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Abstract

Samarium (Sm®*) and thulium (Tm3®") co-activated yttrium orthovanadatephosphate YVosPosOs: Sm®*, Tm3* powder
phosphors were synthesized by solution combustion method and were annealed at 900°C for 2 hours. The x-ray diffraction
patterns confirmed that the tetragonal structure of YV5Po504 was crystallized. The patterns consisted of peaks from YVOQOu
and YPO, suggesting that our product was an admixture of both compounds. The scanning and transmission electron
microscopy image showed an agglomeration of particles with different sizes and shapes. The UV-vis reflectance spectra
showed a broad absorption band extending from 200 — 550 nm associated with the O—V charge transfer transitions of
[VO4]*". The photoluminescence (PL) data of singly doped phosphors showed one blue emission peak at 477 nm (:G4— 3He)
and three emission peaks at 567 nm (6Gs;— ®Hsp2), 603 nm (8Gs,— ®Hz;2) and 650 nm (6Gs;z— ®Hgyp) corresponding to
transitions of Tm® and Sm® ions respectively. The PL data from the Sm3*- Tm3* co-doped systems demonstrated an
enhancement of visible emission of Tm®* by down-conversion process that involves energy capture by the host last and Sm®*
that was subsequently transferred to Tm3*. These materials are evaluated as possible candidates to improve the power
conversion efficiency of dye sensitized solar cells. Copyright © 2017 VBRI Press.
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the annealing temperature, this system can also crystallize
in a tetragonal structure and it is an excellent host for rare
earth ions. Various methods have been used before to
synthesize  multicomponent  structures of  yttrium

Introduction

Yttrium orthophosphate (YPO4) and orthovanadates
(YVOs) have been investigated for a long time because of
their interesting properties such as excellent thermal and orthovanadatephosphate [11 - 14]. In this work, solution

chemical stability among other things [1-3]. They are also combustion method was used to prepare samarium
excellent host lattices for rare earth ions to produce a (Sm*) and thulium (Tm®) co-activated yttrium

variety of light emitting materials with high luminescence orthovanadatephosphate  (YVosPosOx:  Sm®, Tm?)

quanFu_m yields and emi_ssion origin_ating fror_n_the = phosphor that can be used as down-converters in dye
transitions [4-7] and high absorption coefficients at sensitized solar cells (DSSCs). With the growing

pumping wavelengths. YVO, belongs to tetragonal requirements in global renewable energy, dye sensitized
crystal, and has similar structure as ZrSiOs. In this

structure, 4 oxygen atoms occupy every vanadium atom,
8 oxygen atoms occupy every yttrium atom and 8 oxygen
atoms form 2 distorted tetrahedron [8]. YPQ also belongs
to tetragonal system with zircon type structure, with
4 oxygen atoms occupying every phosphorus atom,
8 oxygen atoms occupying every yttrium atom, and
8 oxygen atoms forming two distorted tetrahedron [9].
Research has shown that the stability and high
temperature luminescent properties of YVO.or YPOs
can be improved by partial replacement of the
[VO.]* with [PO4]* ions (or [PO4]* with [VO4]*)to
form a multicomponent system called yttrium
orthovanadatephosphate (YV, PO4) [10]. Depending on
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solar cells (DSSC) have been widely studied as
alternatives for the generation of electricity from sunlight
due to their relatively high performance and simple
production process [14]. Recently, Zhao and his group
[16], have reported the conversion efficiency in DSSCs of
up to 48%. These solar cells can only absorb in the visible
region and other wavelengths like energy rich ultraviolet
radiation are wasted. Furthermore, the degradation of the
solar cell due to the incidence of UV radiation is an
important detrimental factor that reduces its efficiency
[17]. These drawbacks can be fixed by the coating with a
down-conversion or up-conversion phosphor material
layer that has the potential to enhance the efficiency of
DSSCs by converting ultraviolet or near infrared radiation
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to visible emission [18]. That is, coating DSSC with these
phosphor materials will increase their absorption range
and make them harvest more light and therefore improve
their power conversion efficiency [19]. However, we will
not report on the application of YVq5Pos04: Sm®*, Tm®*
in DSSCs.

