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nergy transfer, colour modulation
and up-conversion mechanisms of Yb3+, Tm3+ and
Ho3+ co-doped Y6MoO12†

Peng Guo,a Jiaxuan Wang,a Chuan Liao,a Haifeng Zhou,b Dapeng Huang,*a

Guangjun Zhou, *a Xiaoqiang Yu a and Jifan Hua

A series of novel up-conversion luminescent Yb3+/Ln3+ (Tm3+, Ho3+, Tm3+/Ho3+)-doped Y6MoO12 (YMO)

nanocrystals were synthesized using the sol–gel method. The consistent spherical morphology of the

nanocrystals with different doping ratios was found to be profiting from the homogenisation and rapid

agglomeration of the composition in the gel state and calcining process. The X-ray diffraction (XRD) and

field-emission scanning electron microscope images were employed to confirm perfect crystallinity and

uniform morphology. Photoluminescence spectra and decay curves were used to characterize the

optical properties of the synthesized samples. The YMO:Yb3+/Ln3+ (Tm3+, Ho3+, Tm3+/Ho3+) nanocrystals

were excited by near-infrared photons and emitted photons distributed in blue, green, and red bands

with a wide colour gamut, and even white colour, by optimising the relative doping concentrations of

the activator ions. The energy conversion mechanism in the up-conversion process was studied using

power-dependent luminescence and is depicted in the energy level diagram. In addition, 70% of the

luminescence intensity of YMO can be preserved after annealing at 700 °C, and the temperature sensing

was tested in the range 298–498 K. These merits of multicolour emissions in the visible region and good

stability endow the as-prepared nanocrystals with potential applications in the fields of optical data

storage, encryption, sensing, and other multifunctional photonic technologies.
Introduction

Photon up-conversion (UC) is an anti-Stokes process in which
the absorption of multiple low-energy photons leads to the
emission of a photon with a higher energy than the excitation
photon.1–7 Rare-earth-doped up-conversion nanocrystals have
garnered considerable attention because of their efficient
energy transfer, good luminescence properties, and optical
absorption ability,8–11 which have signicant applications in the
elds of solid-state laser,12,13 multicolour display,14,15 optical
data storage,16,17 optical communication,18,19 and optical
sensing.20,21 Ye and co-worker discovered a new non-contact
optical material Ba3Y4O9 for temperature measurement, and
they achieved high sensitivity over a wide measuring tempera-
ture range.22–24 Currently, complex application scenarios and
multifunctional photonic technologies have put broad
requirements for luminescent matrix materials with excellent
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chemical and thermal stability, accompanied by good up-
conversion luminescence and colour tunability.25–27

Molybdate has emerged as an efficient matrix for lumines-
cence.28 The up-conversion luminescence (UCL) properties of
various metal molybdates such as BaMoO4 (ref. 29), NiMoO4

(ref. 30), Gd2Mo3O9 (ref. 31), Gd2(MoO4)3 (ref. 32), and CaMoO4

(ref. 33) are well documented in the literature. Y6MoO12 (YMO)
is an effective matrix of the molybdate family in luminescent
materials.34–36 The YMO crystal has a defect uorite structure
with a space group of Fm�3m, and the MoO6 and YO7 polyhedra
have good chemical and thermal stability. Meanwhile, YMO has
comparatively low phonon energies and high solubility of rare-
earth (RE) ions owing to its large lattice tolerance. To date, Li
et al.28 investigated the photoluminescence (PL) properties of
Eu3+-doped YMO. Bieza et al.37 investigated the optical proper-
ties of YMO doped with Yb3+ and successfully developed an
optical ceramic. Several studies have demonstrated the excel-
lent luminescence ability of the YMO matrix with good envi-
ronmental tolerance, but UCL has not been realized owing to
the absence of effective rare earth collocations and effective
preparation methods.

