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Herein, a novel microemulsion (ME) method for the synthesis of rare earth-element-doped hydroxyapatite
(HA)/beta-tricalcium phosphate (B-TCP) composite phosphors was performed and yielded phosphors with
intense green upconversion (UC) emission and high temperature sensitivity. The effect of polyvinyl alcohol
(PVA) content on the structure and luminescence properties of the phosphors was investigated in detail. X-
ray diffraction and Raman spectra showed that the mixed phases included the main hexagonal HA phase
and the secondary orthorhombic B-TCP phase. Under 975 nm excitation, the obtained phosphors
exhibited strong green UC emission, and their intensity depended on PVA content. Notably, the
fluorescence intensity ratio technique revealed that the phosphors had a high color purity of up to
94.77% and high temperature sensitivity of 0.93% K~! at 293 K. These results indicate that the phosphors
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1. Introduction

Measuring temperature accurately is important because it is
a key physical parameter in science and daily life."* In
conventional contact temperature measurement, liquid-filled
glass thermometers and thermocouples are used to determine
temperature. However, these devices present numerous limita-
tions, including low sensitivity, limited response times, and the
inability to measure under harsh conditions,*® hindering the
above method. Noncontact temperature measurement methods
based on rare earth (RE) ion-doped phosphor materials (via
optical temperature sensors) are widely used to overcome the
above-mentioned limitations. RE ion-doped upconversion (UC)
materials possess excellent luminescence properties*® and have
two energy levels that act as two thermocouples with energy
from 200 cm ™" to 2000 cm ™' making them suitable for thermal
sensors.*” Among other methods, the fluorescence intensity
ratio (FIR) technique is selected to explore materials for optical
thermal sensors®'® based on observations of the emission
intensity changes of two energy levels (RE*" ion) on tempera-
ture.">"*> The advantages of this method are independent acti-
vators, spectrum losses, and fluctuations in excitation intensity,
suggesting good measurement accuracy and high resolution
and reliability.’>* The Er** ion has two levels (*Hyy/, and “S;,)

School of Materials Science and Engineering (SMSE), Hanoi University of Science and
Technology (HUST), Hanoi, Vietnam

*Faculty of Physics, Hanoi National University of Education, Cau Giay, Hanoi, Vietnam
‘Faculty of Materials Science and Engineering, Phenikaa University, Yen Nghia, Ha-
Dong District, Hanoi 12116, Vietnam. E-mail: van.hoangnhu@phenikaa-uni.edu.vn

© 2025 The Author(s). Published by the Royal Society of Chemistry

are suitable for applications in thermal sensors and optoelectronic devices.

with different energies approximately 800 cm™',*® suggesting
that it is suitable as an activator for temperature sensor based
phosphors. Recently, researchers have achieved good thermal
sensing properties on the basis of the selective enhancement of
the green UC emission of phosphors.***™” In particular, our
previous work realized the intense green UC emission with good
optical thermal sensing based on RE ion-doped phosphors.®**2°
Therefore, good optical thermal sensing properties based on
biocompatible RE-doped HA could extend applications in the
optoelectronic and biomedical fields.

