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g and temperature sensing of
NaLu(WO4)2:Ln

3+ up-converting phosphor

Zhiyi Wang,†a Li Jiang,†a Dongmei Wang,a Jie Cheng,b Jingjing li,b Yanhan Mei,b

Shanshan Hu*a and Jun Yang *a

NaLu(WO4)2:Ln
3+ phosphors were synthesized via a hydrothermal method combined with subsequent

calcination. Under excitation at 980 nm, 25%Yb3+, 0.5%Tm3+ and 25%Yb3+, 1%Ho3+-doped phosphors

produce blue, green and red emissions. Namely, NaLu(WO4)2:25%Yb
3+, 0.1%Ho3+, 0.1%Tm3+

nanocrystals show suitable intensities of blue, green, and red (RGB) emission, resulting in the production

of perfect and bright white light with CIE-x ¼ 0.3299 and CIE-y ¼ 0.3293, which is very close to the

standard equal energy white light illumination (x ¼ 0.33, y ¼ 0.33). Based on FIR theory, the temperature

dependence of NaLu(WO4)2:20%Yb
3+, 1%Er3+ was studied, and the maximum value of sensitivity was

obtained as 1.38% K�1 at 543 K, which is better than that of previously reported temperature-sensing

materials. It proves that the NaLu(WO4)2:Ln
3+ phosphors have potential applications in white lighting,

optical temperature measurement and other fields.
Introduction

In recent years, rare earth (RE) tungstates have been favored by
a large number of researchers because of their excellent theo-
retical density and remarkable resistance to thermal, chemical,
mechanical and optical damage. So far, these compounds are
used in optical imaging, biological nanothermometers, LEDs,
optical nanothermometers and dye-sensitized solar cells.1–5 RE
double tungstates (ARE(WO4)2, A ¼ alkali metal) are widely
studied due to their excellent physical and chemical stability
owing to their special scheelite structure. Hence, a lot of effort
has recently been invested in the synthesis of Lu3+, La3+, Y3+ and
Gd3+-based rare earth double tungstates, which have
a controlled crystal shape, phase and size.4,6–8 Lu3+ in particular,
which is located at the end of the rare earth elements and whose
4f orbital is fully lled with electrons, is widely regarded as an
outstanding phosphorus matrix tungstate. Shi's team produced
NaLu(WO4)2$2H2O by a hydrothermal reaction of Na2WO4-
$2H2O and Lu(NO3)3 and investigated the up/down conversion
luminescence characteristics of the NaLu(WO4)2:Yb/Ln (Ln ¼
Er, Ho, Tm) phosphor.6 Nexha et al.9 prepared Ho,Tm-doped
KLu(WO4)2 nanocrystals through a modied sol–gel method,
controlled the amount of doped ions to obtain different regular
shapes of nanocrystals with a size of about 150 nm and explored
the temperature dependence in the temperature range of 293 to
ineering, Southwest University, No. 2
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the Royal Society of Chemistry
333 K under short-wave infrared excitation. Barrera et al.10

synthesized KLu(WO4)2:Yb
3+, Tm3+, Ho3+ nanocrystals via an

improved Pechini sol–gel method and studied the effect of Eu
doping on the white light up-conversion of Yb-sensitized
KLu(WO4)2:Ho3+, Tm3+ nanocrystals. The matrix material
selected in this paper is NaLu(WO4)2, which will be an excellent
candidate for temperature measurement and white light
production.3,6,11

RE doped up-conversion (UC) luminescence is an anti-Stokes
process, which emits high-energy visible light under low-energy
infrared excitation.12,13 So far, UC phosphors have been widely
used in many elds and have developed rapidly. Recently,
researchers have considered Yb3+/Er3+-doped up-conversion
phosphors as candidates for optical temperature measure-
ment.2,14 The importance of temperature in chemical reactions
is self-evident and the accurate understanding of temperature
change is extremely critical. There are various techniques for
measuring temperature. In addition to traditional temperature
measurement techniques, thermistors or thermocouples are
also widely used. Optical thermometry based on UC phosphors
is different from traditional thermometry.4,14,15 It is a non-
contact temperature measurement method that has excellent
thermal sensitivity and strong adaptive abilities. The principle
of non-contact optical temperature measurement technology is
based on the variation of the relative intensity of the emission
band between two adjacent thermal coupling energy levels
(2H11/2 and 4S3/2) of Er