It should be noted that lanthanides have a unique 4f electron
conguration and an abundance of discrete energy levels.
Among the rare-earth ions, Tm3+ and Ho3+ are usually used as
efficient UC activators because of their high electronic
RSC Adv., 2022, 12, 33419–33428 | 33419
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structural symmetry, broadband absorption peaks, and excel-
lent photon UC properties.38,39 Moreover, two rare earth ions
have been identied for outputting blue, green, and red visible
photons under excitation by a 980 nm semiconductor laser,
which can realize multiple colour adjustments and even white
light tomeet a wide range of optical storage, optical information
encryption, anti-counterfeiting, and other intelligent photonics
applications. However, the efficiency of photon up-conversion is
low in the absence of sensitisers. Yb3+ ions can be used as
sensitisers to enhance UC efficiency by considering their higher
absorption cross-section near 980 nm and excellent energy
transfer from Yb3+ to Tm3+ and Ho3+ ions.40,41

In this study, we report an efficient sol–gel method for the
selective synthesis of high-purity disordered cubic uorite-
phase YMO with perfect crystallinity in doped YMO. Under
optimal reaction conditions, the comparative multicolour UC
photoluminescence properties and energy transfer mechanism
of YMO:Yb3+/Ln3+ (Tm3+, Ho3+, Tm3+/Ho3+) nanocrystals were
investigated for different element ratios. The luminescence
intensity and chromaticity coordinates could be adjusted by
changing the Ln3+ concentration and species. In addition, the
heat resistance of YMO was investigated, and its luminescence
intensity can be preserved at 70% of its initial value aer
annealing at 700 °C. Moreover, we studied the potential
temperature-sensing ability of YMO:Yb3+:Tm3+:Ho3+ phosphors.
The merits of multicolour UCL and good stability enable the as-
prepared Y6MoO12 (YMO) nanocrystals to perform well for
extensive applications in multifunctional photonic
technologies.

Experimental
Materials and methodology

The starting materials, Y(NO3)3 (99.99%), Yb(NO3)3 (99.99%),
Tm(NO3)3 (99.99%), Ho(NO3)3 (99.99%), (NH4)6Mo7O24

(99.98%), polyethylene glycol (PEG, 99%), and citric acid
C6H8O7 (>99.5%), were purchased from Macklin, and used
without further purication. YMO:Yb3+/Ln3+ (Tm3+, Ho3+, Tm3+/
Ho3+) was synthesised using the sol–gel method and then
calcined in a muffle furnace. Different concentrations of
reagents were used according to experimental requirements,
such as Y99.7−yMO:yYb3+/0.3Tm3+(y = 0–25), Y80−tMO:20Yb3+/
tTm3+(t = 0.3–0.9), Y80−hMO:20Yb3+/hHo3+(h = 0.1–0.9) and
Y79.7−cMO:20Yb3+/0.3Tm3+/cHo3+(c = 0.25–1). Firstly, Y(NO3)3,
Yb(NO3)3, Tm(NO3)3, Ho(NO3)3 and Tm(NO3)3/Ho(NO3)3 were
doped at a set concentration and stirred to ensure uniform
mixing. Citric acid was added and mixed thoroughly to form
solution A. Then (NH4)6Mo7O24 (0.1428 mmol) and the corre-
sponding proportion of citric acid were dissolved in deionised
water to form solution B. This solution B was slowly added into
solution A under stirring to form solution C. Subsequently,
a certain amount of PEG was added, and the PH of the solution
was adjusted to 2–3. The solution C was then stirred at 80 °C
until a homogeneous sol–gel was formed and gradually con-
verted to a highly concentrated brownish-yellow material. The
gel was obtained by drying at 80 °C, for 12 h. The precursor was
calcined in a muffle furnace at 700 °C for 4 h and cooled
33420 | RSC Adv., 2022, 12, 33419–33428
naturally to room temperature. The obtained samples were
ground to a nal powder for characterisation.