Hydroxyapatite, Cag(PO,)10(OH),, (HA) is an attractive
material that is widely utilized in biomedical applications,
including bone cement and replacement material, drug delivery
platforms, and bioimaging methods, because of its excellent
bioactivity, biocompatibility, high osteoconductivity, and simi-
larity to the inorganic components of bone and teeth in
mammals.>** The flexible structure of HA enables the substi-
tution of various ions at the Ca®", PO3~, and OH™ sites of its
host.?*?® Many approaches for the successful synthesis of RE-
doped HA have been used to acquire good mechanical perfor-
mance, as well as excellent physicochemical properties. They
include microwave irradiation,” coprecipitation,®® the hydro-
thermal method,® and microemulsion (ME) method.”® The ME
method could serve as a good choice for synthesizing materials
with high crystallinity, controlled morphology, and narrow-size
distribution.**** Moreover, this approach presents several
advantages, such as high thermodynamic stability; easy nano-
particle synthesis; and particle dispersion reaggregation, which
could achieve spherical shapes in nanodimensions.*** The
structure of ME systems includes three phases: water, oil, and
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a surfactant (cosurfactant) phase.* Cyclohexane and hexane are
used as oil phases; cetyltrimethylammonium bromide (CTAB)
and dimethyl sulfoxide (DMSO) have been applied as surfac-
tants, wheseas the alcohols, such as n-butanol, n-pentanol, and
polyvinyl alcohol (PVA), are employed as cosurfactants.***** The
oil-to-surfactant, cosurfactant-to-surfactant, and water-to-
surfactant molar ratios strongly affect the morphology and
size distribution of the ME systems.*>** Notably, PVA is widely
used in artificial bone formation and biomedical applications,
including drug delivery devices, orthopedic devices, and artifi-
cial organs because of its excellent properties as a nonionic,
biocompatible, nontoxic surfactant with a high elastic modulus
and biodegradability in water.>**® Nano-HAP-PVA gel can be
prepared through PVA-assisted HA synthesis and exhibits
excellent mechanical properties and bioactivities. Furthermore,
the combination of biopolymers with nanoparticle fillers to
obtain new materials with enhanced mechanical and electronic
properties has been investigated.>**” Previous works have
indicated that in HA synthesis, PVA could control morphology
to small sizes and decrease agglomeration, making it suitable
for organs, such as teeth and bone, that are well-ordered by
surfactants.***” Zeng et al.** synthesized nano-HA for sustained
transdermal delivery through the ME method. They found that
the optimal ME formula had the composition (w/w) of 13%
lecithin, 26% n-propanol, 53% IPM, and 8% water. Further-
more, this material showed enhanced drug loading efficiency,
thereby demonstrating a long-term inflammatory cell suppres-
sion effect. Montoya et al®* investigated HA nanoparticles
synthesized by using reverse ME to explore the adsorption/
desorption properties of enrofloxacin. Their results revealed
that HA nanoparticles could be loaded with 92% enrofloxacin in
solution and deliver 74% of the antibiotic during the first 12 h.
Meanwhile, Prakash et al.®* successfully synthesized spherical
HA nanoparticles (approximately 20 nm) by using PVA as
a cosurfactant. They showed that which surfactants have
a strong effect on HA synthesis because the use of PVA and
DMSO as a growth regulator can result in fine nanometer-sized
HA material. Moreover, they demonstrated that this method is
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a novel approach for synthesizing HA nanoparticles. However,
the ME synthesis of RE**-doped HA with intense green UC
emission and good optical thermal sensing properties using
PVA as a cosurfactant to control morphology has not yet been
documented.

Herein, we report the novel ME synthesis of rare-earth doped
HA/B-TCP phosphor with intense green emission for optical
thermal sensors. The effect of PVA as a cosurfactant on the
structure, morphology, and green emission properties of the
system was investigated. The optical thermal sensing charac-
teristics of the phosphors were explored by using the FIR
technique.

