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A vanadate-based white light emitting luminescent
material for temperature sensing
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and Ping Yang ®*

Calcium magnesium vanadate-europium vanadate powders with a homogeneous distribution have been
prepared by a sol-gel method followed by a sintering process. The as-prepared powders show both
broadband emission around 520 nm and sharp peak emission at 617 nm under UV light excitation, which
are ascribed to the one-electron charge transfer transition in the VO, tetrahedra and the typical °Dy —
’F, transition of Eu®*. Energy transfer occurs between the vanadate and Eu ions. The emission color of
the products can be tuned by controlling the Eu concentration and temperature. White light emission
can be obtained at the Eu concentration of 15% and at room temperature. The temperature related
luminescence properties have been studied for the sample with 15 mol% Eu. The intensity ratio between
the broadband emission (due to VO, tetrahedra) and the sharp peak emission (due to Eu®" ions)
decreases as the temperature increases in a linear relationship. The relative sensitivity (Sg) of this
luminescent temperature sensor has been calculated and a maximum has been gained at 455 K with the

rsc.li/rsc-advances value equal to 1.83% K1,

1. Introduction

In recent years, photoluminescent materials have attracted great
interest as irreplaceable lighting devices in the area of field emission
displays (FEDs), plasma display panels (PDPs), X-ray detectors, and
white-light emitting diodes (Ww-LEDs), due to their excellent lumi-
nous efficiency and energy saving properties.'”

Among a lot of luminescent materials, rare-earth ion doped
phosphors have been extensively studied and considered as
potential light source materials.*” Many compounds have been
applied as the matrix materials for rare-earth ions, including
zinc oxides, fluorides, aluminates, silicates, zirconates, vana-
dates, molybdates, and phosphates.*” As an excellent red
phosphor, Eu** doped YVO, (ref. 18 and 19) has attracted much
attention from researchers, and the energy transfer from the
vO,*~ groups to the f-f state of Eu*" ions is observed. In fact,
vanadates of certain metals (Zn, Mg, Sr, Cs, K and so on) show
intrinsic luminescence due to the one-electron charge transfer
transition in the VO, tetrahedra.?*?*

The high-precision temperature sensing plays a key role in
controlling reaction process, product performance, and safety
in production.”®?* Physical probes such as thermometers and
thermocouples, unfortunately, have limited utilities in the
situation of noncontact, small volumes, as well as high spatial
resolutions.”®*” Meanwhile, optical temperature sensors, which
exploit the temperature-dependent fluorescence intensities of
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thermally coupled levels (TCLs) of lanthanide ions (Ln*"),?3¢
such as Ho®', Pr**, Er’’, Gd*", serves as a feasible method
benefiting from the rapid-response fluorescence spectroscopy
techniques. For example, Yang et al. proposed a strategy using
optical temperature sensing behavior of Er*'-Yb*" co-doped
NaY(MoO,), phosphor, and a maximum relative sensitivity
value of 0.00969 K" are observed at 439 K.

In the present work, Eu*" ions were introduced into a vana-
date matrix CasMg,Vs0,, (called CMV hereafter), which show
yellow-green colored luminescence emission of VO,*~ under UV
light excitation. Our study focused on the luminescent property
and luminescent response on different temperature ranging
from 300 K to 480 K.

2. Experimental section

2.1 Preparation of CasMg4V6024:Eu3+ phosphors

Powders of CasMg,V¢0,, (CMV) with Eu®" addition were
prepared by a sol-gel method followed by a sintering process.
0.083 g CaCO; (99.99%), 0.0647 g 4MgCO;-Mg(OH), 5H,0
(99.99%), 0.117 g NH,VO; (99.9%, A.R.) and 1.051 g citric acid
were mixed in a solution of HNOj; (A.R.). The doped concen-
tration of rare earth ion (Eu**) was from 0.5 mol% to 20 mol%
(7.5 x 10~ to 0.3 mmol) compared with the total mole amount
of Ca®>" and Mg** in CasMg,V¢0,, host. The practical ratio of
metal ions to citric acid that served as a chelating agent for
metal ions was 1 to 2. The mixed solution was stirred under
heating, dried in an oven, and finally sintered at 400 °C for 3 h,
then heated up to 800 °C for 5 h. The obtained white powder
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(called CMV:Eu®**) was cooled down and ground for further
investigation.

2.2 Preparation of luminescent device

Transparent sheets of the phosphor were prepared with Sylgard
184. Sylgard 184 (Dow Corning) is of the polydimethylsiloxane
(PDMS) family and is an optically clear and inert material.
About 1 g resin and 0.1 g curing agent was mixed with 0.1 g
powder sample and allowed to stand at room temperature for at
least 24 h. The sheet was obtained by a self-leveling method.
The luminescent sheets were coated on a four-beads 310 nm
LED as shown in Fig. 1. Subsequent emission observation has
all been conducted to these simple devices.