Result and discussion

The X-ray diffraction (XRD) patterns of Yb3+/Tm3+, Yb3+/Ho3+,
and Yb3+/Tm3+/Ho3+-doped YMO are shown in Fig. 1(a). All the
diffraction peaks observed for the samples matched well with
those of YMO (JCPD card no 30-1456). The absence of other
miscellaneous peaks in Fig. 1(a) indicates that the doping of all
ions did not cause any changes in the lattice and that the doped
ions were well integrated into the lattice. Also, the high intensity
of the peaks indicates that all the as-prepared samples have
a high-purity phase and perfect crystallinity. According to the
relevant literature,37 the structure of Yb3+ is similar to that of
Y3+. Therefore, with the increase in the doping amount of Yb3+,
no new peak appeared in the XRD patterns of YMO, and the
positions of the peaks remained the same. In addition, as
shown in Fig. 1(a), doping with Tm3+ and Ho3+ ions similarly
cause no lattice changes, probably because of the low doping
concentration. The intrinsic and ion-doped YMO crystals have
a disordered cubic uorite structure with a space group of
Fm�3m. The calculated lattice constant is a = 5.29 Å. The average
size of the synthesised YMO samples calcined at 700 °C was
reported to be 80.1 nm, calculated using the Debye–Scherrer
formula (D = kl/b cos q)42 and correlated well with the size
determined from SEM analysis.

As depicted in a previous report,37 the crystal structure of
YMO was identical to that of Y6WO12, mainly because Mo6+ ions
were completely replaced by W6+ ions. The prepared Re6MoO12

material was successfully obtained by calcination at 700 °C for
4 h. Mo6+ ions occupy 3a (0, 0, 0) octahedral sites, and Y3+ ions
occupy 18f (x, y, z) sites.43 Mo6+ ions and the surrounding O2−

ions form MoO6 octahedra, and other O2− ions and Y3+ ions
form a YO7 polyhedron. As shown in Fig. 1(b), MoO6 and YO7

polyhedra are connected by sharing corners and edges. Because
of the small difference between the ionic radii of the Yb3+ and
Y3+ ions, the Yb3+ ions occupy the Y3+ site, and the lattice change
caused by the doping of Yb3+ ions is negligible. Therefore, YMO
doped with Yb3+ ions preserve the original crystal structure of
YMO.

The size of the prepared nanocrystals was uniform, and the
majority were 100 nm in size, which is smaller than the average
size of reported YMOmaterial.37 As shown in Fig. 2, doping does
not change the morphology or particle size, which is consistent
with the XRD results. The consistent spherical particles and
similar particle size resulted from the homogenisation and
rapid agglomeration of the composition in the gel-state and
calcining process. Meanwhile, polymer surfactants adjusted the
nanocrystal growth kinetics by interacting with the crystal
surfaces. Owing to the rapid oxidation reaction of the material
during calcination, the gases escaped rapidly and the compo-
sition agglomerated rapidly, so that many pores and voids were
found in the calcined samples.

Using a near-infrared laser (lex = 980 nm) exciting the Yb3+/
Ln3+ (Ln = Tm3+, Ho3+, Tm3+/Ho3+)-doped YMO at room
temperature, we obtained a series of multi-colour tunable UCL
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of the YMO:Yb3+/Ln3+ (Tm3+, Ho3+, Tm3+/Ho3+) nanoparticles. (b) Visualisation of YMO cubic structure with MoO6 and
YO7 polyhedra. Red atoms indicate the mixed rare earth molybdenum positions, green atoms indicate the mixed rare earth yttrium.

Fig. 2 FE-SEM images of the samples. (a) YMO, (b) YMO:20Yb3+/0.3Tm3+, (c) YMO:20Yb3+/0.5Ho3+, (d) YMO:20Yb3+/0.3Tm3+/0.75Ho3+.
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spectrum. As shown in Fig. 3(a), when the Tm3+ concentration is
xed at 0.3 mol%, with the change of Yb3+ doping amount, the
luminescence phenomenon of the YMO made a signicant
change. In the blue and red ranges, there were two main
emission peaks from the energy level transitions of 1G4 /

3H6

and 1G4 /
3F4 of Tm

3+. The inset in Fig. 3(a) clearly shows the
change in luminescence intensity of the UCL with increasing
doping concentration of Yb3+, and at a doping concentration of
20 mol%, YMO has the best light intensity. When the Yb3+

doping concentration continued to increase, the uorescence
intensity showed a decreasing trend due to cross-relaxation
losses. On this basis, YMO:20Yb3+/tTm3+ nanocrystals with
varying Tm3+ concentrations were studied comprehensively. As
© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 3(b) and the inset, the spectrum of Tm3+ ion
doping sample has a strong blue light at 475.5 nm and a weak
red light at 648 nm, corresponding to the transitions of (1G4 /
3H6) and (1G4/

3F4). The luminescence intensities of the peaks
in the blue and red bands were enhanced as the concentration
of Tm3+ increased to 0.3 mol%. Subsequently, the increase in
the Tm3+ concentration induced luminescence quenching.