2. Experimental procedures

A series of HA/B-TCP: Er/Yb/Mo nanocomposite phosphors with
different contents of the cosurfactant PVA was synthesized
through ME. Raw materials with high purity were used to
synthesize the phosphors. They included Ca(NOj;), (Aldrich,
99.9%), Yb(NO;); (Merck, 99.99%), NH,H,PO, (Aldrich, 99.9%),
(NH,)¢Mo0,0,, (Aldrich, 99.9%), Er(NO;); (Merck, 99.99%),
ammonia solution (Aldrich, 99.9%), n-hexane (Aldrich, 99.9%),
PVA (Aldrich, 99.9%), dimethyl sulfoxide (Aldrich, 99.9%), and
deionized (DI) water. The contents of dopant ions, such as Er*",
Yb**, and Mo®", were fixed at 2, 15, and 5 mol%, respectively,
with reference to the Ca®" content, whereas the Ca/P molar ratio
was kept constant at 1.67. Aqueous solutions of Ca*>" (1 M),
H,PO; (0.6 M), Er** (0.1 M), Yb** (0.1 M), and Mo®" (0.1 M) were
prepared by dissolving salts in DI water under magnetic stir-
ring. PVA (0.05 M) was procedured by dissolving it on DI water
and stirring at 80 °C. The PVA volumes were 5, 10, 15, and 20 ml
(the corresponding samples were labeled as S1, S2, S3, and S4),
whereas the DMSO and n-hexane contents were fixed at 10 and
50 ml per sample, respectively. In this process, DMSO was used
as a primary surfactant. The volum ratios of oil/water/surfactant
and cosurfactant used in this work were 5:2:1.5,5:2:2,5:2:
2.5, and 5:2: 3. The surfactant (DMSO) and cosurfactant (PVA)
were added to n-hexane and stirred for 30 min to obtain the oil
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Fig. 1 The schematic synthesis of phosphors by microemulsion method.
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phase. The water phase (20 ml) was obtained by adding the
anion solution (H,PO;) dropwise to the cation solution (Ca*",
Er*", Yb*", and Mo®") and stirring the resulting mixture for
45 min. Afterward, the water phase was added dropwise to the
oil phase to form an ME system. The system was controlled at
PH 10 by using NH; solution and continuously stirred for 3 h.
Lastly, the precipitate was collected, washed three times with DI
water and alcohol, then dried at 100 °C for 24 h. The obtained
powder was annealed at 1000 °C for 2 h to prepare phosphor
materials. The typical steps to synthesize the phosphor samples
are depicted in Fig. 1.

The phosphor samples were analyzed by using an X-ray
diffractometer (XRD, Bruker D8 Advance), field emission scan-
ning electron microscope (FE-SEM, JEM 1010, JEOL Tech-
niques, Tokyo, Japan), Fourier-transform infrared spectrometer
(FT-IR, PerkinElmer spectrum BX), and Raman spectrometer
(MacoRAM, Horiba) to determine crystal structure, morphology,
and chemical bonding. The luminescence emission behaviors
of all synthesized samples were determined by using a NANO-
LOG spectrophotometer (Horiba, USA) coupled with a 975 nm
excitation laser source and heating controller. The X-ray
photoelectron spectroscopy (XPS, VG Scientific, ESCALAB250).
Thermal sensing properties were determined by using the FIR
technique based on the dependence of emission intensity on
temperatures ranging from 293 K to 533 K.

3. Results and discussion

3.1. Effect of PVA content on the structure of the phosphors

The structures of the samples synthesized through the ME
technique with different PVA contents were characterized by
using XRD measurements, as shown in Fig. 2. In accordance
with the standard cards of HA (PDF# 01-079-5683) and B-TCP
(PDF# 09-0169), all diffraction peaks matched their references
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Fig. 2 XRD pattern of all samples S1, S2, S3, and S4.
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Table 1 Phases percentage in all composite samples

Sample S1 S2 S3 S4
HA 89.2 80.2 77.8 71.5
B-TCP 10.8 19.8 22.2 28.5

well, showing the high crystallinity of the hexagonal structure of
HA with the P63/m space group and the secondary phase of
orthohombic B-TCP. Consequently, other impurity phases were
not observed, indicating that the novel synthesis method
produced Er/Yb/Mo-tri doped BCP phosphors with intense dual-
mode emission. Moreover, the typical planes corresponding to
the HA phase, including those at (002), (211), (112), (300), and
(222), as well as those of the B-TCP phase at (214), (0 2 10), and
(220), were clearly observed. Among the diffraction peaks, that
corresponding to the (211) plane of the HA phase presented the
highest intensity, confirming the preferred orientation of
crystal growth along this plane (¢ axis). This result is in good
agreement with the finding of other works, suggesting the
selective enhancement in the bioactivity and biocompatibility
of HA.***° Notably, the diffraction peaks of the samples became
high and sharply intensified, indicating the high crystallinity
degree of the obtained phosphors, leading to the enhanced
emission efficiency of the systems due to presence of the
cosurfactant PVA. Furthermore, the phase percentage of all
samples, as inferred from the XRD data and represented in
Table 1, highly depended on PVA content, and the B-TCP phase
tended to increase with the increase in PVA content. This
phenomenon resulted in a reduction in the content of OH ™,
which has a luminescence quenching effect; thus, the emission
efficiency of the phosphors improved.*** Howeover, previous
works have shown that the degree of crystallinity has a strong
effect on the emission efficiency of RE-doped phosphors.”***
Therefore, the degree of crystallinity of all samples was deter-
mined by using eqn (1).” The results are shown in Table 2.

