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Tm3+, Yb3+ and Tm3+/Yb3+ doped LaVO4 nanostructures were synthesized for the first time by using the hydrothermal method with the aid
of La(CH3CO2)3 as lanthanum source in presence of oleic acid as

Vis diffuse reflectance spectroscopy. Besides, the effects of activator
concentration and sensitizer on the emission intensity were investigated. The PL spectrum revealed that the emission intensity decreases
with increase in the concentration of Tm3+, while adding Yb3+ as sensitizer causes the emission intensity to increase. The LaVO4: Tm3+/Yb3+
may possibly have potential application in enhancing the conversion
efficiency of dye-sensitized solar cells by increasing the absorption of
dyes.
2012 JNS All rights reserved

1. Introduction
Nanomaterials are of current interest owing to their

nescent materials have been the focus of many

unique properties and potential applications in catalysis, optoelectronic devices, and so on [1-9]. Lumines-

scientists due to their widely use in many different
fields, such as phosphor [11, 12], biomedical applica-

cent nanocrystals (NCs) that are soluble in organic
solvents and polymers attract a great deal of interest

tions [13] and laser host materials [14]. Also, the
luminescent materials are very useful for spectrum

since these materials can easily be processed via spincoating techniques to form a uniform film from an

modification through down shifting (DS), down
conversion (DC) and up conversion (UC) in order to

organic solution [10]. Rare-earth (RE) doped lumi-

solar spectra modification for the efficiency en-
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hancement of solar cells, because one major energy

create emission spectra. For increase the efficiency of

loss in solar cells is the thermalization of charge
carriers generated by the absorption of high energy

emission spectra, Yb3+ also was added as a sensitizer.
These nanocrystals provide the possibility to excite

photons or the spectral mismatch between the incident solar photon spectrum and the band gap of

most of the lanthanide ions via the charge-transfer
transition within the vanadate group, followed by

semiconductor [15-19]. For example the irreversible
electrochemical and thermal degradation of the dye or

energy transfer to the emissive Tm3+/Yb3+. The
characterization of the as-synthesized LaVO4 nano-

electrolyte components, originating from UV irradiation affects the chemical stability of Dye-Sensitized

crystals was performed by using X-ray diffraction
(XRD), scanning electron microscopy (SEM), trans-

Solar Cells (DSSCs) and the common strategy to
avoid the UV light is using a down conversion
material to absorb UV rays and down convert it to

mission electron microscopy (TEM), UV–Vis diffuse
reflectance spectroscopy analysis (UV–Vis) and
photoluminescence (PL) spectroscopy.

visible light, which is reabsorbed by dye in DSSCs
[20]. Lanthanide orthovanadates such as LaVO4 are a
significant rare earth luminescence family [21] due to
their unique electronic structure and the numerous

2. Experimental
2.1. Synthesis
The La(1-x)VO4: Tmx3+ (x= 0.005, 0.01, 0.02, 0.04)

transition modes involving the 4f shell of rare earth
ions [22]. Lanthanide orthovanadates generally

and La0.98VO4: Yb0.023+ and La0.8VO4: Tm0.013+/Yb0.193+
nanocrystals were synthesized using a hydrothermal

crystallize in two polymorphs, monoclinic (m-) and
tetragonal (t-). LaVO4 has a monazite structure at

procedure. In a typical experimental procedure, 5 ml
of oleic acid and 5 ml ethanol was added to a solution
of 0.3 g NaOH and 0.03 g NH4VO3 dissolved in 2.5 ml

ordinary pressures and a zircon structure at high
pressures [23]. m-LaVO4 is not a suitable host for
luminescent activators [24] but t-LaVO4 is expected
to have superior properties. Sometimes, the efficiency