Further, as shown in Fig. 3(c), (0.1–0.9 mol%) Ho3+-doped
YMO nanocrystals exhibit a weak green emission band (5F4,

5S2
/ 5I8) centred at 540 and 550 nm, a strong red emission band
(5F5 /

5I8) centred at 660 nm, and a weak red emission band
(5S2 /

5I7) centred at 757 nm. As shown in the inset of Fig. 3(c),
when the Ho3+ ion concentration is low, such as 0.1 mol%,
RSC Adv., 2022, 12, 33419–33428 | 33421
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Fig. 3 The up-conversion emission (a): (0–25) Yb3+/0.3Tm3+, (b): 20Yb3+/(0.1–0.9) Tm3+, (c): 20Yb3+/(0.1–0.9) Ho3+, (d): 20Yb3+/0.3Tm3+/
(0.25–1) Ho3+ and the percentage change in luminescence intensity with different concentrations of rare earth ion doping are embedded in the
graphs under 980 nm laser excitation.
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green and red emissions are relatively weak. With an increase in
the Ho3+ concentration, the intensity of this luminescence
gradually increased. A strong green luminescence was observed
at a concentration of 0.50 mol%, and the intensity of the three
peaks show a trend of gradually increased. According to the
study of different doping concentrations, it was found that the
highest intensity of green and red luminescence was observed
at the concentration of 0.50 mol% Ho3+, and the intensity of the
three peaks was reduced due to the quenching of the concen-
tration when the concentration of Ho3+ reached 1.00 mol%.

Fig. 3(d) shows the UCL spectra of Tm3+/(0.1–0.9 mol%) Ho3+

ions doped in YMO nanocrystals. Blue (477 nm: 1G4 /
3H6 of

Tm3+ ions), green (547 nm and 550 nm: 3F4,
5S2 /

5I8 of Ho3+

ions), and red (664 nm: 5F5 /
5I8 of Ho3+ ions) emissions were

observed. As shown in the inset of Fig. 3(d), the red and green
luminescence intensities are the highest when the Ho3+ ion
concentration reached 0.75 mol%. However, when the Ho3+ ion
concentration reached 1 mol%, blue light centred at 477 nm
appeared. The emission of red light was stronger than that of
blue and green lights. As shown in Fig. 3(d), the emission peaks
are mainly generated from the Ho3+ ion, accompanied by energy
transfer (Yb3+ / Tm3+ / Ho3+).44 However, the 1G4 / 3H6

luminescence intensity of Tm3+ in Fig. 3(d) is substantially
weaker, which may be due to the presence of cross-relaxation
33422 | RSC Adv., 2022, 12, 33419–33428
between Tm3+ and Ho3+. This causes a remarkable decrease in
the luminescence of Tm3+ ions. However, when the doping
concentration of the Ho3+ ion is 1 mol%, owing to the
quenching of the concentration, the energy level transition (1G4

/ 3H6) of the Tm
3+ ion can be boosted by the emission of blue

light (477 nm). Lanthanide elements exhibit different UCL
characteristics owing to their different electron congurations
and energy level structures. Therefore, it is a good choice to
control the doping concentration of Ho3+ in the YMO host and
control its colour.

It is well known that UCL is an anti-Stokes luminescence
process, in which two or more low-energy photons are succes-
sively absorbed, and then one high-energy photon is emitted in
rapid succession. The relationship between the up-conversion
luminescence intensity (denoted as I) and excitation power
(denoted as P) is If Pn, where I is the luminescence intensity, P
is the infrared pump power, and n is a positive integer for the
conversion of absorbed NIR photons to higher energies.
Fig. 4(a–f) show the spectra of Yb3+/Ln3+ (Tm3+, Ho3+, Tm3+/
Ho3+)-doped YMO at different powers.