Xe=1- V127300 (1)
e

where I3o0 presents the diffraction peak intensity associated
with the (300) plane. Vji5/300 is the intensity of the hollow
between (112) and (300) reflections and disappears from non-
crystalline samples.® Accordingly, the degree of crystallinity of
the samples increased (up to 90.93%) with the increase in PVA
content, suggesting that the emission efficiency of the phos-
phors enhanced. This result indicates that the present method
is an effective way to improve the crytallinity of the phosphors,
thus enhancing emission efficiency.

Furthermore, crystal size was estimated from XRD data by
using the Scherrer equation® to investigate the effect of the
cosurfactant PVA on the crystal size of the phosphors:

0.92

B 8 cos(6) )

where L is the crystal size (nm); 0.9 is Scherrer constant; A is

0.15406 nm associtated with the wavelength of the X-ray sour-
ces; and P (radians) and ¢ (radians) are the full width at half
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Table 2 The crystallinity degree of the HA phase and crystal size in all
samples

Sample 26° Variable Intensity % Xc L (nm)

S1 33.02 Lzoo 2917 85.02 51.32
32.32 Vi1/300 437

S2 33.00 Lioo 2427 90.93 44.42
32.32 Vi12/300 220

S3 33.01 Lioo 2054 88.60 41.26
32.33 Vi12/300 234

S4 33.02 Lsoo 1856 82.50 39.72
32.32 Vi12/300 325

maximum and peak position, respectively. In this case, the
diffraction peak corresponding to the (211) plane of HA was
selected to analyze the broadening of the Bragg line. The L
values of all samples with different PVA content are presented in
Table 2. The trend wherein the L value decreased with the
increase in PVA content indicates that the PVA content (Table 2)
can effectively increase the film stiffness obtained from ME
systems. Increasing the PVA content enhanced film stiffness,
crystallization growth was hindered and crystal size decreased.
These results agree well with previous findings******* and
confirm that using a cosurfactant (PVA) could control nuclear
growth in crystallization, thereby controlling the crystal size and
morphology of the materials.

3.2. FT-IR analysis

Fig. 3 presents the FT-IR spectra of samples S1, S2, and S3 with
different cosurfactant PVA contents. These spectra were
acquited over 450-4000 cm™'. The HA structure was charac-
terized by typical vibrational modes corresponding to the
PO}~ group, such as 474 (v, mode), 565/603 (v, mode), 963 (v,
mode), and 1020/1092 (v; mode) cm . The vibrational modes
of OH™ groups, including those at 634 (vibration mode) and
3568 (stretching mode) cm ™, indicated the presence of the HA
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T T T T T T T T T T
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Fig. 3 FT-IR spectra of samples S1, S2, and S3.
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structure and H,O molecules on the surface, respectively.
Notably, other peaks attributed to the surfactant and cosurfa-
cetant were absent owing to the high-temperatures heat treat-
ment of the samples. In addition, Mo-O-Mo bindings were
characterized by the stretching vibration at 813.6 cm™*, con-
firming the presence of the Mo®" ion into the host lattice,
leading to the formation of the Yb®*—MoOj;  dimers that
improved the UC emission of the phosphors due to energy
transfer.*®** This result has been clearly observed and explained
in detail in our previous works.”*1%:2¢23