3+ with temperature.12Up to now, Yb3+/
Er3+-doped UC phosphors, involving oxides, uorides, tung-
states and molybdates, are very popular in the eld of optical
temperature measurement.4,14,16–20 Compared with other
compounds, tungstates have the advantages of simple
RSC Adv., 2022, 12, 10489–10495 | 10489
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View Article Online
preparation, outstanding physical, thermal and chemical
stability, controllable size and morphology, etc. Therefore, they
have general application prospects in the eld of optical
temperature measurement.

In recent decades, RE-doped UC white emission materials
have attracted great attention due to their advantages of high
energy efficiency, long life, low cost, and pro-environment
nature.21 Based on the principle of the three primary colors,
white light can be produced by mixing red, green and blue in
a suitable ratio.21–24 Among the RE elements, Tm3+ is the most
popular because of its blue and red emission bands.25,26 In the
same material, UC white light is frequently obtained via triple-
doping Yb3+, Ho3+ (Er3+), and Tm3+ in an appropriate mixing
ratio. Mèndez-Ramos and colleagues prepared YF3:Ln

3+ (Ln ¼
Yb, Ho, Tm) phosphors via heat treatment of a sol–gel glass
precursor, and obtained standard bright UC white light by
controlling the doping ion concentration.27 Xu's group used
a microwave hydrothermal method to synthesize the
NaGd(WO4)2:Yb

3+/Ho3+/Tm3+ phosphor, and added glycerin to
change the particle size. Under near-infrared excitation, the
NaGd(WO4)2:Yb

3+/Ho3+/Tm3+ phosphor showed red, green, and
blue emission at the same time with white light.28 However, so
far there has been almost no report on the UC white emission of
NaLu(WO4)2:Ln

3+.
In this work, we successfully synthesized the NaLu(WO4)2:-

Ln3+ phosphor through a simple hydrothermal method and
subsequent calcination. Under near infrared (NIR) excitation,
the NaLu(WO4)2:Yb

3+/Er3+ phosphor presented green emission,
which was detected in the temperature range of 323–523 K and
the maximum sensitivity was calculated; the standard white UC
luminescence was obtained by triple-doping an appropriate
atomic ratio of Yb3+, Ho3+ and Tm3+.
Experiments
Materials

Sodium tungstate (Na2WO4, AR), sodium hydroxide (NaOH,
AR), nitric acid (HNO3, AR), lutetium oxide (Lu2O3, 99.99%),
ytterbium oxide (Yb2O3, 99.99%), erbium oxide (Er2O3, 99.99%),
holmium oxide (Ho2O3, 99.99%) and thulium oxide (Tm2O3,
99.99%) were used as raw materials. None of the materials were
further puried. Lu2O3, Yb2O3, Er2O3, Ho2O3 and Tm2O3 were
dissolved in concentrated nitric acid with heating and stirring
until completely dissolved, excess nitric acid was evaporated at
high temperature and nally diluted and cooled to obtain
Lu(NO3)3, Yb(NO3)3, Er(NO3)3, Ho(NO3)3 and Tm(NO3)3 solu-
tions, respectively.
Fig. 1 (a) XRD patterns of pure NaLu(WO4)2 and NaLu(WO4)2:Ln
3+. (b)

Enlarging the main diffraction peak of (112) from (a).
Synthesis of NaLu(WO4)2:Ln
3+