Experimental

The starting materials: AR grade 99.99% yttrium nitrate
hexahydrate (Y(NO3)3.6H20), ammonium metavanadate
(NHsVO3), ammonium  phosphate  (NH4H2PO.),
urea  (CH4N20), samarium nitrate  hexahydrate
(Sm(NO3)3.6H20) and thulium nitrate hexahydrate
(Tm(NO3)3.6H20) where purchased from sigma Aldrich
and were used without further purification.

Samarium and/or thulium activated yttrium vanadate-
phosphate YVo5PosOa: x mol % Sm®* (x = 1, 2 and 3)
phosphors were synthesized by solution combustion
method using as a fuel. In a typical procedure,
stoichiometric amounts of yttrium nitrate
(Y(NO3)3.6H.0), ammonium metavanadate (NHsVO3),
ammonium phosphate (NHsH2PO4), Samarium nitrate
(Sm(NO3)3.6H20) and urea (CH4N20) were dissolved in
15 ml of deionized water in different glass beakers. The
mixtures were stirred on a magnetic hotplate at a
temperature of + 70°C until homogeneous solutions are
obtained. The solutions were then transferred into
different crucibles and subsequently transferred into a
muffle furnace preheated to a temperature of 600 + 10 °C.

As a result of exothermic reaction that took place, the
final products were fluffy ashes. The resulting combustion
ashes were then cooled down in air at room temperature
and were manually ground gently using pestle and mortar
to obtain a fine powder. The synthesized powders were
then annealed in air at 900°C for 2 hours. The same
procedure was used for the synthesis of thulium activated
yttrium vanadate-phosphate YVosPosOs: x mol % Tms*
(x = 1, 2 and 3) and samarium/thulium doubly doped
yttrium vanadate-phosphate YVos5Pos04: X mol % Sm®,
y mol % Tm?%*.

The XRD spectra were recorded using Siemens D5000
powder Diffractometer. The X-ray radiation used during
the measurement was a CuKo source (A= 1.5406 A).
Reflectance spectra were measured using UV-vis
spectrophotometer Lambda 950 (PerkinElmer). The
photoluminescence (both excitation and emission) data
were recorded using a Hitachi F700 fluorescence
spectrophotometer. The morphology and elemental
composition of the materials were obtained using Jeol
JSM-7800F field emission scanning electron microscope
(FE-SEM) fitted with Oxford Aztec 350 X-Max80
energy-dispersive X-ray spectroscopy (EDS) and a high-
resolution transmission electron microscope (HR-TEM)
JEOL JEM 2100.

Results and discussion

Fig. 1(a) shows the XRD patterns of YVqsPo504: Sm®*,
Tm3 powder phosphors annealed at 900°C for 2 hours.
The XRD spectra show diffraction peaks associated with
YVO, (JCPDS file no. 17 — 0341) and YPO4 (JCPSD file
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no. 11 — 0254) and this suggests that YVo5Pos04 is an
admixture of YVO4 and YPO. components.
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Fig. 1. (a). XRD patterns of YV;sPo504 host, singly doped YV,5Po504:
1 mol% Sm*, 1 mol% Tm?*" and co-doped 1 mol% Sm*; 0.5 mol %
Tm¥, (b). A plot of Bcos @against Sin 8 of YV,5Pgs0, (host).

Table 1. Estimated lattice strain and the crystallite sizes of YV5Po50s,
YVi5Pos04: 1 mol % Sm3+, YVo5Pos04: 1 mol % Tm* and YV5Po504:
1 mol % Sm**; 0.5 mol % Tm**

Sample D (nm) ]
YVo.5P0s04 4610 1.694x 107
YV,5P0504: 1 mol % Tm™ 6336 2.739x107%
YV5Py50, 1 mol % Sm™ 9570  4.645x 10