As shown in Fig. 4(d), for the Yb3+/Tm3+-doped YMO up-
conversion nanocrystals, the logarithmic plot of the lumines-
cence intensities at 475.5 nm (1G4 /

3H6) and 648 nm (1G4 /
3F4) versus the input power present slope values of 1.576 and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Up-conversion spectra of YMO:Yb3+/Ln3+ (Tm3+, Ho3+, Tm3+/Ho3+) under excitation of a 980 nm laser at the different power (a–c) and
logarithmic plot of the luminescence intensities at different wavelength versus input power (d–f).
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1.445. This result indicates that the mechanism responsible for
the observed emission is UC photoluminescence dominated by
two-photon absorption, in which the blue luminescence process
is more dominant than that of red luminescence. Similarly, as
shown in Fig. 4(e), for Yb3+/Ho3+-doped YMO, the power-
dependent luminescence at 550 nm (5S2 / 5I8) and 660 nm
(5F5 / 5I8) present slopes of 1.885 and 1.459, respectively,
indicating that the luminescence processes are two-photon
absorption processes. The values of n for YMO:20Yb3+/
0.3Tm3+/0.75Ho3+ with wavelengths of 550 nm (5S2 /

5I8) and
664 nm (5F5 / 5I8) are 1.903 and 1.738, respectively, which
demonstrate the transition from Yb3+ to Tm3+ and Ho3+,
involving two NIR photons. When a photon is absorbed by the
host, the energy loss and non-radiative relaxation result in the
emission energy being less than the absorbed energy, therefore,
the slopes are all less than 2.

To demonstrate the kinetic process of the UCL, we studied
the decay curves of YMO:20Yb3+,0.3Tm3+ (monitored at
475.5 nm and 648 nm for 1G4 / 3H6 and 1G4 / 3F4),
YMO:20Yb3+,0.5Ho3+ (monitored at 550 nm and 660 nm for 5S2
/ 5I8 and 5F5 / 5I8), and YMO:20Yb3+,0.3Tm3+,0.75Ho3+

(monitored at 550 nm and 664 nm for 1G4 / 3H6 and 1G4 /
3F4) under the excitation of a 980 nm laser. These samples can
be tted into a good double exponential formula as follows:

I(s) = I1 exp(−t/s1) + I2 exp(−t/s2),

where I indicates the luminescence intensity, I1, s1 and I2, s2 are
the shorter and longer lifetime constants, respectively, and t is
the time obtained save values, as shown in Fig. 5. Obviously, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
tting lifetimes s for the 5S2 /
5I8 and

5F5 /
5I8 energy transfer

of Ho3+ in the YMO:20Yb3+,0.5Ho3+ sample (29.44 ms and 87.51
ms, respectively) is bigger compared with those of the
YMO:20Yb3+,0.3Tm3+,0.50Ho3+ sample (12.97 ms and 18.71 ms,
respectively), as shown in Fig. 5(b) and (c). This provides strong
evidence of energy transfer (ET) from Tm3+ to Ho3+ by cross-
relaxation process (CR) processes. With an increase in the
Ho3+ ion concentration, the corresponding lifetime related to
5S2 /

5I8 and
5F5 /

5I8 are shortened (Fig. 5(d) and (e)), which
is due to accelerated electrons relaxation rate with the increase
of activator as some previously reported literature.45,46 In addi-
tion, to gain a deeper understanding of the inuence of Yb3+

ions on the cross-relaxation process (CR) of Ho3+ and Tm3+, we
carried out a comparison of the lifetimes of Tm3+ ions at
different doping concentrations. As shown in Fig. 5(f) and (g),
the possibility of an ET process between the two ions is further
conrmed by measuring the luminescence decay curve. The
detected wavelengths were 550, 664, and 796 nm at the 5S2 and
5F5 energy levels of Ho3+ and 3H4 energy level of Tm3+, respec-
tively. With the increase in Tm3+ concentration, it is obvious
that the decay lifetimes of the 550 and 664 nm emissions
increase monotonously, and the lifetime of the 796 nm emis-
sions decreases slightly. As stated in the article,47 it could be
attribute to the increased rate of the two CR processes between
Tm3+ and Ho3+ ions at higher Tm3+ doping concentrations,
accelerating the 5S2 / 5I8 and 5F5 / 5I8 photon radiative
relaxation processes of the Ho3+ ions.