DI water, while was stirring with vigorous magnetic
stirrer. Then, a solution of La(CH3CO2)3.x H2o and

that was observed or expected for photoluminescence

Tm(NO3).5H2O (1 mmol total) was slowly added to
the above solution at room temperature. After stirring

emission in spectra conversion was low in singly
doped media, because the direct excitation of the

for 30 min, the reactants were put into a 50 ml capacity teflon-lined autoclave. The autoclave was main-

lanthanide ions is a relatively inefficient process, due
to the forbidden character of the 4f transitions but it

tained at 140◦C for 4 h and then cooled down to room
temperature naturally. The NCs could be collected at

was quickly noticed that the mechanism could be
made 1-2 orders of magnitude more efficient by use

the bottom of the vessels, and washed with cyclohex-

3+

ane and absolute ethanol for several times and dried in

of ytterbium (Yb ) as a sensitizer ion in addition to
the active ion, namely, erbium, holmium, or thulium.

oven at 50◦C for 10 h. Similarly, LaVO4: Yb3+ were
synthesized using La(CH3CO2)3. xH2o, YbCl3.H2O

Energy transfer from a host material or other ion with
a higher absorption coefficient could lead to much

with a molar ratio of 0.98: 0.02 and Also, LaVO4:
Tm3+/Yb3+ were prepared by La(CH3CO2)3. xH2o,
YbCl3.H2O and Tm(NO3).5H2O with a molar ratio of

more efficient materials [25-27]. In this work, the
synthesis of lanthanide-doped LaVO4 nanocrystals by
3+

using the hydrothermal method is presented. Tm
was used as an activator ion in LaVO4 nanocrystals to

0.8: 0.19: 0.01.
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2.2. Characterization
X-ray diffraction (XRD) patterns were
recorded by a Philips-X’pertpro, X-ray diffrac-

maximum (2 0 0), K is the so-called shape factor,

tometer using Ni-filtered CuKα radiation at scan
range of 2θ (0-70). A LEO 1455VP scanning

XRD pattern of La(1-x)VO4: Tmx3+ with different x (x
= 0.005, 0.02) is similar to Fig. 1a, but increasing the

electron microscope (SEM) was used to investigate the morphology of the product. Transmis-

amount of Tm3+ to x= 0.04 mmol leads to traces of
tetragonal phase, which indicates that some of the

sion electron microscope (TEM) images and
high-resolution TEM (HRTEM) image were

Tm3+ ions crystallized as TmVO3 and they cannot
enter the lattice of LaVO4, as shown in Fig. 1b which

obtained on a JEM-2100 transmission electron
microscope with an accelerating voltage of 200
kV. Room temperature photoluminescence (PL)

is in accordance with JCPDS (32-0504) and (250899).

which usually takes the value of about 0.9, and λ is
the wavelength of X-ray source used in XRD. The

properties of the product were studied on a
Perkin-Elmer (LS 55) fluorescence spectrophotometer. The electronic spectra of the complexes
were taken on a Shimadzu Ultraviolet–visible
(UV–vis) scanning spectrometer (Model 2101
PC).
3. Results and discussion
X-ray powder diffraction (XRD) patterns of LaVO4
nanocrystals at room temperature are shown in Fig. 1.
Fig. 1a, 1b, 1c, and 1d as the patterns of La(1-x)VO4:
Tmx3+ (x= 0.01, 0.04), La0.98VO4: Yb0.023+ and
La0.8VO4: Yb0.193+/Tm0.013+ nanocrystals respectively.
The result indicate that the as-prepared La0.99VO4:
Tm0.013+, La0.98VO4: Yb0.023+ and La0.8VO4:
Tm0.013+/Yb0.193+ NCs (Fig. 1a, 1c, 1d) are well
crystallized and all of the peaks can be well fitted
with the tetragonal (t-) phase of LaVO4 with zircon
structure (JCPDS Fill No. 32-0504) and the space
group of I41/amd and lattice constants a = b = 7.49 Å
and c = 6.59 Å. Additionally, no other peak can be
found in the patterns, revealing that a pure phase tLaVO4 can be obtained. From XRD data, the crystallite diameter (Dc) of La0.99VO4: Tm0.013+ nanocrystals
were calculated to be 9-100 nm using the Scherer
equation; Dc = Kλ/βcosθ [28] where β is the width of
the observed diffraction line at its half intensity

Fig. 1. XRD patterns of: (a) La0.99VO4: Tm0.013+ (b)
La0.96VO4: Tm0.043+ (c) La0.98VO4: Yb0.023+and (d)
La0.8VO4: Tm0.013+/Yb0.193+ nanocrystal.
Also, the position of diffraction peaks move a slight
towards the higher angles and the unit cell parameter
is decreased since the ionic radius of Yb3+ is smaller
than that of Tm3+, therefore the crystallinity increased
[29], when we change the activator ion from Tm to
Yb element. The morphologies of LaVO4: Tm3+
nanocrystals are investigated by scanning electron
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m
microscopy
(SEM). SEM images of
o LaVO4: Tm3+
n
nanocrystals
are shown in Fig. 2.