2.3 Characterization

The X-ray diffraction (XRD) patterns for all target samples were
registered using the Bruker D8 Advance with Cu Ko, , radiation
and 26 range from 10° to 90°, and analyzed by using Jade-5.0
software program. The scanning electron microscope (SEM)
patterns and Energy dispersive spectrometer (EDS) were ob-
tained by using a Quanta FEG 250 Field Emission Scanning
Electron Microscope. The photoluminescence (PL) and excita-
tion (PLE) spectrum under different temperatures (above the
room temperature) of the samples were evaluated with a fluo-
rescence spectrophotometer (F-4600, Hitachi, Japan) equipped
with a xenon lamp as the excitation light source. The samples
sealed in a metallic box were heated to and kept at a special
temperature. The measure button was pressed immediately
after the sample at the special temperature being transferred
from the heater into the fluorescence spectrophotometer. The
temperature-related PL spectra under 0 °C were measured using
a FLS920 fluorescence spectrometer with a liquid nitrogen
cryostat.

3. Results and discussion
3.1 Morphology and phase distribution

In order to learn about the phase purity and crystallization of
CMV:xEu’" powders, the patterns of XRD were measured and

Fig. 1 Luminescent sheets on a four-beads 310 nm LED with the
status of off (left) and on (right).
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shown in Fig. 2. The pattern of CMV:xEu** (x = 0) matches well
with 2002588 (CasMg,V¢0,,) which is selected in the Crystal-
lography Open Database (COD). With the increase of x, a new
phase EuvO, emerges. The content of EuvO, phase rises
dramatically with the Eu*" concentration, it should be noted
that the phase of EuVO, exists even at a concentration as low as
0.5 mol%, which indicates that EuvO, is easy to be formed
independently rather than enter into the crystal lattice of matrix
material. The products are still named as CMV:xEu*" powders,
although in fact they are composed of CasMg,V¢0,, and EuvO,
phases.

A schematic of the crystal structure of CasMg,(VO,)e is pre-
sented in Fig. 3(a). In this vanadate garnet structure, Ca>* ions
are located in eightfold dodecahedral sites (i.e. a distorted cube
with D, symmetry). The Mg”" ions are in six fold octahedral
sites. The metal ion V°* (in isolated [VO,]*”) completely
occupies the fourfold Ty site.’”*® The crystal structure of Cas-
Mg, (VO,)s shows a distortion after leading 1% Eu®" into the
position of Ca®" as shown in Fig. 3(b). The detailed data are
summarized in Table 1. It is obvious that with the concentration
of Eu*" increasing, the lattice constant and unit cell expand
modestly, and once the value of x exceeding 10%, the lattice
begin to shrink slightly, indicating that the saturation of Eu** in
the CasMg,(VO,)e crystalline lattice.

SEM and EDS images of CMV:xEu®" (x = 0, 15 mol%) are
presented in Fig. 4. The grain size of sample with x = 0 is larger
than that of the one with x = 15 mol%. Comparing with pure
CMV, the grains of CMV:15 mol% Eu®" show tighter arrange-
ment and have more unclear particle edge. According to EDS
analysis, the homogeneous distribution of each elements can
be found, which illustrates that the two phases CMV and EuvO,
are combined together in the micro scale, distinguished from
samples mixed mechanically.

3.2 Luminescence properties of CMV:xEu®" samples

Fig. 5 exhibits PL emission and excitation spectra of typical
CMV:xEu®" samples. One can notice from Fig. 5(a) that the
emission spectra of CMV:xEu®" (x = 1.5-20 mol%) consists of
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Fig. 2 XRD patterns of CMV:xEu** with x = (a) 0, (b) 0.5 mol%, (c)
15 mol%.
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Fig. 3 Schematic view of crystal structure along c-direction for (a) CasMg4(VO4)s and (b) CasMg,(VO,)e with Eu®* replacing 1% Ca®*.

typical broadband emission and sharp peak emission while the
spectrum of pure CMV only has broadband emission. The
broadband emission of vanadate phosphors ranging from
400 nm to 800 nm with the maximum at 520 nm corresponds to
charge transition (CT)'*'” of [VO,]>". The sharp peak detected
at 617 nm corresponds to electric dipole transition (D, — “F,)
of Eu**, which indicates that Eu*" ions occupy non-inversion
symmetry sites in the crystal lattice. The spectra in Fig. 5(a)
were normalized according to the PL intensity at 520 nm. It can
be found that the relative intensity of the sharp emission peak
of Eu®" at 617 nm increases with the x value and reaches
a maximum point at x = 15%. The relative low intensity for the
sample with 20% Eu®*" may be attributed to concentration-
quenching effect.>**>