3.3. Raman shifts spectral analysis

Fig. 4 shows the Raman shift spectra of all the resulting
samples. These spectra were acquired over 100-1100 cm ™. In
the low-frequency band, the peaks at 115 and 145 cm ™" were
associated with lattice phonon vibration** (Fig. 4a). Meanwhile,
the peak at 327 em ! is related to the symmetrical binding
vibration of Ca—OH, which involved OH™ vibrations, and that at
433 cm™ " was attributed to the symmetrical bending vibration
of v, (symmetric variable-angle vibration) mode of
PO} * (Fig. 4b). At high frequencies, peaks were observed at 592
and 610 cm . These peaks belonged to the v, (antisymmetric
variable-angle vibration) mode of PO;  groups. The peak with
the highest intensity was observed at 964 cm™ "' and was
assigned to the v, (symmetric stretching vibration) of the typical
PO, unit of phosphate in HA. Moreover, the peaks between 1045
and 1077 cm ™' corresponded to the »; (antisymmetric stretch-
ing vibration) vibration. Additionally, in good agreement with
the FT-IR results, the peaks at 879 cm™ " were attributed to the
asymmetric stretching of the Mo-O-Mo bonds.*® Low-intensity
peaks ascribed to the B-TCP phase were observed at 949 (v4,
P-0) and 409 (v,, P-0) cm™*,***8 indicating that the amount of
the B-TCP phase that had formed was less than that of the HA
phase (Fig. 4c). This finding agreed with the XRD result (Fig. 2
and Table 1).

3.4. XPS analysic

Fig. 5 shows the XPS spectrum measurement of Er-Yb-Mo co-
doped HA/B-TCP composite phosphor synthesized by the ME
method, ranging from 0 to 1200 eV. The obtained phosphor
consists of the host lattice’s Ca, P, and O elements and the
dopant elements including Er, Yb, Mo. In this case, the Ca
element is characterized by the binding energy of Ca 2s, Ca 2p,
Ca 3s, and Ca 3p states. The binding energy of Ca 2p is the
highest intensity and is used to characterize bonds between the
Ca®" ion and the surrounding ligand, and the Ca*" oxidation
state. Meanwhile, O and P elements are characterized by the
binding energy of O 1s and P 2p states. The dopant elements are
determined by the binding energy of the Er 4d, Yb 4d, and Mo
3d states, respectively. Notably, other impurity elements were
not observed in this result, indicating the high purity of the
prepared phosphors.

Furthermore, the typical binding energy corresponds to the
states of the elements in the host lattices, as shown in Fig. 6.
Fig. 6a shows the XPS spectrum of Ca 2p that exhibits two
binding energies of about 346.89 (Ca 2ps/,) and 350.35 eV (Ca

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectrum of Er-Yb-Mo tri-doped HA/B-TCP composite
phosphor.

2p152), which are characteristic of Ca®" ions in the resulted
phosphor.* The binding energy at 132.95 eV is associated with
the P 2p;, state of P 2p, which indicates the O-P bonds of the
HA/B-TCP (Fig. 6b). The binding energy of the O 1 s state
(Fig. 6¢) includes three peaks centered at 530.90 eV, is attributed
to the binding energy of the PO}~ groups and OH ™~ group of the
HA structure; 532.73 eV corresponds to oxygens of absorbed
water on HA/B-TCP surface, and 529.52 eV is characteristic the
O-Ca bonds.*>*® Notably, the Er 4d and Yb 4d signals are
centered at 169.50 eV and 190.27 eV, respectively, which is
attributed to the binding energy of the Er** and Yb®" oxidation
states in the systems (Fig. 6d and e). The Mo®" oxidation state
(Mo 3d) is determined by the binding energy associated with
231.92 eV (Mo 3ds),) and 235.07 eV (Mo 3dj.,), as shown in
Fig. 6f.°* This result agrees with FT-IR (Fig. 3) and Raman shift
(Fig. 4) analysis because of the formation of Mo-O-Mo bonds.
These results confirm the presence of the elements in the host
lattice and the dopant element in the systems. This means
obtaining the Yb**—MoOj~ dimers and their absorption energy

© 2025 The Author(s). Published by the Royal Society of Chemistry

transfer to Er’* ions, forming the intense green UC emission.
This result is in good agreement with the phosphor's optical
properties (Fig. 8).

