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a b s t r a c t

Nano-crystallite Lanthanum oxysulfide (La2O2S), a versatile compound with a wide range of applications,
has been synthesized by the Solid State, Hydrothermal, and a novel Furnace Combustion technique. The
last one limits the precursors, thus minimizing the resource usage, does not require passing of the H2S,
CS2, or any of the hazardous gasses during the reaction and is less time-consuming while providing the
maximum yield output. Thus, the novel Furnace Combustion method is marked for potential industrial
use. The comparative XRD analysis showed the highest phase purity of the samples created by the
Furnace Combustion technique, which was then employed for the synthesis of 1% Ln3þ:La2O2S (Ln ¼ Pr,
Eu, Tb, Dy, Er) samples. The crystallite size was estimated by the Scherrer equation. The EDAX spectra
proved the successful incorporation of doped elements. The samples showed absorption peaks in the UV
region attributed to the excitation into 4f5d for Pr3þ and Tb3þ, charge-transfer state for Eu3þ, host ab-
sorption for Dy3þ and 4f levels for Er3þ doped samples. The emission spectra showed 4f - 4f transitions
typical for the doped rare-earth ions. The bandgap energies are estimated by the Tauc plot. The 4.95 eV
band-gap of pristine La2O2S is significantly dropped by doping. The refractive index values slightly
increased by doping with rare-earth ions from 2.00 for the pure sample to ca. 2.20 for the doped samples.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The advancement in the field of nanotechnology and material
science has provided a thrust in the exploration of various com-
pounds and materials and has played an important role in opti-
mizing the functionality of the materials. This advancement has
worked as a catalyst especially in the area of luminescence which
has significantly increased the demand for rare-earth-doped opti-
cal materials owing to their wide range of applicability [1e5].
Photoluminescence occurs when the material absorbs at least one
photon and spontaneously emits another with a different energy,
the process depending upon the structure of phosphor materials,
surrounding environment and type of activators used [6e8]. Most
of the phosphor materials and activators are rare earth based
ac.in (K. Shah), aleksandar.
o.com (K.V.R. Murthy),
rty).
compounds or rare earth elements. There are seventeen rare earth
elements and they have similar chemical properties but differ in
physical properties due to their electronic structure. All have
unique optical properties. Their similar characteristics are due to
the same order of magnitude of Coulomb and spin-orbit in-
teractions. (Thus the intermediate coupling scheme applies). Be-
sides, they have partially filled 4f orbital surrounded by completely
filled 5s and 5p orbitals which makes the radial wave function of 4f
orbitals less extended then 5s and 5p orbitals [1].

The rare-earth compounds are intensively used in high-
performance luminescence and display devices such as solid-
state lighting, field emission diodes, in - vivo fluorescence imag-
ing, MRI imaging, UV-LED, LASER, etc. Their use especially in the
biotechnological field is because of the sharp inter-configurational
transition lines between 4f levels [2,9,10]. The rare-earth hosts
doped with another lanthanide ion are very efficient luminescent
materials due to their high thermal stability, low phonon energy,
and high rates of energy transfer. Rare-earth materials have played
an important role not only in optical technology but also in all high-
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tech industries such as petrochemical, ceramics, electronics, agri-
culture, lamps, laser, magnetic materials, metallurgy, biological,
pharmaceutical, etc [2,11,12]. Due to the wide range of applications
associated with the rare earth materials, they were the preferred
choice for this study.

The rare-earth oxysulfides are becoming more industrially
relevant. They are an excellent laboratory system for the systematic
investigation of rare-earth luminescence because virtually all rare-
earth doped activators exhibit high luminescent efficiency and have
the same crystallographic structure regardless of the ion size [13].
Lanthanumoxysulfide is uniaxial p3m crystal (hexagonal) andwide
indirect bandgap (4.6eVe4.8eV) semiconductor material [14,15].
This wide-bandgap enables to minimize the phonon emission,
giving a good ground for the efficient photoluminescence [16].
Lanthanum oxysulfide has high thermal as well as chemical sta-
bility, making it a potentially applicable material in scientific and
industrial field such as steel industry [17,18,21], as a catalyst [20,21],
in Ceramic industry [25], for lasing [22] and as electroluminescent
[23] and photoconductive material [24] e.g. Bi: La2O2S is used as
cathodoluminescent material [25]. The Eu3þ: La2O2S is used in
surface temperature imaging [30], as a non-contact optical tem-
perature sensor [26,27] and as a scintillator in optical fiber sensors
for detecting UV radiation in real-time [28]. Tb3þ: La2O2S is used as
an optical sensor for human skin temperature measurements [29]
and in X-ray imaging [30].