The excitation spectra of different Eu** concentration were
measured at two emission wavelength, 520 nm and 617 nm,
which were shown in Fig. 5(b) and (c) respectively. The excita-
tion spectra monitored at 520 nm are typical excitation peaks of
[VO,]*7, which show a light red-shift with Eu®*" concentration
increasing as shown in Fig. 5(b). The excitation peak of [VO4]*~
is asymmetric and can be decomposed into two Gaussian
components Ex; ("A; — 'Ty, 276 nm) and Ex, ('A; — 'T,, 314
nm) corresponding to the intrinsic transitions in VO, tetrahe-
dron**** as shown in the diagram of Fig. 6. The red-shift
observed in Fig. 5(b) is actually the change of relative intensity
between Ex, and Ex,, which reflects the structure modification
of CMV induced by small amount of Eu*" addition.

Table 1 Lattice constant and unit cell volume of CMV structure with
different concentrations of Eu®* (addition in the preparation process)

x a b c o, B, v (°) Vol

0 12.4630 12.4360 12.4360 90 1923.3
1.5% 12.4397 12.4397 12.4397 90 1925.0
2.0% 12.4399 12.4399 12.4399 90 1925.1
2.5% 12.4453 12.4453 12.4453 90 1927.6
10% 12.4524 12.4524 12.4524 90 1930.9
15% 12.4461 12.4461 12.4461 90 1928.0
20% 12.4430 12.4430 12.4430 90 1926.5

This journal is © The Royal Society of Chemistry 2019

The excitation spectra obtained at 617 nm (Fig. 5(c))
comprise both broad band between 220 nm and 350 nm and
typical sharp excitation peaks of Eu®*". Both Eu-O charge

Fig.4 SEMimagesof CMV:xEu®", (a) and (b) with x = 0 and (c) and (d) x
=15, and (e)-(h) EDS patterns based on (d).

RSC Adv., 2019, 9, 30045-30051 | 30047
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transfer band (CTB)** and V-O charge transfer are in the
wavelength range from 220 nm to 350 nm. The broad bands in
Fig. 5(c) show a blue-shift with x value which is resulted from
the enhancement of the component peak around 270 nm. The
excitation around 270 m can be both ascribed to Eu-O CTB and
Ex; of [VO4J’~ excitation. Based on the above discussion, we
deduced that the energy of Eu®*" emission at 617 nm mainly
come from the energy transfer between [VO,]>~ and Eu®" at low
Eu®' concentration, and with the raise of Eu*" concentration
both energy transfer from [VO,]’” to Eu®*" and Eu-O CTB
contribute to Eu*" emission at 617 nm.

No evidence of Eu** was found in all excitation and emission
spectra. In addition, all the samples were prepared in air. No
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reductive gas was used in the preparation process. Thus, it is
convinced that all the europium element exists in the form of
trivalent Eu** ions.

According to the above discussion, the emission process was
illustrated by diagram in Fig. 6. After absorbing a UV photon,
the electron of the tetrahedral [VO,]*~ group is excited from 'A,
state to *T , state. The energy of the excited electrons is partially
transferred to Eu®" ions, and emitted red light by the well-
known °D, — ’F, transitions of Eu®" ions. The residual energy
emitted yellow-green light by *T, , — 'A, transition of [VO,J*~
tetrahedra.

It has been found from Fig. 5(a) that the relative intensity
of 617 nm emission comparing with that of the 520 nm

Intensity(a.u.)

-2 88888¢%

1nmoﬁ(d)

5.0x10° Bxy

Intensity (a.u.)
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Anm
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X

Fig.5 (a) PL emission (normalized according to the PL intensity at 520 nm) and (b and c) excitation spectra of CMV:x mol% Eu®* with different x
value; (d) Gaussian peaks defined as Ex; and Ex.; (e) CIE coordinates of samples with different Eu>* concentration x (x = 0, 10%, 15%, 20%, 30%);

the inset of (e), the photograph of sheet containing CMV:15 mol% Eu®
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* under 310 nm light excitation.
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Fig. 7 PL spectra of CMV:15 mol% Eu®" at different temperatures
excited by 310 nm light. Inset is the photographs of the device with the
UV light on at different temperature.

emission varies with Eu®" concentration, so that luminous
color is dependent on Eu®" addition. In fact, the emission
color of the obtained phosphor can be tuned easily from
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yellow-green to white, and eventually to red by manipulating
the addition amount of Eu®" and the white light emission is
gained when x = 15%, which is shown in Fig. 5(e).