To compare the luminescence thermal stability of uorides
and oxides, NaYF4 was prepared by referring our previous
work,25 and then YMO and NaYF4 were annealed at 700 °C,
RSC Adv., 2022, 12, 33419–33428 | 33423
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Fig. 5 Decay curves for samples under 980 nm excitation laser: (a) YMO/20Yb/0.3Tm, (b) YMO/20Yb/0.5Ho, (c) YMO/20Yb/0.3Tm/0.5Ho, (d)
and (e) YMO/20Yb/0.3Tm/xHo (x= 0.25, 0.50, 0.75, 1.00%) at 550 nm, 664 nm, (f)–(h) YMO/20Yb/xTm/0.75Ho (x= 0.3, 0.6, 0.9, 1.2%) at 550 nm,
664 nm, and 796 nm, (i) the calculated decay times of corresponding emission energy levels.
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respectively. The resulting luminescence spectra are shown in
Fig. 6. It can be seen from the emission spectrum that the
luminescence intensity of YMO sample and NaYF4 sample
Fig. 6 Luminescence spectra before and after annealing: (a) YMO:Yb3+,

33424 | RSC Adv., 2022, 12, 33419–33428
decreased to 70% and 6.4% of the original aer annealing at
700 °C, respectively. The luminescence decay of NaYF4 sample
was more obvious due to the phase transition (b / a) at
Tm3+, (b) NaYF4:Yb
3+,Tm3+.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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annealing process, which were veried by the XRD and TEM
(Fig. S1 and S2†). The results clearly show that the luminescence
thermal stability of YMO is much better than that of NaYF4 as
heated up to 700 °C.

To enable a better understanding of the UC luminescence
mechanism of YMO:Yb3+/Tm3+/Ho3+ materials at different
temperatures, the samples are collected at temperatures from
298 K to 498 K, as shown in Fig. 7(a). It describes the normalised
temperature-dependent 550 nm emission spectra of the sample
to deeply comprehend the responses of the green emissions to
temperature. It is clearly observed that the emission intensities
of triple-doped YMO are gradually quenched with increasing
temperature. The FIR values between the 5S2 /

5I8 and
5F5 /

5I8 transitions at various temperatures are calculated according
to the recorded UC emission spectra, as shown in Fig. 7(b). With
a reasonable approximation, the relation between FIR and
absolute temperature can be expressed by the following
expression:22,23

FIR ¼ IU

IL
¼ Aexp

��DE
kT

�
;

where IU and IL are the integrated emission intensities of the
upper and lower thermally coupled levels, respectively, A is
a constant, DE is the energy gap, and k is the Boltzmann
Fig. 7 (a) Normalized 550 nm emission spectra of the YMO:20Yb3+:0.3T
value as function of temperature and (c) plot of ln(FIR) versus T−1 for the
YMO:20Yb3+:0.3Tm3+:1Ho3+ microparticles as a function of temperatur

© 2022 The Author(s). Published by the Royal Society of Chemistry
constant. The values of A and DE/k were obtained as 4.69 and
787.5 by tting the data. Fig. 7(c) shows the value of ln(FIR) as
a function of absolute temperature. The above expression can
also be rewritten as:

lnðFIRÞ ¼ Bþ �DE
kT

;

where B is a constant and DE refers to the energy gap. The data
points can be tted with a straight line, which conrms the
suitability of the phosphor for temperature-sensing applica-
tions. The slope and intercept of the tted line were approxi-
mately −756.3 and 1.469, respectively. To demonstrate the
suitability of the studied samples for temperature detection, the
sensor sensitivity at different temperatures (i.e., absolute sensor
sensitivity (SA) and relative sensor sensitivity (SR)) should be
discussed. According to this report, the values of SA and SR as
a function of temperature can be obtained from the following
expression:22,23