Lanthanum Oxysulfide has been synthesized by several
methods such as Solid State reaction (in which nitrate is firstly
converted into Oxalate and then Oxalate gets decomposed into
oxysulfide [31e33]), Sulfur e Carbonate flux method [34], Rose’s
mixture flux technique [35], by passing H2S gas at high temperature
[36e38], by sulfurization agent in molten alkali metal salts [39],
Catalyst technique [40,41], Gel thermolysis [42], by combustion
reaction with dithiooxamide as fuel [43], by a two-step method
involving combustion followed with Solid State technique [44], by
Solid State reaction with sulfurization flux (Na2CO3 and S powder)
[45], Precipitation method [46,47], by two step method involving
hydrothermal followed by solid state method [48], by passing N2/
H2 gas mixture [49], Solid State flux method [50], Reflux method
[51], Solid State reaction by passing H2S/N2 gas, Solid State reaction
by passing CS2/CO gas in material which is pre synthesized by hy-
drothermal method [52], by thermal decomposition in eutectic
molten salt [53], One step flux method [54] and finally, ethanol
assisted combustion technique [18,55].

In this paper, two studies have been discussed. The first one is a
comparative study of structural data from XRD studies of samples
synthesized by different synthesis techniques. Three different
techniques were used to synthesize Lanthanum oxysulfide namely,
solid-state reaction, hydrothermal reaction and furnace combus-
tion technique. Here the approach was to minimize the resources
used by limiting the number of precursors, avoid the use of H2S, CS2,
or any hazardous gases during the reaction, produce maximum
yield in less time thus expecting it to become an industrially
friendly technique. The analysis of the structural parameters from
XRD suggests that the furnace combustion technique was the best
technique for synthesis of the Lanthanum oxysulfide. In this tech-
nique, Lanthanum Nitrate Hexahydrate and Thiourea (an organo-
sulfur compound) were used as precursors with urea e ethanol as
fuel with no pre- or post-treatment. It produced high yield for a
brief production time of only 20 min. This technique is briefly
described in the experimental as well as in result and analysis
sections. It differs from the previously used ethanol combustion
technique. In the previous method, thioacetamide was used as a
precursor, and pre- or post-treatment was required for completing
the process.
The second study covers the analysis of the morphology, optical
and photoluminescence properties of various Lanthanide ions
doped in La2O2S. The five samples 1%Pr3þ: La2O2S, 1%Eu3þ: La2O2S,
1%Tb3þ: La2O2S, 1%Dy3þ: La2O2S, and 1%Er3þ: La2O2S were syn-
thesized by furnace combustion technique. According to our
knowledge, we are the first to report this kind of industrial friendly,
furnace combustion technique for the synthesis of Lanthanum
oxysulfide.

2. Experimental procedure

Firstly, three techniques namely, solid-state technique, hydro-
thermal technique, and Furnace combustion technique were used
to synthesize the pristine Lanthanum oxysulfide. Two samples
were synthesized by the Solid State Technique. The precursors for
the first sample were Lanthanum nitrate hexahydrate (La
(NO3)3$6H2O) and thiourea (NH2CSNH2). The mixture of these
materials was put in the crucible and kept in the furnace at 1000 �C
for 8 h. For the second sample, same precursors were used with the
addition of sulfur powder used as a flux. The mixture was kept in
the furnace for 8 h at 1000 �C. After the reaction, both the samples
were allowed to cool down naturally. Both samples were in the
form of porous layers, which were crushed into fine powder form
by using a mortar pestle.

Two samples were synthesized by the hydrothermal technique.
The precursors for the first sample were Lanthanum nitrate hexa-
hydrate (La(NO3)3$6H2O) and thiourea (NH2CSNH2). They were
dissolved in 100 ml distilled water, stirred for 5 min and then
transferred in an autoclave maintained at 250 �C and kept for 24 h.
The same precursors were used for the second sample but with
added flux (sulfur powder). The method followed was the same.
Products were filtered and washed by deionized water and dried at
150 �C for 2 h in oven. Mortar pestle was used to turn the products
into fine powder.

Two samples were synthesized by Furnace combustion tech-
nique. The precursors for the first sample were Lanthanum nitrate
hexahydrate (La(NO3)3$6H2O) and thiourea (NH2CSNH2) along
with 2 g m of Urea as fuel, 5 ml of ethanol and 10 ml of deionized
water. They weremixed to form a solution, poured in a crucible and
heated in the furnace till combustion began. The same precursors
were used for the second sample with addition of flux (sulfur
powder). Same method was followed. The combustion started on a
full scale in about 20 min at the temperature of 490 �C. Massive
amount of fumes were released in either cases. Products were
allowed to cool down naturally in the furnace. After 24 h, the ob-
tained samples were crushed into fine powder form by using a
mortar e pestle. A higher yield was obtained in this case.

XRD technique was used for the structural characterization of
the six samples. UV e Visible technique was used for the optical
characterization of only one sample synthesized by the furnace
combustion method without flux.