3.3 Temperature-dependent luminescent properties of
CMV:15 mol% Eu’*

In order to examine the trend of temperature-dependent
luminescent properties, we carried out a study on the PL
emission spectra of CMV:15 mol% Eu®* powder sample at
different temperature (from 300 to 480 K), which were
recorded in Fig. 7.

As shown in Fig. 7, the intensities of broadband emission
(at 520 nm) and sharp peak emission (at 617 nm) decrease
with temperature rising, and the reducing speed at 520 nm
is quicker comparing with that of 617 nm. The difference in
speed could be observed in Fig. 8(a), and the ratio (defined
as R) of I5, to Is;; changes linearly. The luminous color is
studied continuously by heating the material from 300 K to
480 K. Color changes can be observed visibly in the inset of
Fig. 7, presenting that luminous color could be tuned from
white to red via yellow. The CIE coordinates at different
temperature are on a line passing by the CIE coordinate
image as shown in Fig. 9. The white phosphor has a corre-
lated color temperature of 4964 K and CIE coordinates of
(0.3496, 0.3935).

Because of the temperature-dependent luminescent
property, the materials may be applied as temperature
sensing materials. The relative sensitivity Sy defined as the
relative change of R with respect to the variation of T is
obtained as follows>**#->°

1

9z
SR =Rx == 1
R ir (1)
where R is the ratio of I5,, and Is;; corresponding to different
temperatures (Fig. 8(a)). T is absolute temperature. Sy value
at different temperature was calculated using eqn (1) and
listed in Fig. 8(b). Fitting of these data is shown as solid
lines in Fig. 8(b). The calculated maximum value of Sy
equals to 1.83% K" at 455 K with an excitation wavelength
of 310 nm, which is a relatively high sensitivity compared
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Fig. 8 (a) Luminescence intensity variation with temperature elevating at 520 nm and 617 nm, and ratio (R) of /5, to /17, (b) the relative sensitivity
(Sr).
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Fig. 9 CIE coordinates under different temperatures (from 300 K to
480 K).

with previously reported optical temperature sensors such
as PB-NaYF;:Nd*' and B-NaYF,:Yb*'/Er**. The intrinsic
yellow-green luminescence of vanadates has been reported
in the previous work®*??. A white-light emission can be
realized in this work by introducing a common Eu®" into
a very low-cost CasMg,(VO,)e host. The obtained material
shows a luminescence temperature sensing property with
a high Sz. Comparing with the luminescence temperature
sensor such as GdVO,:Sm*" and Y,0;:Eu’" in the previous
literature *"°?, the prepared material reaches a similar Sg in
the absence of rare earth element in the host, which will
result in a significant cost reduction. Interestingly, the
temperature-dependent effect is limited below 293 K. The
intensity ratio (R) keeps almost a constant value when the
temperature is controlled under 0 °C, which is shown in
Fig. 10. The mechanism of this phenomenon remains to be
further studied.

300000+
—233K
250000+ — 253K
— —273K
3 2000004 . 01 — 293K
= % 012
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g g 0.11
50000

0 L] L) T L L)
400 450 500 550 600 650 700 750
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Fig. 10 PL spectra of CMV:15 mol% Eu®" at different temperatures
(under 0 °C) excited by 310 nm light. Inset is the ratio of Isyg to /g7 at
different temperature (under 0 °C).
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4. Conclusion

Eu-contained calcium magnesium vanadate (CMV:Eu®*) phos-
phors were prepared and the product is a mixture of CasMg,-
V60,4 and EuvO, with micro-homogeneity. The phosphor show
both a broad emission with an maximum at 520 nm coordi-
nating to CT of [VO,]>” and a sharp emission around 617 nm
ascribing to electric dipole transition (D, — “F,) of Eu*", and it
can be proved that the efficient energy transfer from [VO,]*~ to
Eu®" exists. The emission color of the product can be tuned
from yellow-green to red via white by both adjusting the Eu
concentration and the temperature. The intensities of sharp
emission at 617 nm first increase and then decrease with Eu**
concentration, and the maximum is reached at the value of
20 mol%. The white light emission is also realized at the value
of 15 mol%. The ratio between the intensities (R) of broad
emission around 520 nm and that of the sharp peak at 617 nm
changes linearly as the temperature rising from 295 K to 480 K.
The relative sensitivity reaches the maximal value at 455 K and
the maximal value equals to 1.83%, which promises a potential
application of CMV:Eu** phosphor as a luminescent tempera-
ture sensor.
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