SA ¼ dFIR

dT
¼ FIR� DE

kT2

SR ¼ 1

FIR

dFIR

kT 2
� 100% ¼ DE

kT2
� 100%
m3+:1Ho3+ microparticles in the temperature range 298–498 K. (b) FIR
YMO:20Yb3+:0.3Tm3+:1Ho3+ microparticles. (d) SR and SA values of the
e.
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Table 1 Variations of CIE chromaticity coordinates for YMO:20Yb,tTm
(T1–T5), YMO:20Yb,hHo (H1–H5), and YMO:20Yb,0.3Tm,cHo (C1–C4)

No. of points YMO:20Yb:tTm CIE (x, y)

T1 t = 0.1 (0.2609, 0.2435)
T2 t = 0.3 (0.1451, 0.1183)
T3 t = 0.5 (0.1431, 0.1159)
T4 t = 0.7 (0.1412, 0.1176)
T5 t = 0.9 (0.1480, 0.1334)

No. of points YMO:20Yb:hHo CIE (x, y)

H1 h = 0.1 (0.3711, 0.6191)
H2 h = 0.3 (0.4453, 0.5464)
H3 h = 0.5 (0.4639, 0.5260)
H4 h = 0.7 (0.4773, 05448)
H5 h = 0.9 (0.4772, 0.5153)

No. of points YMO:20Yb:0.3Tm:cHo CIE (x, y)

C1 c = 0.25 (0.6107, 0.3641)
C2 c = 0.5 (0.5119, 0.4773)
C3 c = 0.75 (0.4961, 0.4968)
C4 c = 1 (0.5124, 0.4514)
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Fig. 7(d) depicts the correlation between SA and SR values, as
derived from equations FIR and ln(FIR) equations. The absolute
sensitivity SA gradually increased with increasing temperature,
with a maximum value of 0.0032 K−1. The maximum SR value is
0.85% K−1. The optical temperature sensing performance of
this work and other RE doped materials are shown in Table S1.†
The absolute sensitivity (SA) of YMO-based material shows
a certain advantage among some oxides.48–51 In addition, the
temperature range of YMO is wider than that of molybdate
Gd2Mo3O9

52 and the relative sensitivity (SR) of YMO is higher
than Y2WO6.49

The CIE coordinates of the YMO:Yb3+/Ln3+ (tTm3+, hHo3+,
Tm3+/cHo3+) samples under 980 nm laser excitation are shown
in Fig. 8 and Table 1. As the doping type of Ln3+ changed, there
were distinct differences in the CIE coordinates. Because the
energy level jump of the same doping type in the luminescence
process is xed, the change in the doping concentration of the
sensitiser has little effect on the luminescence colour, and the
CIE coordinates show aggregation by the same doping type with
different concentrations. For Tm3+ ion doping, the lumines-
cence peak is mainly concentrated in the blue region because
the energy level transition from 1G4 /

3H6 is greater than that
from 1G4 / 3F4, leading to the sample being mainly blue. In
addition, the material achieves white up-conversion lumines-
cence at a Tm3+ ion doping concentration of 0.1 mol%. Upon
doping with Ho3+ alone, the luminescence colour is mainly
yellow in CIE. For the double doping of Tm3+ and Ho3+ ions, it
can be found that the luminescence region is mainly in the red-
light region because of the leading emission peaks at
655 nm:1G4 /

3F4 of Tm
3+ ions and 664 nm:5F5 /

5I8 of Ho3+

ions. Thus, by adjusting the concentrations of Tm3+ and Ho3+

ions, multi-colour tunable UCL over a wide gamut in the YMO
matrix can be achieved.
Fig. 8 CIE chromaticity diagram for YMO:20Yb,tTm (T1–T5),
YMO:20Yb,hHo (H1–H5), and YMO:20Yb,0.3Tm,cHo (C1–C4).