The XRD characterization of both samples synthesized by
Furnace combustion technique (with and without flux) showed
better results. With these results, it was clear that the samples
synthesized by Furnace combustion technique with and without
flux have better structural properties. However, the sample syn-
thesized using sulfur as flux would have environmental conse-
quences. Hence, it was decided to use the method without the use
of flux to synthesize the five rare earth elements doped Lanthanum
oxysulfide. All the samples were synthesized at 1% doping ratio to
the host. They are 1% Pr3þ: La2O2S, 1% Eu3þ: La2O2S, 1% Tb3þ:
La2O2S, 1% Dy3þ: La2O2S and 1% Er3þ: La2O2S. All dopant ions were
in the form of their Nitrate Hexahydrates with 99.9% purity, pro-
cured from reputed commercial vendors.

As an illustration, for the synthesis of 1% Pr3þ: La2O2S,
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stoichiometric amounts of Praseodymium nitrate hexahydrate
(Pr(NO3)3$6H2O), Lanthanum nitrate hexahydrate (La(N-
O3)3$6H2O) and thiourea (NH2CSNH2) were taken along with 2 g m
of Urea as fuel, 5 ml ethanol and 10ml deionized water. The process
followed has been already described above. Similar procedure was
used for the synthesis of 1% Eu3þ: La2O2S, 1% Tb3þ: La2O2S, 1% Dy3þ:
La2O2S, and 1% Er3þ: La2O2S.

The XRD, UVe Visible, EDAX& Photoluminescence studies were
carried out for all these doped samples to analyze their structural,
morphological, optical & photoluminescence properties.
3. Results and analysis

3.1. Structural and morphological analysis

A Bruker X-ray diffractometer was used for the study of phase
and structural characterization of the samples. The Cu Ka radiation
of 1.54 A� was used for a scanning interval between 5� and 75�.

Fig. 1 shows the XRD pattern of the six samples of undoped
La2O2S synthesized by the three techniques mentioned above, with
and without flux. The structural parameters obtained from the XRD
pattern are given in Table 1. It is clear from the table that the solid-
state and hydrothermal techniques with and without flux does not
give single-phase La2O2S.

In solid-state techniquewith and without flux, the synthesized
phase was bis Oxolanthanum Sulfate. The peaks match with ICDD/
JCPDS file no. 85-1535 with a space group of monoclinic lattice.

In the hydrothermal technique without flux, the phase corre-
sponds to Lanthanum Hydroxide Sulfate. All Peaks match with
JCPDS file no. 73-5330. The hydroxide phase gets removed with the
addition of flux in precursors and the phase is again stabilized as bis
Oxolanthanum Sulfate.
Fig. 1. XRD of undoped La2O2S.
In the furnace combustion technique with and without flux,
the XRD pattern makes it clear that it is a single phase hexagonal
lattice and a highly crystalline structure. All peaks match with
JCPDS file no. 75-1930 for the sample without flux and with JCPDS
file no. 71-2098 for the sample with flux. The highest intensity
peaks in both these cases were observed at a 2q value of 28.90�

corresponding to hkl plane (1 0 1). The lattice parameters from
ICDD file number 75-1930 for the samplewithout flux are a (A�)¼ b
(A�)¼ 4.0344& c (A�)¼ 6.9016. For the samplewith flux, the lattice
parameters as per ICDD file number 71-2098 are a (A�) ¼ b
(A�) ¼ 4.0313 & c (A�) ¼ 6.9097. The numbers of peaks for the
sample with flux are less in comparison to the number of peaks for
the sample without flux. Peak broadening is also observed in the
sample with flux. This makes the furnace combustion technique
with and without flux, a more appropriate technique for the syn-
thesis of a hexagonal lattice of Lanthanum Oxysulfide. However,
looking to the fact that the sample with flux needs sulfur for the
purpose of synthesis, it was thought to be appropriate to use the
furnace combustion technique without flux for synthesis of the
samples to be studied. It would also limit the needed resources.

Fig. 2 shows the XRD patterns of doped La2O2S samples in
comparisonwith the XRD pattern of pristine La2O2S, with apparent
variation of peaks. The number of peaks increased compared to
pristine La2O2S, and the XRD also detected the incorporated rare-
earth ions in the host. The peaks of all doped La2O2S materials
were the same. Almost all peaks of doped La2O2S showed larger
broadening than the broadening of peaks of the pristine La2O2S.
The first peak at 2q value of 12.104� was matched with ICDD card
number 27-0263, the four peaks at 2q values of 28.35�, 36.20�,
39.72� , and 52.25� were matched with ICDD card number 75-1930,
three peaks at 2q values of 27.54�, 48.93� & 55.43� were matched
with ICDD card number 75-1954 and one peak at 2q value of 47.31�

wasmatchedwith ICDD card number 71-2098. All these cards were
of the single hexagonal lattice. The highest peak at 2q value of
28�35’ with the hkl plane (1 0 1) was the same as compared with
the highest intensity peak of pristine La2O2S. Table 2 presents the
structural data of 1% Ln3þ: La2O2S, as extracted from the XRD and
compared with pristine La2O2S. From the table it may be concluded
that the crystallite size and volume of the unit cell decrease in
comparison to the pristine sample. The atomic radius decreases in
the order La > Pr > Eu > Tb > Dy > Er, i.e. all rare-earth dopant
elements have an ionic radius less than the host element
Lanthanum, the reason behind the decrease in crystallite size and
volume of the unit cell and the peaks shifting in XRD. If dopant size
is smaller than the base metal, it occupies the interstitial position
leading to change in the lattice structure. The d spacing between
the atoms shrunk, resulting in increase of the peaks at larger angles,
as is evident from Fig. 2. For the calculation of lattice parameters, all
peaks were compared with standard hkl values. The values of lat-
tice parameters were calculated from the peaks. They are: a (A�)¼ b
(A�) ¼ 3.73 and c (A�) ¼ 7.40. Fig. 3 displays the EDAX Spectrum of
La2O2S and 1% Ln3þ: La2O2S samples. The spectra showed traces of
all lanthanide ions doped into the Lanthanum oxysulfide and also
identified the elemental composition of the material. Table 3 shows
the data extracted from the EDAX spectrum with an atomic per-
centage of composition and Table 4 gives the data with weight
percentage, proving that the composition of every 1% Ln3þ: La2O2S
sample is of high purity. The results clearly indicate that the
incorporation of dopant is substitutional in nature.

3.2. UV e visible analysis

Shimadzu make UV-Visible Spectrometer was used for charac-
terization of pristine La2O2S as well as five dopant samples of 1%
Ln3þ: La2O2S. Fig. 4 shows the absorbance characteristics of pristine



Table 1
Structural data from the XRD spectra of three different synthesis roots.

Synthesis Methods Phase Name with space group ICDD Avg. Crystallite Size (nm) Density (g/cm3) Volume (A�3)

Solid State
Without Flux La2O6S(15:C12/C1) 085-1535 52.21 5.466

Oxolanthanum sulfate
493.21

With flux 1% La2O6S(15:C12/C1) 085-1535 68.38 5.532
Oxolanthanum sulfate

487.34

Hydrothermal
Without flux La(OH)SO4(14:P121/n1) 073-5330 84.87 4.37

Lanthanum hydroxide sulfate
484.33

1%flux La2O6S(15:C12/C1) 085-1535 74.58 5.56
Oxolanthanum sulfate

382.36

Furnace combustion
Without flux La2O2S(164:P-3m1) 075-1930 31.9 5.83

Lanthanum oxysulfide
97.28

1%flux La2O2S(164:P-3m1) 071-2098 30.7 5.83
Lanthanum oxysulfide

97.25

Fig. 2. XRD pattern of pristine La2O2S and 1%Ln3þ: La2O2S.
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La2O2S and the corresponding Tauc plot. Fig. 5 presents the absor-
bance graph of the other five 1% Ln3þ: La2O2S samples. A 0.05 M
aqueous solution was used for UV e Visible analysis. Fig. 6 shows
the Tauc plot for the optical band gap of all five samples of 1% Ln3þ:
La2O2S.

Table 5 gives the data of the wavelength at which maximum
absorbance occurs, optical bandgap and refractive index according
to the standard procedures mentioned elsewhere [56,57]. The
molar extinction coefficient was calculated using Beer e Lambert
law. There is a significant difference of absorbance peak positions
Table 2
Structural data of 1%Ln3þ: La2O2S extracted from the XRD spectra.

Materials Phase Name JCPDS no.

La2O2S 164:P-3m1 75e1930
Ln3þ: La2O2S
Ln3þ ¼ Pr3þ, Eu3þ

Tb3þ, Dy3þ, Er3þ

164:P-3m1 75-1930, 75-1954, 27-0263, 7
between La2O2S and 1% Ln3þ: La2O2S. The possible reason for this
significant difference can be explained by the fact that there is
absorption between 2p orbital of O�2 and 4f orbital of Ln3þ [19,40].

For the optical band calculation, Tauc plot has been used, which
is based on the relation [56]:

ahn ¼ K1ðhn � EgÞn (1)

Eq. (1) (the Tauc equation) gives the relation between absorp-
tion coefficient a and the optical energy band gap Eg. The graph
plotted between (ahn)1/n / (hn) gives the band gap value. Here
n ¼ 2 is taken for the allowed indirect electronic transition. The
estimated bandgap of pristine La2O2S is 4.96 eV and decreases for
1% Ln3þ: La2O2S. The optical band gap is 3.73 eV for 1% Pr3þ: La2O2S,
3.77 eV for 1% Eu3þ: La2O2S, 3.83 eV for 1% Tb3þ: La2O2S, 3.82 eV for
1% Dy3þ: La2O2S, and 3.70 eV for 1% Er3þ: La2O2S. The decrease in
optical band gap values can be attributed to an overlapping of wave
functions of electrons bounded to the Ln3þ, causing formation of an
energy band rather than discrete energy levels.