3.5. FE-SEM images

Fig. 7 shows the representative FE-SEM surface images of the
samples with PVA contents of 5 (7a), 10 (7b), 15 (7c), and 20 ml
(7d). The morphologies of all samples exhibited mostly hexag-
onal and rod-like particles (inset of Fig. 7a), and trace number of
spherical particles with a random orientation. The rod-like
nanoparticles had a diameter of approximately 100-120 nm
and a length of roughly 245-550 nm, whereas hexagonal parti-
cles exhibit an average size of about 120-180 nm. The clear
grain boundaries of the prepared phosphor confirmed their
high crystallinity, which agrees with the XRD result (Fig. 2). The
difference in sample morphology was due to the orientation of
the hexagonal structure to the measured plane (picture plane).
As a result of the presence of the cosurfactant PVA, numerous
tube-like structures with orientations (hexagon with ¢ axis) to
the ¢ axis parallel to the measured plane were observed. In this
case, the presence of nanorod-like morphology in the systems at
high temperature treatment (1000 °C) suggested that the
cosurfactant PVA in the ME method supports the thermal
stability of the nanorod-like phosphor particles, instead of
spherical particles.”*?*>%333* These results could influence the
optical properties of the systems. Previous works*®> have
indicated that the formation of the rod-like structures could
reduce the total internal reflections due to the enriched wave-
guide effect of the nanorods and help increase transmittance.
This effect in turn results in an enhancement in light output
that is synonymous with a consequent improvement in UC
emission intensity, leading to the increased emission efficiency
of phosphors.

3.6. Optical properties

Fig. 8a shows the PL UC emission of samples with different PVA
cosurfactant contents annealed at 1100 °C for 2 h in air. Notably
all samples presented intense green UC emission at 520/550 nm
that corresponded to *Hyy/,/*S3,~"1;5/, transitions but weak red
UC emission at 656 nm attributed to the *Fq/,—"1;5,, transition,

RSC Adv, 2025, 15, 21687-21699 | 21691
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Fig. 6 XPS spectrum of typical elements in the phosphor, (a) Ca 2p spectrum, (b) P 2p spectrum, (c) O 1s spectrum, (d) Er 4d spectrum, (e) Yb 4d

spectrum, and (f) Mo 3d spectrum.

suggesting the dominance of green emission in the systems.
The selective enhancement in green UC emission was due to
energy transfer from the [|’F,;,, °T,> level of the
Yb*" —Mo03~ dimer to the *F-,, level of the Er*" ion in Er/Yb/Mo
tri-doped system that has been well explained in previous
works.»?***%* The phenomenon was confirmed by the XPS
results of forming Mo®" and Yb®" oxidation states in the
systems, leading to forming Yb*"—MoOj~ dimers. Notably, the
emission intensity of the samples depended on PVA content
and reached its maximum value when 10 ml PVA was used as
a cosurfactant (Fig. 8b). In this case, the presence of the
cosurfactant PVA in the system resulted in the formation of rod-
like nanoparticles and a high degree of crystallinity, which
causes emission efficiency to enhance remarkably. Montalbano
et al.>® observed that HA nanorods can be combined with

21692 | RSC Adv, 2025, 15, 21687-21699

collagen to prepare collagen/nano-HA hybrid systems as
a material for 3D printing scaffolding. Meanwhile, K. Lin®®
confirmed that using HA nanorods as raw materials is an
effective way to obtain dense bioceramics with high mechanical
properties. Therefore, the preferred orientation of the rod-like
particles of the acquired phosphors makes them suitable for
biomedical applications. The green/red intensity ratios shown
in Fig. 8c tended to increase with increasing PVA content,
indicating that the PVA cosurfactant supported the selective
enhancement in green emission. Additionally, the color coor-
dinates of samples were estimated to confirm the dominance of
green emission. The result for S2 sample was close to those for
pure green light-based phosphors (0.231, 0.692), making it
suitable for solid-state lighting applications (Fig. 8d).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of all samples, (a) S1, (b) S2, (c) S3, and (d) S4, scale bar 400 nm.

Furthermore, the color purity of the samples was calculated by
using Commission International de I'Eclairage (CIE)
coordinates.”’