NaLu(WO4)2:Ln
3+ phosphors were prepared via a typical

hydrothermal method with further calcination. The Ln(NO3)3
(Ln ¼ Lu/Yb/Er/Ho/Tm) solution was added dropwise to 35 ml
distilled water at room temperature, and stirred with a strong
magnetic force for half an hour. Then, Na2WO4 was added to
the above mixed solution, the pH of the mixed solution was
adjusted to 8 with HNO3 or NaOH and stirred to obtain a white
10490 | RSC Adv., 2022, 12, 10489–10495
colloid. Aer 30 min, the colloid was transferred to a reaction
kettle for a 200 �C thermostatic reaction for 12 h. Subsequently,
the reaction mixture was cooled to room temperature and
centrifuged, washed repeatedly with deionized water and
ethanol, and dried at 70 �C for 12 h. Finally, it was evenly
ground and calcined at 600 �C for 2 h to obtain the product.6

Characterization

The crystal phase was detected using equipment (MSALXD3,
using Cu Ka radiation (l ¼ 0.15405 nm)) provided by Beijing
General Analysis General Instrument Co. The emission current
and acceleration voltage are 20 mA and 26 kV, respectively.
Additionally, the scanning range of 2q is from 10� to 90�. The
crystal morphology was analyzed using scanning electron
microscopy (SEM, model S-4800) manufactured by Hitachi,
Japan, with an acceleration voltage of 10 kV. A PerkinElmer
instrument (model MDL-N-980-8W, ls55) was used to analyze
the UC spectrum and temperature dependence of the wave-
length from 400 to 750 nm.

Results and discussion
Structural analysis

Fig. 1a displays the XRD patterns of NaLu(WO4)2 and
NaLu(WO4)2:Ln

3+. All diffraction peaks can be as attributed to
the pure tetragonal NaLu(WO4)2 phase, highly compatible with
the standard cards (JCPDS no. 27-0729). No additional diffrac-
tion peaks are detected, showing that high purity products are
synthesized and that the Ln3+ ions (Ln ¼ Yb, Er, Ho, Tm) were
fully dissolved into NaLu(WO4)2 host. Moreover, the sharp
diffraction peaks indicate the high crystallinity of the products,
which signies high luminous intensity. The ion radius of
doped Ln3+ (r(Yb3+) ¼ 0.86 Å, r(Er3+) ¼ 0.88 Å, r(Ho3+) ¼ 0.89 Å,
r(Tm3+) ¼ 0.87 Å) is larger than that of Lu3+ (r(Lu3+) ¼ 0.85 Å),
which leads to lattice expansion, and the diffraction peaks are
slightly shied to smaller 2q values, as shown in Fig. 1b. It is
worth noting that the XRD peaks of (112), (204) and (312)
increase with Ln3+ doping, which indicates that larger radius
ion doping is more likely to form smaller nanocrystals.29

In general, the subsequent calcination temperature does not
change the morphology of the product derived from its corre-
sponding hydrothermal precursor. Fig. 2 displays the SEM
morphologies of the calcined products with different doped
ions at 600 �C. Ln3+ doping has little effect on crystal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM of different doped ions of the products calcined at 600 �C:
(a) NaLu(WO4)2, (b) NaLu(WO4)2:20%Yb

3+, 1%Er3+, (c) NaLu(WO4)2:25%
Yb3+, 1%Ho3+, (d) NaLu(WO4)2:25%Yb

3+, 0.5%Tm3+ and (e)
NaLu(WO4)2:25%Yb

3+, 0.1%Ho3+, 0.1%Tm3+.

Fig. 3 (a) TEM morphology, (b) HR-TEM lattice fringes, (c) the
magnification of (b) for NaLu(WO4)2, (d) EDS spectrum, (e) mapping
analysis, (f) distribution density map of Er and (g) distribution density
map of Yb.
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View Article Online
morphology, but the particle size decreases slightly. The size of
the NaLu(WO4)2 nanocrystals decreases slightly with varying
Ln3+ ion radius, which is also consistent with the XRD analysis
result of Fig. 1b. A larger dopant ion radius can reduce the
anisotropic growth rate of the crystal grains, which is the main
reason for the size change of the NaLu(WO4)2:Ln

3+ nanocrystals.
When Ln3+ with a larger ionic radius replaces Lu3+, the exposed
charge density of the NaLu(WO4)2 nanocrystals increases. The
exposed charge density of the nanocrystals can signicantly
slow down the movement of the negatively charged WO4