The refractive index ɳwas calculated from the equation given by
V. Kumar and J. K. Singh [57].

h¼ K Ecg (2)

where K ¼ 3.3668 and C ¼ �0.32234 are constants and Eg is the
optical band gap.

The refractive index ƞ is 2.00 for La2O2S and varies between 2.18
and 2.20 for 1% Ln3þ: La2O2S samples.

The term molar extinction coefficient is a measure of how
strongly a chemical substance absorbs light at a particular wave-
length. It is an intrinsic property of a material that depends upon
the composition and structure of a material. The molar extinction
coefficient is calculated from the BeereLambert law, given by the
equation

ε¼ A
LC

(3)
Avg. Crystallite Size
(nm)

Volume
(A�3)

31.9 97.28
1-2098 13.2, 19.5, 22.10, 18.2, 16.9, (Pr3þ, Eu3þ

Tb3þ, Dy3þ, Er3þ)
84.33



Fig. 3. EDAX spectrum of (a) La2O2S (b) 1%Pr3þ: La2O2S (c) 1%Eu3þ: La2O2S (d) 1%Tb3þ: La2O2S (e) 1%Dy3þ: La2O2S (f) 1%Er3þ: La2O2S.

Table 3
EDAX data of 1%Ln3þ: La2O2S from the spectrum with Atomic percentage.

Compound Elements (Atomic %)

La S O Pr Eu Tb Dy Er

La2O2S: Pr3þ 45.87 2.30 49.28 2.55 e e e e

La2O2S: Eu3þ 40.36 1.19 55.17 e 3.28 e e e

La2O2S: Tb3þ 37.32 1.05 60.63 e e 1.01 e e

La2O2S: Dy3þ 44.54 1.35 52.04 e e e 2.08 e

La2O2S: Er3þ 34.32 3.27 61.96 e e e e 0.34

Table 4
EDAX data of 1%Ln3þ: La2O2S with a weight percentage.

Compound Elements (Weight %)

La S O Pr Eu Tb Dy Er

La2O2S: Pr3þ 83.91 0.97 10.39 4.73 e e e e

La2O2S: Eu3þ 79.79 0.54 12.56 e 7.10 e e e

La2O2S: Tb3þ 81.67 0.53 15.28 e e 2.52 e e

La2O2S: Dy3þ 83.61 0.58 11.25 e e e 4.56 e

La2O2S: Er3þ 80.56 1.77 16.70 e e e e 0.97
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Here A is the amount of light absorbed by the sample for a
particular wavelength. L is the distance which the light travels
through the solution and C is the concentration of the absorbing
species per unit volume.
3.3. Photoluminescence analysis

The Photoluminescence excitation and emission spectra were
recorded on a Shimadzu make Spectrophotofluorometer.



Fig. 4. UV-Visible and Tauc Plot of pristine La2O2S.

Fig. 5. UV-Visible graph of 1%Ln3þ: La2O2S.

Fig. 6. Tauc plot of Ln3þ: La2O2S.
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Fig. 7a shows the spectra of Pr3þ: La2O2S. The 4f2 configuration
of Pr3þ has 13 energy levels observed in absorption or fluorescence
spectra or in both [61]. The excitation spectra was recorded at the
emission wavelength lemi ¼ 500 nm. The 4f5d transition in Pr3þ:
La2O2S was responsible for the excitation band with maximum at
282 nm [49,58,59]. The ground state of Pr3þ at 3H4 and 1S0 is the
highest energy level at 48800 cm�1. The 4f5d transitions were
observed at approximately 35460 cm�1, lower than the highest
excitation energy level of Pr3þ. PL emission spectra were recorded
at an excitationwavelength of lexc ¼ 282 nm. The most intense and
sharp peak is observed at 512 nm, and the second in intensity at
498 nm. The transition from energy level 3P0 (20474.93 cm�1) to
ground energy level 3H4 (0 cm�1), 3P0 / 3H4 is responsible for
peaks at 498 nm and at 512 nm [61]. The other two weak peaks at
541 nm and 554 nm are due to the transition 3P0 (20474.93 cm�1)
/ 3H5 (2222 cm�1).

From Fig. 7b of Eu3þ: La2O2S, PL excitation peak is observed at
283 nm by monitoring the emission lemi ¼ 580 nm. The CT (charge
transfer) transition is accountable for PL excitation spectra of Eu3þ:
La2O2S in which transition between 2p orbital of O2� and 4f orbital
of Eu3þ (which is at 35460 cm�1) occurs [19,40]. The emission
spectra is recorded by irradiation lexc ¼ 283 nm. There are five
emission peaks at 581 nm, 587 nm, 596 nm, 616 nm and 626 nm,
due to 4f-4f transitions. The transition 5D0 (17267 cm�1) / 7F0
(0 cm�1, ground level) was responsible for the emission at a
wavelength of 581 nm; the peaks at 587 nm, and 596 nm due to
5D0/

7F1 (355 cm�1). The emission peaks at 616 nm and 626 nm are
due the transition 5D0 /7F2 (1022 cm�1) [61].