33426 | RSC Adv., 2022, 12, 33419–33428
The main mechanisms of the UCL include ground state/
excited state absorption (GSA/ESA), energy transfer (ET) up-
conversion, and photon avalanche (PA). To clarify the lling
mechanism of the UCL, the energy level diagrams of
YMO:Yb3+,Tm3+, YMO:Yb3+,Ho3+ are shown in Fig. 9. Because
the slope does not change in Fig. 4, in principle, it does not
involve the PA mechanism. Thus, the UCL process can be
described as follows: rst, the sensitiser Yb3+ ions absorb the
near-infrared light at a wavelength of 980 nm, which leads to
photon pumping from the ground state (2F7/2) to the excited
state (2F5/2). Then the energy is transferred to Tm3+ (ET1: 3H5,
ET2: 3F2,3, ET3:

1G4) and Ho3+ (ET4: 5I6, ET5:
5F4,

5S2), leading to
the electron jumping from the ground state to the corre-
sponding excited state, simultaneously with Yb3+ absorbing the
energy again and transferring. The energy is then further
transferred to the activator, and as the activator absorbs further
energy, their electron energy levels further leap to higher energy
levels. As the electrons continue to reach the corresponding
highest excited state energy levels, the electrons continue to
leap back to the ground state by radiation, eventually leading to
UCL. For the Tm3+ ions, the energy absorbed by the Yb3+ ion was
transferred to the ground state energy level of Tm3+, leading to
an energy level leap of 3H6/

3H5 (ET1), followed by a radiation-
free relaxation of the 3H5 energy level to energy level 3F4.
Subsequently, the Yb3+ ions transfer the energy absorbed again
to energy level 3F4 (ET2), causing it to leap to energy level 3F2,3.
The electrons at this energy level further relax to energy level
3H4, which then leaps to 1G4 by absorbing the energy absorbed
by the Yb3+ ions (ET3) energy level and then radiating 1G4 /
3H6 (475.5 nm) and 1G4 / 3F4 (648 nm), respectively. For
YMO:Yb3+,Ho3+, the energy of the Yb3+ ions is transferred to the
Ho3+ ions, which excites its electrons from the ground state 5I8
to excited state 5I6 (ET4), while the Yb3+ ions again transfer the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The energy level diagram for the Tm3+ ion is (a) and the energy level diagram for the Ho3+ ion is (b).
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absorbed energy to Ho3+ ions (ET5), which causes its energy
level to jump 5I6 / 5F4,

5S2, and then some electrons in the
excited state energy level leap back to the ground state, such as
5F4,

5S2 / 5I8 (550 nm), and 5S2 / 5I7 (757 nm), and the
remaining electrons relax to energy level 5F5 and then further
relax to the new 5I8 emitting an intense red light (660 nm).

The energy transfer process of Yb3+ / Tm3+ / Ho3+ can be
decomposed into the ET process of Yb3+ / Tm3+ and the CR
process of Tm3+/Ho3+. Aer Yb3+ transfers energy to the Tm3+

energy level, a portion of the energy level relaxes, leading to 1G4

/ 3H6 and 5S2 / 5I7, and excess energy is transferred to the
Ho3+ ion energy level via the CR process, leading to 5S2 / 5I8
and 5F5 / 5I8. Combining the change in 1G4 / 3H6 lumines-
cence intensity in the conversion of YMO:20Yb,tTm, and
YMO:20Yb,0.3Tm,cHo in Fig. 3 and the related arguments in
the lifetime of Fig. 5, it can be concluded that energy transfer
process takes in Yb3+ / Tm3+ / Ho3+.

Conclusions

YMO materials were successfully prepared using a simple sol–
gel method and subsequent combustion, and UCL results were
obtained. Furthermore, the excellent heat resistance of YMO as
an UC luminescent host was demonstrated. The results of XRD
and SEM showed that the samples are disordered cubic uorite
structure with homogeneous spherical grains. The samples
were irradiated with a 980 nm laser to obtain luminescence of
different colours. The power-dependent UCL spectra indicated
that YMO:Yb3+/Ln3+ (Tm3+, Ho3+, Tm3+/Ho3+) was the dominant
two-photon absorption process. In addition, the corresponding
mechanisms, including the energy level transfer and phonon
relaxation processes, were discussed in detail. Also, YMO:Yb3+/
Ln3+ (Tm3+, Ho3+, and Tm3+/Ho3+) has been veried with
potential applications in optical temperature sensing.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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