3+
+
F 2. SEM images of LaVO
Fig.
L
4: Tm nanocrystals

F
From
the miicrograph, itt was observved that the aspprepared sam
mples mainlly composedd of sheet-like
m
morphology
with an averrage length and
a diameterr of

M (a, b, c) annd HRTEM (d) images of
o asFig. 3. TEM
3+
synthesized LaVO4: Tm nanosheetts.

770 and 10 nm, respecttively. Thesse nanocrysttals
w
with
irreguular shapes were easiily aggregaated
t
together.
Too further invvestigate thee details of the
morphology,, TEM imagees were taken and shownn in
m
F 3a, 3b and
Fig.
a 3c. The size
s of nanossheets are aboout
550-150 nm, almost connsistent withh that observved
f
from
SEM image. Thee HRTEM image of the
nnanocrystals is shown inn Fig. 3d, where
w
the latttice
f
fringe
is measured to bee 0.32 nm coorrespondingg to
tthe (2 0 0) lattice planne of tetragoonal LaVO4. It
c
could
be eassily inferred from this im
mage that theese
LaVO4: Tm
L
m3+ nanosheeets are singgle crystalliine,
u
uniform
struucture and free from defects in the
eexamined arrea. Fig. 4 iss the UV–V
Vis spectrum of
t as-synthhesized La0.999VO4: Tm0.0013+ nanosheeets
the
ddispersed in cyclohexanee.
Vis diffuse reeflectance speectra of sam
mple
The UV-V
sshow an abbsorption baand in UV region withh a
m
maximum
att 280 nm. Thhis absorptionn peak of VO
O43g
groups
is caused by a charge-trannsfer transitiion
f
from
the oxxygen legendds to the ceentral vanadiuum
a
atom
in the V-O
V bond [10].

Fig. 4. UV-Vis diffuuses reflecttance spectrra of
T 0.013+ nanoosheets.
La0.99VO4: Tm
3+
+
Also, the UV-Vis sppectra of LaVO
L
and
4: Yb

m3+/Yb3+ NC
Cs are simillar to La0.999VO4:
LaVO4: Tm
Tm0.013+. Thherefore, thee absorption
n spectrum is
i not
dependent on
o the type of activator or sensitizeer ion
and it is relaated to the hoost lattice off LaVO4 NCss. The
downconverrsion lumineescence of La
L (1-x)VO4: Tm
T x3+
(x= 0.005, 0.01, 0.02, 0.04) and La
L 0.98VO4: Ybb0.023+
and La0.8VO4: Tm0.013++/Yb0.193+ nanocrystals were
o the
investigatedd. The room temperature PL spectra of
3+
La(1-x)VO4: Tmx NCs recorded inn cyclohexan
ne are
F 5. Thesee La(1-x)VO4: Tmx3+ NCs can
shown in Fig.
emit spectrral peaks inn region 40
00-500 nm. The
downconverrsion emissioon bands centered at 4337 nm
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and 480 nm correspond to 1D2→ 3F4 and 1G4→ 3H6
3+

transitions of Tm ions, respectively. The PL
intensity of LaVO4: Tm3+ NCs as a function of the

according

to

Tm0.013+/Yb0.193+

Fig.

6,

co-doped

in

La0.8VO4:

nanocrystals.

activator ion concentration are shown in Fig. 6. It can
deduced that the relative emission of La(1-x)VO4:

but the emission intensity of La(1-x)VO4: Tmx3+ NCs
is decreased with increasing Tm3+ concentration.

Intensity (a.u.)