From Fig. 7c for the PL of Tb3þ: La2O2S, the maximum excitation
was observed at awavelength of 274 nm, by observing the emission
at lemi¼ 540 nm. The 4f5d transition in Tb3þ: La2O2S is accountable
for the excitation spectra [35,49]. Under the excitation of 274 nm,
three emission peaks were observed. The transition 5D4
(20462.60 cm�1) /7F6 (0 cm�1, ground level) was responsible for
emission peak at 487 nm. The transition 5D4/

7F5 (2043.26 cm�1)
is responsible for a highest peak at 543 nm, and the peak at 590 nm
is due to 5D4/

7F4 (3266.42 cm�1) [61].
In Fig. 7d of Dy3þ: La2O2S, the excitation was recorded at an

emission wavelength of 540 nm. The excitation spectra has
maximum at 228 nm. The host absorption is accountable for exci-
tation in 1% Dy3þ: La2O2S [58e60]. Under the excitation at 228 nm,
six emission peaks appeared at 450 nm, 458 nm, 487 nm, 512 nm,
544 nm and 575 nm. The highest intensity peak is at 575 nm due to
the 4F9/2 (21097 cm�1) / 6H13/2 (3556 cm�1) transition. The tran-
sition from 4I15/2 (22247 cm�1)/ 6H13/2 is responsible for the peak
at a wavelength of 544 nm, which is less intense. The two weak
peaks observed at 450 nm and 458 nm are due to the transition 4I15/
2 /

6H15/2 (0 cm�1, ground level). The second most intense peak is
spotted at 487 nm due to the transition 4F9/2 / 6H15/2. The tran-
sition 4G11/2 (23215 cm�1) / 6H13/2 is responsible for a peak at
512 nm [61].

Er3þ: La2O2S, PL excitation spectrum (Fig. 7e) was monitored at
an emission wavelength of lemi ¼ 550 nm. Three excitation peaks
were recorded at 259 nm, 368 nm and 380 nm. Here the 4f-4f
transitions are responsible for the excitation spectra. Two weak
excitation peaks are observed at 259 nm due to 4I15/2 (0 cm�1,
ground energy level) / 4D11/2 (39000 cm�1) and at 368 nm due to
4I15/2/ 4G9/2 (27412 cm�1). The highest excitation peak is observed



Table 5
UV/VIS data of host La2O2S as well as 1%Ln3þ: La2O2S.

Compounds l max

(nm)

Band Gap (eV) Refractive index h ℇl
Molar decadic extinction coefficient
mol�1 cm�1

La2O2S 208 4.95 2.00 20
La2O2S: Pr3þ 311 3.73 2.20 21
La2O2S: Eu3þ 313 3.77 2.19 31
La2O2S: Tb3þ 307 3.83 2.18 32
La2O2S: Dy3þ 313 3.82 2.20 27
La2O2S: Er3þ 311 3.70 2.20 20

Fig. 7. (a): Emission and excitation graph of 1%Pr3þ: La2O2S. (b): Emission and excitation graph of 1%Eu3þ: La2O2S. (c): Emission and excitation graph of 1%Tb3þ: La2O2S. (d):
Emission and excitation graph of 1%Dy3þ: La2O2S. 7(e): Emission and excitation graph of 1%Er3þ: La2O2S.

K. Shah et al. / Journal of Alloys and Compounds 851 (2021) 156725 7



K. Shah et al. / Journal of Alloys and Compounds 851 (2021) 1567258
at 380 nm due to the transition 4I15/2 / 4G11/2 (26368 cm�1) [60].
PL emission spectrumwas recorded at the excitationwavelength of
380 nm. Four peaks were observed in the visible region. The first
peak is observed at 512 nm due to the transition 4G11/2 / 4I13/2
(6480 cm�1). The second peak at 522 nm is due to the 2H11/2
(19087 cm�1)/ 4I15/2 transition. The third peak, which is the most
intense peak observed at a wavelength of 550 nm and the fourth
peak at 559 nm are due to the transition 4S13/2 (18353 cm�1)/ 4I15/
2.

4. Conclusion

From the comparative study of structural data from the XRD
spectra of three synthesis techniques for the preparation of
Lanthanum oxysulfide, the furnace combustion technique was
found to be the best technique. It has the potential to become an
industrially friendly technique as it requires less time for synthesis,
has minimum number of precursors and data from XRD suggests
that a pure hexagonal phase can be synthesized by this technique.
The five samples of 1% Ln3þ: La2O2S synthesized by using the
furnace combustion technique and matched with ICDD files
confirmed the hexagonal lattice formation for all the samples. The
undoped La2O2S was found to have a bandgap of 4.96 eV which
significantly decreased for the doped samples. From the study of PL
excitation spectrum, it is suggested that 4f-5d transition was
responsible for excitations of 1%Pr3þ: La2O2S and 1%Tb3þ: La2O2S,
while CT transition was accountable for excitation in 1%Eu3þ:
La2O2S. The host absorptionwas responsible in 1%Dy3þ: La2O2S and
4f-4f transition was accountable for excitation in 1%Er3þ: La2O2S.
The PL emission of all 1%Ln3þ: La2O2S were found to be highly
intense and in the visible region. The emission of 1%Er3þ: La2O2S
was recorded for the first time in the visible range of the spectrum.
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Upconversion photoluminescence of sub-micron lanthanum oxysulfide 
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A B S T R A C T   