2� ions
to the surface due to the increase in charge repulsion, which
leads to decrease size in the NaLu(WO4)2:Ln

3+ nanocrystals.29–31

TEM analysis depicts nanosheets of the NaLu(WO4)2 crystals
with a diameter of about 200–300 nm (Fig. 3a), which corre-
sponds to the nanoplatelets observed in Fig. 2a. HR-TEM
analysis (Fig. 3b and c) showed distinguishable lattice fringes
with interplanar spacings of 2.88 Å and 2.52 Å, which can be
classied as the (004) and (200) planes of tetragonal
NaLu(WO4)2, respectively. In order to further prove the
successful doping and uniform distribution of Yb3+ and Er3+ in
the NaLu(WO4)2 matrix, we performed EDS tests and mapping
analysis. The results are shown in Fig. 3d–e. In Fig. 3d, we can
see that Na, Lu, Yb, Er, W and O elements are all detected in the
product, which is consistent with the XRD results above. The
overall distribution of various elements as well as Yb and Er in
the product is shown in Fig. 3e–g, and the elements corre-
sponding to different colors are shown in the upper right corner
of Fig. 3e. Namely, we achieved uniform doping of Yb3+ and Er3+

in the NaLu(WO4)2 matrix, which provides support for us to
explore the luminescence characteristics of the product in later
experiments.
Luminescence of the NaLu(WO4)2:Ln
3+ phosphors

Fig. 4a shows the UC emission spectrum (400–750 nm) of
NaLu(WO4)2:Ln

3+ nanocrystals under excitation at 980 nm. The
UC emission spectra of NaLu(WO4)2:25%Yb3+, 0.5%Tm3+

depicts strong blue emission at 475 nm and weak red emission
at 647 nm, which are attributed to the 1G4/

3H6 and
1G4/

3F4
transitions of Tm3+, respectively. The emission spectrum of
NaLu(WO4)2:25%Yb3+, 1%Ho3+ displays green emission that is
© 2022 The Author(s). Published by the Royal Society of Chemistry
mainly located at 539 nm due to the 5F4/
5S2 /

5I8 transition of
Ho3+ ions, and the red emission located at 658 nm is caused by
the 5F5 / 5I8 radiation transition of Ho3+ ions. The chroma-
ticity coordinates of the NaLu(WO4)2:25%Yb3+, 0.5%Tm3+ and
NaLu(WO4)2:25%Yb3+, 1%Ho3+ phosphors are (0.1798, 0.1459)
and (0.4108, 0.4334), respectively (Fig. 4b), which is consistent
with the luminescent photographs obtained under excitation
(insets in Fig. 4a).

Based on the generation of red, green, and blue emissions in
the different doped NaLu(WO4)2:Ln

3+ nanocrystals, it is
possible to produce luminescence with a wide spectrum of
colors, including white, by the appropriate doping of Yb3+,
Tm3+, and Ho3+ in the present NaLu(WO4)2 nanocrystals.

Fig. 5a displays the UC emission spectrum of
NaLu(WO4)2:25%Yb3+, 0.1%Ho3+, y%Tm3+ phosphors. It can be
observed that the UC emission spectrum of the phosphors are
composed of blue emission, green emission and red emission,
which are attributed to the 1G4 / 3H6 transition of Tm3+ and
the 5F4/

5S2 / 5I8 and 5F5 / 5I8 radiation transitions of Ho3+,
respectively. The CIE chromaticity coordinates of
NaLu(WO4)2:25%Yb3+, 0.1%Ho3+, y%Tm3+ phosphors alter
from the blue-white area (0.317, 0.3078) to the white area
(0.3299, 0.3293) by changing the Tm3+ doping content (as
shown in Fig. 5b). In addition, the white UC photoluminescence
RSC Adv., 2022, 12, 10489–10495 | 10491
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Fig. 4 (a) UC emission spectra and the corresponding luminescence
photos of the NaLu(WO4)2:25%Yb

3+, 1%Ho3+ and NaLu(WO4)2:25%
Yb3+, 0.5%Tm3+ nanocrystals under excitation at 980 nm; (b) the
chromaticity coordinates of NaLu(WO4)2:25%Yb