Tmx3+ NCs with lower Tm concentrations (x= 0.01
and 0.005) is much more intense and almost constant,

0.000
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0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

Tm contents (mmol)

Fig. 6 The PL intensity of LaVO4: Tm3+ NCs as a
function of the activator ion concentration.

Fig. 5. The emission spectra of La1-xVO4:Tmx3+: (a) x
= 0.005, (b) x = 0.01, (c) x = 0.02, (d) x = 0.04.
This behavior results from concentration quenching
of Tm3+. The excess of Tm3+ ions causes the self
interaction between adjoining Tm3+ ions and results
in lower transitions from 1G4 and 1D2 levels. Eventually, the emission intensities of 1G4→ 3H6 and 1D2→ 3F4
transitions are diminished [30]. The emission spectra
of La0.98VO4: Yb0.023+ nanocrystals are shown in Fig.
7.
This sample with Yb3+ as activator emits spectra peak
in region 700-800 nm, which can be ascribed to the
transition of Yb3+ energy level from 2F5/2→ 2F7/2. Yb3+
ion has a single excited state 2F5/2 above the ground
state 2F7/2, so it can emit photons at near infrared
(NIR). Generally, Yb3+ has been used as sensitizer ion
and according to the literature 17-20% Yb3+ is
optimal doping [31,32]. So we chose 19% doping of
Yb3+ and 1% Tm3+ as optimum value of Tm3+

Fig. 7. The emission spectra of La0.98VO4:
Yb0.023+ nanocrystals.
Fig. 8 shows, the emission bands of La0.8VO4:
Tm0.013+/Yb0.193+ nanocrystals centered at 434, 485,
510, 543 and 724 nm correspond to the 1D2→ 3F4,
1

G4→ 3H6, 1G4→ 3F4 and 3F3→ 3H6 transitions of
Tm3+ ions and NIR emission at 750 nm attributed to
the 2F5/2→ 2F7/2 transition of Yb3+. Therefore, Yb3+
ions act as a sensitizer and the efficient operative
energy transfer take place from Yb3+ ions to their

M. Zahedifar et al./ JNS 2 (2012) 131-138
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neighbor Tm3+ ions and also cause the active excited
state 1G4 and 3F3 of Tm3+. As can be seen, more
emission peaks are present in La0.8VO4:
Tm0.013+/Yb0.193+ nanocrystals and the emission peak
is intense comparing with LaVO4: Tm3+ and LaVO4:
Yb3+.

Fig. 9. The absorption spectra of a Ru phenanthroline
complex (Ru (dcphen)2) (NCS)2) [34].

4. Conclusion
In summary, LaVO4: Tm3+, Yb3+ and Tm3+/Yb3+
nanocrystals were successfully synthesized through a
Fig. 8. The emission spectra of La0.8VO4:
Tm0.013+/Yb0.193+ nanocrystals.
Fig. 9 shows the absorption spectra of a Ru
phenanthroline complex (Ru(dcphen)2) (NCS)2), as
photosensitizer in the dye-sensitized solar cells, with
a broad absorption band in region 400-700 nm [33].
Therefore, it may have potential to reabsorb the
emitted light by LaVO4: Tm3+/Yb3+ and regenerate
excitons and enhance the photovoltaic conversion of
dye solar cells.
In comparison with other methods, this process is
simple, low cost, scale-up route and uses nontoxic
precursor and solvent. Also for the first time, the
hydrothermal method was used to synthesis of
LaVO4: Tm3+ NCs. In this route, Yb3+ was utilized as
sensitizer for improvement of photoluminescence
properties and the effect of activator materials on the
photoluminescence characteristics was investigated.

hydrothermal method. As-synthesized nanocrystals
show LaVO4: Tm3+, Yb3+ and Tm3+/Yb3+ phase with
tetragonal structure without any other impurities. The
luminescent properties of LaVO4: Tm3+ has been
improved with decreasing the molar concentration of
Tm3+ ions. The PL measurements showed that
LaVO4: Tm3+/Yb3+ nanocrystals could emit much
more intense luminescence downconversion than
LaVO4: Tm3+ nanocrystals. Therefore, LaVO4:
Tm3+/Yb3+ nanocrystals can be potentially used as
downconversion material for enhancing the dyesensitized solar cell efficiency.
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