Upconversion sub-micron particles are one of the most perspective materials due to their wide application range, 
the most important being in the bio-medicinal field where they can be used for labeling, sensing, treatment or 
drug delivery. Chemically stable upconversion sub-micron particles of La2O2S co-doped with Yb3+/Ho3+ and 
Yb3+/Tm3+ were synthesized and characterized. Different concentrations of Yb3+/Ho3+ and Yb3+/Tm3+ were 
successfully incorporated into the hexagonal crystal structure of lanthanum oxysulfide using the optimized so-
lution combustion synthesis method with urea as a fuel. Sub-micron particles of less than 50 nm in diameter 
showed the typical upconversion photoluminescence when exited by 980 nm laser. The highest PL intensities 
were obtained in La2O2S co-doped with 8 wt% Yb and 1.5 wt% Ho, or in case of La2O2S:Yb3+/Tm3+ with 4 wt% 
Yb and 0.5 wt% Tm. 

The CIE 1976 chromaticity coordinates of Ho3+ photoluminescence emission are (0.119, 0.581), with color 
purity of 98.7 %. The chromaticity of upconversion emission was invariant to doping concentrations.   

1. Introduction 

The main feature of upconversion materials is the absorption of low 
energy photons with the resulting emission of higher energy photons. 
Although the upconversion materials have many applications, e.g. by 
enhancing the solar cell efficiency [1], due to the fact that the excitation 
often lies within the biological transparency windows [2] they have 
found their way into multiple biological and medicinal usages, given 
that the particle size is adequately small to cause no unwanted distur-
bance to the living cells. The sub-micron particles have received 
considerable attention in recent years, due to their broad range of po-
tential applications: as thermometers [3–5], for biological labeling and 
imaging [6], cancer treatment or drug delivery and therapy [7,8]. 

In order to be applicable in the sensitive bio-medicinal field, the sub- 
micron particles must possess several properties, out of which the most 
crucial are: (i) the low cytotoxicity, (ii) emission or excitation in the 
biologically transparent windows, (iii) high efficiency. Cytotoxicity is 
possibly the most important criteria in the selection of sub-micron par-
ticles for bio-medicinal applications, and it is the main advantage of sub- 

micron particles over the heavy metal quantum dots [6]. The biological 
transparency of emission and excitation is extremely important in order 
for the excitation light to deeply penetrate into the tissue and for 
ensuring adequate detection. The three biological transparency win-
dows lie in ranges of 650–950 nm, 1000–1350 nm, and 1550–1850 nm 
[2]. The most famous are the Yb3+ co-doped sub-micron particles due to 
the efficient Yb3+ absorption [9] in the first biological window (see Fig4 
in Ref. [10]). Er3+, Ho3+, and Tm3+ have the 2S+1LJ levels of the 4f 
configurations at energies that are very close to the energy of the 2F5/2 
excited level of Yb3+. Thus, the sensitization of these trivalent lantha-
nides is very efficient by the energy transfer upconversion process (ETU) 
[11], with the subsequent emission from the co-doped pair. Ho3+ and 
Tm3+ have strong emissions in the first biological window, thus the 
Yb3+/Ho3+ and Yb3+/Tm3+ co-doped sub-micron particles are excellent 
materials for biological and medicinal applications. Also, they are 
promising probes for luminescence thermometry applications [12]. As 
the upconversion mechanism inherently has a low efficiency [13], it is 
crucial for the host matrix to have low phonon energy and to minimize 
the non-radiative depopulation of the emitting levels [14]. Fluorides are 
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recognized as the most efficient sub-micron hosts [3,15], however, their 
low chemical stability and cytotoxicity greatly limit their usage in vivo 
and for large scale industrial applications [16]. Alternately, the stable 
oxide materials can be used, but due to the higher phonon energy >500 
cm− 1, the efficiency of the sub-micron particles can be lower. In 
contrast, the oxysulphides (IUPAC name: oxysulfide) pertain to the 
chemical stability of the oxides while having the phonon energy in be-
tween the two mentioned hosts (around 500 cm− 1) due to the incor-
poration of sulfide as ligand instead of oxide. Thus, they are promising 
sub-micron particles with the low cytotoxicity and high upconversion 
efficiency that is comparable to the efficiency of fluorides and can be 
several times higher than in oxides [16,17]. Furthermore, unlike fluo-
rides, they can be easily mass-produced at low costs [18]. 