YVysPosOs 1 mol % Sm®; 0.5 mol % Tm®>"  73.81  3.759x 107>

Furthermore, the result indicates that the powder
phosphors were crystalline and the diffraction peaks were
broadened which is an indication that the average
crystallite size was small. The lattice strain and the
crystallite sizes were estimated from Williamson-Hall
formula:

Bcos@ = nsin 9+% @

where, D is the crystallite size, n is the lattice strain, 4 is
the wavelength of the X-ray radiation (1.5418A), f is the
full width at half maximum and @ is the diffraction angle
at the peak position. A plot of S cos & versus Sin 8 of un-
doped YVosPosO4 is presented in Fig. 1(b). The lattice
strain was estimated from the slope of the graph while the
crystallite size was estimated from the y-intercepts.
The estimated lattice strain and crystallite size of
un-doped YVosPosOs, and of either Sm**/Tm3* single
doped and Sm3*-Tm?* co-doped YV sPos0s are presented
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in Table 1. As evident from the table, the host has the
least crystallite size with less lattice strain while the
doped and doubly doped samples have larger size with
higher lattice strain. The increase in lattice strain is
assumed to be the result of difference in ionic radii of Y
and the dopants (i.e. Tm and Sm).

Fig. 2 shows the SEM image of YV(5P504: 3 mol %
Sm®*, 2.5 mol % Tm3" phosphor powder prepared by
solution combustion method before annealing (a) and
after annealing at 900 °C for 2 hours (b and c). The SEM
image of the un-annealed phosphor powder shows that the
powder is agglomerated with 3D structures of various
shapes orderly build on top of each other forming thick
sheets. On the other hand, annealed phosphor powder
consists of non-agglomerated 3D structures of various
shapes which includes among others, spheres, ovals and
cuboids.

Fig. 2. (a) Unannealed (b) and (c) annealed: SEM micrographs of
YVosPosOa: 3 mol % Sm3, 25 mol % Tm*. Low (d) and high
(e) magnification TEM images of YV,3sPgsO4: 3 mol % Sm®*, 0.25 mol
% Tm®. EDS spectra of YVq3sPosOs: 3 mol % Sm®, 2.5 mol % Tm®*
(f) annealed (g) annealed.

Furthermore, the particles have different sizes and are
less agglomerated. To further investigate the surface
morphology transmission electron microscopy (TEM)
was used. Fig. 2 (d) and (e) shows the energy dispersive
X-ray spectroscopy (EDS) spectrum of YV(5Po504: 3 mol
% Sm®*, 2.5 mol % Tm?®*. The spectra for both annealed
and un-annealed show the presence of major elements,
namely, Y, V, P, O, Sm and Tm. The atomic ratio of Y,
V, P, O, Sm and Tm is approximately 49:28:11:09:2. In
figure 2(f) there are some traces of carbon, which is not
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associated with our sample in this case, but it is assumed
to have come from the carbon tape used to mount the
sample. Fig. 2 (f and g) present the TEM images of
YVo5Pos04: 3 mol % Sm?*, 2.5 mol % Tm** phosphor
powder. The particles are agglomerated and they have
various sizes and shapes (Fig. 2(f)). Furthermore, it can
also be observed that resolved lattice fringes were formed,
confirming that the powder has high level of periodicity
and therefore highly crystalline. This is evident from
Fig. 2 (g) and this is consistent with the obtained XRD
results.

