb** @BIOF: Tm>*/Yb**
(i.e., mass rate = 1:5) composites as a function of temperature excited at
980 nm. (b) Temperature-dependent UC emission spectra (normalized at
480 nm) and (c) FIR value of the Y,M0304,:Er**/0.22Yb** @BIiOF:Tm>*/
Yb®** composites. (d) Dependence of the S, and S, values on the
temperature.
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FIR = Bexp(—C/T) + D (5)

The parameters of B, C and D are all regarded as coefficients.
Via use of eqn (5), the experimental data are fitted and the
values of B, C and D are proved to be 10893.29, 3843.19 and
2.07, respectively (see Fig. 5(c)).

To get deeper insight into the temperature sensing capacity
of the developed composite, we explored its temperature-
dependent S, and S, values by means of the following

functions:***’
dFIR
Sa :W:Bexp(—C/T) x (C/T?) (6)
1 dFIR Bexp(—=C/T) C
= x 100% = ——— 7 x — x 100

FIR a7 "= BaxpocyTy + b < 72 < 100%

)
Through substituting the fitted values into these expressions,
the temperature-dependent S, and S, values of the
Y,M0501,:Er**/0.22Yb* @BiOF:Tm>**/Yb**  composites  are

achieved and shown in Fig. 5(d). As the temperature changes
in the range of 303-583 K, the S, value increases rapidly and
arrives at its maximum value of 16.89% K at 583 K. Similarly,
the S, value is also dependent on the temperature and its
maximum value is around 1.09% K" at 503 K (see Fig. 5(d)).
Apparently, in comparison to those of Y,Mo0;04,:Er**/0.22Yb*"
microparticles based on TCLs, the S, and S, values of the
Y,M0;04,:Er**/0.22Yb* @BiOF:Tm>*/Yb**  composites  are
boosted, namely, the maximum S, and S, values are enhanced
by around 2.48-fold and 1.38-fold, respectively, suggesting that
the utilization of negative and positive thermal expansion
combined luminescent materials is a facile and efficient tech-
nique to improve the thermometric properties of rare-earth
ions. Furthermore, it is evident that not only is the S, value of
the developed composite much higher than those of other

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reported rare-earth ion based optical thermometers, but also
its S, value is comparable with other previously developed
optical thermometers (see Table 1). Besides, the reversibility
of the developed composites is also explored so as to further reveal
their feasibility for practical applications. The temperature-
triggered switching of the FIR values of the Y,Mo0;0;,:Er*"/
0.22Yb>" @BiOF:Tm>"/Yb*" composites was investigated, as shown
in Fig. S10 (ESIt). Clearly, the FIR values are reversible and
repeatable after several cycling heating-cooling processes. To
better understand the reversibility of the developed composites,
the repeatability (i.e., R) is estimated via the function of R=1 —
(max|Q — Q;])/Q (where Q; and Q refer to the calculated FIR value
and its average value, respectively) and its value is found to be as
high as 94.5%.%* In addition, with the aid of the following
functions, the temperature uncertainty (i.e., AT) of the thermo-
meter via using the developed composites is detected, as
defined:***

_ 18FIR @
S FIR
SFIR HASNIAS
O () (22 (9)
FIR I L

where I; and I, refer to the emission intensities of Tm>" (blue) and
Er’" (green) ions, respectively, and 8I; and 81, stand for the errors
of I, and I,, respectively. Consequently, the AT value of the
prepared composites is found to be 0.02-0.82 K when the
temperature is changed in the range of 303-583 K. These results
suggest that the Y,M0;0;,:Er*7/0.22Yb** @BiOF:Tm*"/Yb*" com-
posites with good reversibility, high sensitivities and wide opera-
tion temperature range are suitable for optical thermometry as
temperature sensing luminescent materials.

4. Conclusion

In summary, a facile sol-gel reaction technique is adopted to
prepare Y,Mo30,,:Er**/2xYb®>" microparticles. Upon 980 nm
excitation, the synthesized samples emit bright UC emission
from the Er*" ions and the optimal doping content for the Yb**
ions in the Y,Mo030;, host lattice is 13 mol%. Owing to the NTE
effect, anomalous thermal UC luminescence behaviors are
observed in the Er’*/Yb*'-codoped Y,Mo;0,, microparticles.
Through analyzing the temperature-dependent emission of
TCLs, the thermometric performances of the Y,M0;0;,:Er**/
0.22Yb** microparticles are estimated, in which the maximum
S, and S, values are 6.79% K ' and 0.79% K, respectively. For
the purpose of further improving the temperature sensing
ability of the luminescent materials, we constructed
Y,Mo0;04,:Er**/0.22Yb** @BiOF:Tm**/Yb*" composites. Since
the UC emission intensities of Tm®" and Er*" ions display
opposite temperature dependence, the developed composites
possess splendid thermometric properties with high S, and S,
values of 16.89% K~ ' and 1.09% K ', respectively. These results
demonstrate that the Er’**/Yb**-codoped Y,Mo0;0;, microparticles
are potential candidates for optical thermometry and their
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thermometric properties are able to be boosted via combination
with a positive thermal expansion upconversion material.
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