3+, 1%Ho3+ and
NaLu(WO4)2:25%Yb

3+, 0.5%Tm3+. Fig. 5 (a) UC emission spectra of the NaLu(WO4)2:25%Yb
3+, 0.1%Ho3+,

y%Tm3+ nanocrystals under excitation at 980 nm (y¼ 0.1, 0.3 and 0.5);
(b) the chromaticity coordinates of NaLu(WO4)2:25%Yb

3+, 0.1%Ho3+,
y%Tm 3+ (y ¼ 0.1, 0.3 and 0.5).
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of the NaLu(WO4)2 phosphor is obtained at y ¼ 0.1 and its
corresponding chromaticity coordinates (0.3299, 0.3293) are
almost equivalent to the international standard values (0.33,
0.33). Simultaneously, the corresponding white UC lumines-
cence photographs are also presented in the inset of Fig. 5a,
which can be intuitively compared.

As we all know, the functional relationship between the UC
emission intensity (I) and the laser pump power (P) can be
described as I f Pn, where n represents the number of laser
photons.25,28 The value of n is derived from the slope obtained by
tting P and I (Fig. 6a). The n values of blue, green, and red
emissions are 2.41, 2.00, and 1.79, respectively. It is concluded
that the blue emission is assigned to the three-photon process,
and the green and red emission are attributed to the two-photon
process. The UC luminescence mechanism of NaLu(WO4)2:25%
Yb3+, 0.1%Ho3+, 0.1%Tm3+ was deduced from the above results
(as shown in Fig. 6b). Under excitation at 980 nm, the electrons
of Yb3+ are lled from 2F7/2 to

2F5/2 by absorbing phonon energy.
In the meantime, the electrons of the Ho3+ and Tm3+ activator
10492 | RSC Adv., 2022, 12, 10489–10495
ions are populated from 5I8 and
3H6 to

5I6 and
3H5, respectively

(2F5/2 (Yb
3+) + 5I8 (Ho3+)/ 2F7/2 (Yb

3+) + 5I6 (Ho3+); 2F5/2 (Yb
3+) +

3H6 (Tm
3+)/ 2F7/2 (Yb

3+) + 3H5 (Tm
3+)). For Ho3+ ions, aer the

non-radiative transition of Ho3+ from 5I6 to
5I7, the Ho3+ ions are

excited from 5I7 to
5F5 (

2F5/2 (Yb
3+) + 5I7 (Ho3+) / 2F7/2 (Yb

3+) +
5F5 (Ho3+). The radiative release of Ho3+ ions from 5F5 to 5I8
generates the red emission (659 nm). Subsequently, the further
transitions of Ho3+ from 5I6 to

5F4,
5S2

2F5/2 (Yb
3+) + 5I6 (Ho3+)/

2F7/2 (Yb
3+) + 5F4,

5S2 (Ho3+) occur, and the green emission (544.5
nm) is obtained by the radiative release of Ho3+ (5F4,

5S2 /
5I8).

For Tm3+ ions, the non-radiative relaxation to the 3F4 and 3H4

levels (3H5 / 3F4 and 3F3 / 3H4), and the subsequent excita-
tion transitions of the 3F4 and

3H4 levels to the 3F3 and
1G4 levels

occur (2F5/2 (Yb
3+) + 3F4 (Tm

3+) / 2F7/2 (Yb
3+) + 3F3 (Tm

3+) and
2F5/2 (Yb

3+) + 3H4 (Tm
3+)/ 2F7/2(Yb

3+) + 1G4 (Tm
3+)). Finally, the

blue emission (476.5 nm) is afforded via the radiative relaxation
from 1G4 to the 3H6 level.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Functional relationship between LnI and LnP, (b) UC
mechanism of NaLu(WO4)2:25%Yb

3+, 0.1%Ho3+, 0.1%Tm3+.

Fig. 7 Revealed energy transfer mechanism for the UC luminescence
process of the NaLu(WO4)2:Yb

3+, Er3+ phosphor.