Fig. 3 presents the room temperature reflectance spectra
of YVg5Pos04: x mol % Sm®* (x = 1, 2, 3). The spectrum
in Fig. 3(a) displays a plateau of high reflection in the
wavelength range of 550-800 nm. The broad absorption
band ranging from 200-550 nm with maximum
absorption at ~ 300 nm was observed and it is attributed
to the O — V charge transfer transitions of [VO4]*" [20,
21]. According to the literature [21], V atoms occupy
three different sites V1, V2 and V3, all of which consists
of [V Q4] tetrahedral. Therefore, this absorption band must
come from the combination of O — V1, O — V2 and O —
V3  charge  transfer transitions [21, 22].
In Fig. 3(a), (b) and (c) respectively, a similar trend was
observed except for the additional small band at ~ 692
nm. This small band, which increases with the
concentration of Tm®*, corresponds to 3Hg— Fs transition
of Tm® [23]. The estimated band gaps as shown in figure
3 (d) range between 2.5 to 3.3 and 3.2 to 3.4 nm for
3 mol % Sm**; x mol % Tm3* and 1 mol % Tm?*; x mol %
Sme* respectively.
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Fig. 3. UV-vis reflectance spectra of (a) YVosPos04: x mol % Sm*, (b)
x mol % Tm®* | (c) 3 mol % Sm**; x mol % Tm®" and (e) 1 mol % Tm®;
x mol % Sm?®*. (d) Transformed Kubelka-Munk reflectance spectrum of
3 mol % Sm**; x mol % Tm®, and (f) 1 mol % Tm®*; x mol % Sm°®*.

Fig. 4(a) show the excitation spectra of YVsPo504: X
mol % Tm3* (x =0, 1, 2, 3) phosphors obtained by
monitoring the emission wavelength at 477 nm. The
excitation spectra show two strong broad bands in the UV
region. The band extending from 200 to 230 nm is
attributed to host absorption [13] while the one between
230 and 350 nm with the maximum at 280 nm is ascribed
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to Tm3* — O* charge transfer bands [11,24, 25]. Figure
4(b) show the emission spectra of YVqsPos504: X mol %
Tm® (x =0, 1, 2, 3). The emission spectra were recorded
when the phosphor powders were excited with a
wavelength of 280 nm. The spectra exhibit similar trend
with a broad band ranging from 400 to 550 nm and one
dominant blue peak at around 477 nm for Tm®" doped
samples. These bands are ascribed to host emission peak
and 1G4 — ®He transition of Tm?3* respectively. Figure 4(c)
shows the intensity of blue emission (*Gs — Hs) as a
function of Tm3* concentration. The peak intensity
decreased with increasing Tm3* molar concentration due
to concentration quenching effects [26]. The highest
emission was found when x = 1.
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Fig. 4. (a) Excitation and (b) Emission spectra of YV5Pos04: x mol %
Tm®* and (c) a plot showing the intensity as a function Tm®*
concentration.
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The excitation and emission spectra of YV(5P50a4: X
mol % Sm®* are shown in Fig. 5(a) and (b) respectively.
The excitation spectra were recorded when monitoring the
emission wavelength at 604 nm. The spectrum of the un-
doped sample shows a broad band extending from 200 to
230 nm. This band is attributed to host absorption. On the
other hand, the spectra for doped samples show a strong
broad band in the UV region extending from 200 to 350
nm with maximum at 275 nm. This band is due to Sm%*—
O%charge transfer band. The emission spectra measured
under the excitation wavelength of 275 nm show four
bands centered at 444, 566, 604 and 649 nm respectively.
The band located at 444 nm is due to the host while other
three bands are due to (5Gs;z — ®Hsy2), (6Gs;z — ®Hy12) and
(®Gs;z — ®Hgp) transitions of Sm®" respectively. The
emission intensity was found to increase with an increase
when concentration of Sm3* was increased from 1 to
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mol% and then decreased when the concentration was
3 mol% and this was probably due to concentration
quenching effects. Concentration quenching is caused by
an increase in the number of non-radiative transitions [27,
28].
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The room temperature photoluminescence excitation
spectra of YVo5Po504: 3 mol % Sm®*, x mol % Tm®* and
YVo5Pos0s: 1 mol % Tm3*, x mol % Sm3* (x = 0.5, 1.0,
1.5, 2.0 and 2.5) phosphors are shown in Fig. 6(a) and (c).
The excitation spectra were recorded when monitoring the
emission wavelength at 603 nm. A strong broad band
ranging from 200 to 350 nm with the maximum at 275 nm
was observed. This broad band is ascribed to charge
transfer band from oxygen ligands to central vanadium in
the [VO4]*". The emission spectra, shown in Fig. 6(b) and
(d), comprise of five bands. The broad band extending
from 400 to 650 nm originates from the host while the
sharp peak at wavelength 477 nm is due to (*Gs — 3Hs)
transition of Tm3* ions. The other three emission peaks
observed at 566 nm (*Gsz — ®Hsp), 603 nm (*Gsz —
H72) and 648 nm (*Gs; — SHgj2) are due to transitions of
Sm?* ions. Fig. 6 (e) and (f) show the relative emission
intensities of Tm® (*G, — 3Hg) and Sm3* (*Gs, — SH7p)
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as a function of molar concentration of Tm% and Sm3*
respectively. The increase in the molar concentration of
Tm3 did not make any noticeable change on the peak
shape or position, but there was a significant change on
the emission intensities. The emission intensity of Tm3*
was found to increase with an increase in the molar
concentration of Tm®*, while the emission intensity of
Sm* was found to decrease. Similar behavior was
observed with an increase in the molar concentration of
Sme*. Further increase in the molar concentration of Tm3*
or Sm® resulted in the decrease in the intensity of both
Tm3 and Sm®*. This phenomenon suggests that there is
energy transfer from Sm3* to Tm?®. Co-doping, in this
work, played a pivotal role in the enhancement of
luminescence intensity. Compared with singly doped
samples, doubly doped samples have the intensity of
almost three times higher. The simplified proposed
mechanism is shown in Fig. 6(g). The excitation
ultraviolet radiation is initially absorbed by the host to
promote electrons from Ay, the ground to T; (j = 2, 1),
the excited state of [VO4]**. Some of these excited
electrons undergo a non-radiative process to *T; and
eventually returning back to their ground state therefore
emitting light, while other electrons from 3T; transfer their
energy to the *Gp, levels, the excited state of Sm3*, which
in turn relaxed non-radiatively to “Fs and *Gsp with
subsequent emissions of Sm3*. On the other hand, other
electrons from %Gy, level of Sm®* transfer some of their
energy to 1D, level, the excited state of Tm3* followed by
non-radiative process to 'G, and finally producing blue
emission of Tm3*.