V= x) 4+ =)

(xa — Xi)z + (ya — yi)2

Color purity = x 100% (3)

where (x, y) are the color coordinates of the obtained samples;
(¢ = 0.3333, y; = 0.3333) is the color coordinate of the white
light source; and (x4, y4) indicate the color coordinates of the
dominant wavelength.'* These values were introduced into eqn
(3). The color purity of samples investigated is shown in Table 3.
The investigated phosphors clearly showed high color purity,
which reached 94.77% for the S2 sample. These results confirm
that the phosphors could be suitable for solid-state lighting
applications. Furthermore, S2, which had the highest intensity
among samples, was chosen to explore thermal sensing char-
acteristics, as discussed in the next section.

3.6.1 UC emission mechanisms. The dependence of emis-
sion intensity on the power excitation of lasers from 200 mW to
600 mW is shown in Fig. 9 to evaluate the UC mechanism.
Emission intensity corresponds to both green and red regions
increase when power excitation increases (Fig. 9a). Notably, the
dependence of emission intensity (I) on power excitation (P) can
be described by the equation I « P", where n is the number of
photons absorbed to produce green and red UC emission in
phosphors.” The resulting fitting of the above equation indi-
cates that the value of n for green emission was 2.02 and 1.83 for
green emissions and was 1.63 for red emissions, suggesting
two-photon absorption processes to produce UC emissions. The
nvalue for green emission was considerably higher than that for

© 2025 The Author(s). Published by the Royal Society of Chemistry

red emission, indicating that green emission increased faster
than red emission as the pump power increased. Furthermore,
the number of photons absorbed could be used to propose the
energy level diagram of RE ion-doped phosphors to evaluate
their emission behaviors, as was done in our previous studied
and other works.*%°%%8

3.7. Optical temperature sensing properties

Fig. 10a represents the temperature-dependent PL intensity of
the S2 sample at 293-533 K under 975 nm excitation. Upon *H, y,
»—*15, transition, its emission intensity slightly increased when
the temperature increased. On the other hand, the *Ss/, - “I;5»
transition was sensitive to temperature, and its value signifi-
cantly decreased with an increase in temperature. This effect
can be further clearly observed in Fig. 10c. Notably, the emis-
sion intensity at 413 K was 63% compared with that at 293 K,
indicating the excellent stability of the sample. Moreover, the
phosphor showed high-intensity emission at high temperatures
(533 K), demonstrating its temperature stability and applica-
bility at high temperatures. The change in emission intensity at
typical temperatures (293, 373, and 533 K) are shown in
Fig. 10b. The emission intensity changes in two levels *Hy;,
(Is28)/*S3/2 (Is50) and level *Fy), (Igss), due to temperature, as
shown in Fig. 10c. Furthermore, the relationship between the
Is58/I550 ratio and the AE (energy gap between the two-levels) are
used to estimate the optical temperature sensor characteristics,
can be written as:*
)

A
FIR — 525 _ 4o 3F (4)
546
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Fig. 8
all samples; and (d) color purity of all resulting samples.

Table 3 CIE chromaticity coordinates and color purity of samples

Samples Chromaticity coordinates (x, y) Color purity (%)
s1 (0.246, 0.562) 62.20
S2 (0.231, 0.692) 94.77
S3 (0.248, 0.559) 68.50
S4 (0.250, 0.422) 61.36
where A presents a pre-exponential constant,

k=0.6950348 cm ' K ' is the Boltzmann constant, and the T'is
absolute temperature. The natural logarithm of eqn (4) was
taken to obtain eqn (5):

Ln(FIR) = —% % +InA )

A simple linear equation based on eqn (5) was used for fitting
to estimate AE and A parameters, as shown in Fig. 10d.

The value of relative sensitivity is a key parameter that is
needed to evaluate thermal sensing performance and can be
written as:*

21694 | RSC Adv, 2025, 15, 21687-21699

V S2

iy

(a) UC emission spectrum of samples S1, S2, S3, and S4; (b) emission intensity as a function of PVA content; (c) green/red intensity ratio of

(FIR) = 2F (6)