Fig. 8 (a) Emission spectrum of the NaLu(WO4)2:20%Yb
3+, 1%Er3+

phosphor under 980 nm excitation versus temperature from 323 to
563 K, (b) fluorescence intensity ratio of IH/IS, (c) absolute sensitivity
(Sabs) and (d) relative sensitivity (Srel).
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Temperature sensing behavior and temperature sensing
performance

Considering the absorption cross section and the signicant
difference in concentration between Yb3+ and Er3+, the UC
mechanism of NaLu(WO4)2:Yb

3+, Er3+ is an energy transfer up-
conversion (ETU) mechanism.32 Under 980 nm excitation, the
most likely emission mechanism is shown in Fig. 7. The elec-
trons of Yb3+ are excited from 2F7/2 to

2F5/2 by absorbing phonon
energy. Firstly, the Er3+ activator ions move from 4I15/2 to

4I11/2
through resonant energy transfer from Yb3+ to Er3+ via ET1: 2F5/2
(Yb3+) + 4I15/2 (Er

3+) / 2F7/2 (Yb
3+) + 4I11/2 (Er

3+). Subsequently,
4I15/2 relaxes to the 4I13/2 level by non-radiation relaxation (NR),
and the electrons of Er3+ are lled to the 4F9/2 level via ET2: 2F5/2
(Yb3+) +4I13/2 (Er

3+) / 2F7/2 (Yb
3+) + 4F9/2 (Er

3+). Then, the elec-
trons transfer from 4F9/2 to

4I15/2, which generates red emission
at 655 nm (Fig. 8a). Finally, the electrons at 4F9/2 are further
populated to the 2H9/2 level via ET3: 2F5/2 (Yb

3+) + 4F9/2 (Er
3+) /

2F7/2 (Yb3+) + 2H9/2 (Er3+). In addition, the nonradiative transi-
tions of Er3+ ions from 2H9/2 to

2H11/2/
4S3/2 occur, which yields

green emission at 529 nm (2H11/2 /
4I15/2) and 551 nm (4S3/2 /

4I15/2) (Fig. 8a).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 8a depicts the UC emission spectrum (450–750 nm) of
NaLu(WO4)2:Yb

3+/Er3+ phosphors in the range of 323–563 K. As
the temperature increases, the uorescence intensity changes
signicantly, especially at 529 and 551 nm. Due to the energy
levels of 2H11/2 and

4S3/2 of Er
3+ being close, the DE is less than

2000 cm�1, which permits the upper level to ll from the lower
level through rapid thermal population, resulting in the varia-
tion of the two thermal coupling states (TCSs).33 The tempera-
ture dependence of the uorescence intensity ratio (FIR) from
2H11/2 /

4I15/2 to
4S3/2 /

4I15/2 can be expressed as follows:34

FIR ¼ IH

IS
¼ C exp

�
�DE

kT

�
FIR ¼ IH

IS
¼ Ce

�DE
kT (1)

here, IH (529 nm) and IS (551 nm) are the uorescence inten-
sities of 2H11/2 / 4I15/2 and 4S3/2 / 4I15/2, respectively; C is
RSC Adv., 2022, 12, 10489–10495 | 10493
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Fig. 9 A comparison of the upconversion emission spectra of the
nano-sample in our present work and the bulk sample according to
a previous report.11
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a constant; DE is the energy difference between two adjacent
thermal coupling energy levels; k is the Boltzmann constant and
T is the absolute temperature. Fig. 8b describes the relationship
between FIR (I529/I551) and 1/T. The slope (�DE/k) and intercept
(ln C) obtained via linear tting are�1041 and 3.26, and DE and
C are further calculated to be approximately 723.1714 cm�1 and
26.0495, respectively.