Conclusion

In conclusion, the multicomponent structures of samarium
and thulium co-activated yttrium orthovanadatephosphate
were successfully synthesized by solution combustion
method using urea as fuel. The XRD results indicated that
the prepared nanophosphors of both singly and doubly
doped GdVosPosO4: Sm®, Tm3* compounds have
tetragonal structure with the peaks intermediate between
that of pure YVO, and YPO. These results further
confirm that the prepared phosphor powder is a single-
phase crystal. SEM and TEM images showed that the
samples consisted of different sizes and shapes that
include spheres, ovals and cuboids. TEM further showed
well defined lattice fringes indicating that the samples are
well crystalline as confirmed by XRD results. The EDS
analysis showed that all the elements forming
YVo5Pos0s: Sm3*; Tm3* were present in the compound.
The UV-vis reflectance spectra had similar trend for all
the samples with a broad absorption band towards
ultraviolet region, except for Tm3* doped samples that
indicated small absorption signature at the wavelength of
~ 692 nm corresponding to 3Hs — 3F3 transition of Tms*.
The photoluminescence excitation for singly doped Tm®*
and Sm3* and co-doped Sm%; Tm3* showed a strong
broad band between 200 and 350 nm peaking at A = 280,
275 and 278 nm respectively. Tm3* and Sm®* singly
doped samples showed one emission peak at 476 nm (1G4
— 3Hg) and three other emission peaks at 566 (Gsp —
6Hs/z), 603 (6G5/2 — 6H7/2) and 650 nm (6G5/2 — 6Hg/z)
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corresponding to transitions of Tm®* and Sm3*. Both Tm?3*
and Sm®* emission peaks were observed for co-doped
samples. The PL results for co-doped phosphor indicated
that an increase in Tm*" molar concentration resulted in
the decrease in the emission intensity of Sm®* suggesting
that there is energy transfer from Sm3* to Tm3®". The UV
and photoluminescence results suggest that the prepared
phosphor powder might be a suitable candidate for
possible application in solar cells.
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