14 AE
kT2

= FR a7

Fig. 10e indicates that the maximum value of relative
sensitivity was 0.93% K" at 293 K. Recent works have reported
that RE-doped UC phosphors®®** with sensitivities ranging
from 0.0033 K ' to 0.0093 K ' could be used for optical
temperature sensors. These results indicate that phosphors
based on HA/B-TCP: Er/Yb/Mo fabricated via the ME method
could be used for thermal sensing applications. Furthermore,
the sensitivity of the phosphor in this work and other studies
were compared to checking the fabricated phosphor's perfor-
mance (Table 4). As shown in Table 4, the phosphor obtained in
this work presented higher value compared with other host
lattices such as phosphate,® tungstate,®” and aluminate,* while
showed lower value compared with other host lattice, including
vanadate,® fluoride,** TZLB,** and oxide.®* Furthermore, it
showed high temperature sensitivity (0.93% K ) based on the
operating temperature range (293-533 K) that is prospective for
thermal sensing applications.

The difference between the temperature calculated by using
the FIR technique and actual experimental temperature read

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparision of sensitivity sensor of UC phosphor in this work with other UC phosphors
Materials AE Maximum sensitivity (K ') Temperature range (K) References
Na,YMg,(VO,); 699.00 0.0104 303-573 64
Sr,GdF: Er/Yb 1048.00 0.0167 300-660 65
TZLB: Er, Yb, Mo 452.00 0.0124 298-420 66
Gd,O0;: Er/Yb 1059.00 0.0151 298-558 5
Ca,MgWOsg: Er/Yb 698.00 0.0092 303-573 67
ZnAl,O,: Er, Yb 561.82 0.0070 298-473 60
Sr10(PO4)60: Er/Yb 925.60 0.005951 303-723 68
HA/B-TCP: Er/Yb/Mo 553.83 0.0093 293-533 This work
N . . . . 1
(a) NOET:
1.5+ ]
2.5
Ql 24 1 o
c =2.04
£50.9 .
1.5
0.6 R
] ] 1.0
0.3 293 K
300 350 400 450 500 550 0 1 2 3 4
Temperature (K) Cycle number

Fig. 11 (a) Corresponding temperature resolution of sample S2, and (b)

directly from the thermo couple was used to confirm the reli-
ability of the measurement and determined by using eqn (6):*

AE 1 )

T = o M A= m{FR

Fig. 10f reveals that a small difference existed between the
two values, as confirmed by the high correlation coefficient
R*> = 0.999, indicating the reliability and accuracy of the FIR
technique.

Furthermore, the critical parameters such as temperature
resolution (67) and repeatability (R) were calculated to confirm
the phosphor's suitability for thermal sensor applications,
using the following equations:*®

1 GFIR
oT = 5 X TIR (8)
A=A
R=1- maX(A”’ d ©)

where 0FIR presents the standard deviation of the FIR value. A,
is the value of FIR at 293 and 533 K. A; means the FIR value in
three consecutive irradiation cycles. Resulting calculations
indicate that the minimum value of 6T was 0.22 K at 293 K, as
shown in Fig. 11a. Meanwhile, Fig. 11b confirmed an excellent
thermal repeatability (R > 99%) of the FIR values in three
consecutive cycles. These results indicate that HA/B-TCP: Er/Yb/
Mo composite phosphors are a promising material for optical-
thermometer applications.

21696 | RSC Adv, 2025, 15, 21687-21699

corresponding cycling measurements.

4. Conclusion

A novel ME method for the synthesis of HA/B-TCP: Er/Yb/Mo
composite phosphors with intense green UC emission and
good thermal sensing properties using PVA as a cosurfactant
was investigated. The obtained phosphors containing PVA
exhibited a mixture of phases (HA and B-TCP) with a high
crystallinity. Under 975 nm wavelength excitation, the phos-
phors showed intense green UC emission at 528/550 nm and
weak red emission at 656 nm, and their intensity depended on
PVA content. Furthermore, the phosphors possessed high color
purity (up to 94.77%) and good thermal sensitivity (0.93% K at
293 K), suggesting it is suitable for solid lighting and thermal
sensing applications. This finding indicates that the prepared
phosphors are a promising material for thermal sensing and
optoelectronic devices. Overall, controlling the content of the
cosurfactant PVA to modulate structure and morphology is an
attractive approach to acquire excellent UC emission and
thermal sensing properties that promote extended applications.
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