As we all know, sensitivity is a crucial parameter that intui-
tively reects the performance of temperature sensing. The
absolute sensitivity (Sabs) is calculated using eqn (2)35 and the
relative sensitivity (Srel) is calculated using eqn (3).36

Sabs ¼
����dFIRdT

���� ¼ FIR� DE

kT2
(2)

Srel ¼
����Sabs

FIR

���� ¼
���� 1

FIR
� dFIR

dT

���� ¼ DE

kT2
(3)

Fig. 8c and d show the tted curves of the relationship
between Sabs, Srel and T. The maximum value of Sabs is acquired
to be 1.38% K�1 at 543 K and Srel is 1041/T2. These values are
similar to those of other Yb3+/Er3+-doped phosphors reported in
the literature, as shown in Table 1. However, compared with
a majority of the materials listed in the table, the temperature-
sensitive parameters of NaLu(WO4)2:20%Yb3+, 1%Er3+ are
signicantly larger. This indicates that the NaLu(WO4)2:20%
Yb3+, 1%Er3+ phosphor is superior to a majority of reported
materials in the eld of optical temperature measurement in
the higher temperature range.

Fig. 9 is a comparison of the upconversion emission spectra
of the nano-sample in our present work and the bulk sample
according to a previous report.11 Obviously, the position of the
emission peak does not change, but the emission intensity is
different. Although the upconversion luminescence intensity of
the bulk sample is stronger due to its higher crystallinity and
fewer surface defects, the upconversion luminescence intensity
of the nano-sample also reaches 73% that of the bulk sample.
Considering that the calcination temperature of the nano-
sample is only 600 �C and the calcination temperature of the
bulk sample is 1000 �C, the luminescence of the nano-sample is
very good and can fully meet its practical application require-
ments. Furthermore, the synthesis temperature of our nano-
Table 1 Comparison of temperature range and absolute sensitivity

Matrix
Temperature
range (K) Max

NaLu(WO4)2:Yb3+/Er
3+ 323–563 1.38

NaGd(WO4)2:Yb
3+/Er3+ 298–383 1.2%

NaY(WO4)2:Yb
3+/Er3+ 293–503 0.9%

Lu2TeO6:Yb
3+/Er3+ 323–623 1.03

NaGdF4:Yb
3+/Er3+ 77–500 0.30

BaWO4:Yb
3+/Er3+ 293–363 1.47

CaMoO4:Yb
3+/Er3+ 303–873 1.43

NaY(MoO4)2:Yb
3+/Er3+ 303–523 0.97

ZnWO4:Yb
3+/Er3+ 83–583 0.99

10494 | RSC Adv., 2022, 12, 10489–10495
samples is much lower than that of the bulk samples in the
literature, providing the choice of a more environmentally
friendly and energy-efficient synthetic method.40–42

Conclusion

In summary, we successfully prepared NaLu(WO4)2:Ln
3+ phos-

phors via a hydrothermal method combined with subsequent
calcination. Doping Ln ions with larger radii into the matrix
causes the XRD diffraction peaks to shi to smaller angles.
Under 980 nm near-infrared excitation, the NaLu(WO4)2:25%
Yb3+, 0.5%Tm3+ and NaLu(WO4)2:25%Yb3+, 1%Ho3+ phosphors
produced strong UC blue, green and red emission. Additionally,
white UC emission with CIE-x ¼ 0.3299 and CIE-y ¼ 0.3293 was
realized by 25%Yb3+, 0.1%Ho3+, 0.1%Tm3+ ions trip-doped into
the NaLu(WO4)2 matrix. Besides, the obtained NaLu(WO4)2:20%
Yb3+, 1%Er3+ phosphor shows excellent temperature sensing
performance with a maximum sensitivity as high as 1.38% K�1

at 543 K, which is better than that of many other previously
reported temperature sensing materials. Thus, the
NaLu(WO4)2:Ln

3+ phosphors we obtained have potential appli-
cations in white lighting and optical temperature measurement.
imum Sabs (K
�1) Srel (K

�1) Ref.

% (543 K) 1041/T2 This work
(310 K) 1070/T2 2
(503 K) 1127/T2 4

% (623 K) 1241/T2 33
5% (298 K) 993.44/T2 34
% (393 K) 911.92/T2 36
% (575 K) 1055.15/T2 37
% (493 K) 983.2/T2 38
% (583 K) 1134.32/T2 39

© 2022 The Author(s). Published by the Royal Society of Chemistry
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J. Massons, A. Speghini, M. Bettinelli, C. Cascales,
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