Solid-state synthesis method was developed 70 years ago and has 
been used for the synthesis of almost all phosphors [16,19–22], and has 
been used for synthesis of microcrystalline oxysulfides with high purity 
[23–25]. 

For the synthesis of the R2O2S materials, the use of the solvent- 
thermal pressure relief with a flux agent in the lower atmosphere is 
very common. The high temperature and duration of these two tech-
niques are key hurdles to wide application in research and industry. 

Combustion synthesis is based on a self-propagating, exothermic 
reaction in an aqueous solution of organic salts combined with a fuel 
[26–28]. The most commonly used fuels employed for combustion 
synthesis are urea (CO(NH2)2), glycine (C2H5NO2), β-Alanine 
(C3H7NO2), glycerol (C3H8O3), oxalyl dihydrazide (C2H6N4O2) citric 
acid (C6H8O7) and many others. As reactive molecules are 
self-propagated, the combustion reaction begins and this reaction then 
includes the entire solution. The reaction temperature exceeds high 
values for a very short period while massive quantities of gases are 
released and these gases affect the growth of crystallites and reduce 
agglomerates, encouraging the production of a very porous structure 
[29,30]. 

This synthesis provides various benefits, such as the modification of 
the microstructure of the particles and the yield output of new materials 
using no or little harmful chemicals. K. Shah et al. [31] suggested a series 
of methods for the preparation of La2O2S and the combustion method is 
being selected with the aim of obtaining the pure crystal phase without 
losing the beneficial optical properties. In this work urea (CO(NH2)2) 
and thiourea (SC(NH₂)₂) were used as fuel and source of sulfur in order 
to prevent the use of harmful gases, such as H2S and CS2, during the 
reaction. 

Taking all the merits into consideration, it is surprising that there are 
only scarce reports on the synthesis and upconversion of the Yb3+/Tm3+

and Yb3+/Ho3+ La2O2S sub-micron particles [32,33]. This paper aims to 
fill that gap by applying the recently introduced optimized combustion 
technique for their synthesis, directly targeting the industry that is 
capable of mass-production primarily for biological and medicinal ap-
plications. For this purpose, the morphology, structure, and photo-
luminescent properties of microcrystalline La2O2S:Yb3+/Tm3+ or 
La2O2S:Yb3+/Ho3+ sub-micron particles are investigated. 

2. Experimental 

Lanthanum oxysulfide co-doped with Yb/Ho and Yb/Tm were syn-
thesized by optimized combustion method at 490 ◦C. Nitrate hexahy-
drates (99.9 % purity from Xinyu advanced materials limited) were used 
as sources of lanthanide ions (La, Yb, Ho, and Tm). Firstly, urea was 
dissolved in a mixture of distilled water and ethanol, and the solution 
was added to the stoichiometric mixture of lanthanide nitrates and 
thiourea. Once the solution has been homogenized, it is moved to the 
aluminum crucible and heated in the furnace at 490 ◦C. The reaction 
began immediately and within 20 min the gasses were released, and the 
voluminous powder was formed. 

The structure of the samples is checked by Rigaku SmartLab 
Diffractometer using X-ray diffraction operating with Cu K radiation (30 

mA, 40 kV, 2θ range from 10 to 90◦, step 0.02◦). The scanning electron 
microscope (Mira 3 Tescan; 20 keV, magnifications of 10,000, 50,000, 
and 100,000) was used for the microstructural study. Energy dispersive 
X-ray spectroscopy (EDS) was performed by the Jeol JSM 5800 SEM 
equipped with Oxford Inca 3.2 EDS. Solid-state laser 980 nm (150 mW, 
MDLH 980 3 W, high-stability, fluctuations below 1 %) was used for the 
excitation of upconversion emission, and emission spectra were 
collected through the bifurcated optical fiber connected to spectropho-
tometer FHR 1000 equipped with the ICCD detector (Horiba Jobin- 
Yvon). All samples were recorded under the same experimental 
conditions. 

3. Results and discussion 

XRD patterns (Fig. 1) correspond to the hexagonal phase of 
lanthanum oxysulfide (P3m1 symmetry, ICDD 01-75-1930 card) with an 
average crystallite size of about 225 Å (22.5 nm; calculated with 
Scherrer’s equation as average from peaks at 25.6◦, 28.6◦, 36.5◦ and 
45.0◦). The partial substitution of La ions by Yb, Ho, and Tm dopants did 
not alter the crystal structure of La2O2S. In this structure, La3+ is coor-
dinated by seven ions, four oxygen and three sulfur ions [19]. The 
crystal structure consists of alternative stacking layers, a positive 
charged (La2O2)2+ layer and a layer of sulfide S2− groups [34]. These 
layers provide large lattice constants which is beneficial for doping 
without concentration quenching of emission. The agglomerated parti-
cles were also present in other La2O2S synthesized by the combustion 
method, with similar size of crystallites. For example, La2O2S:Yb3+/Pr3+

created by ethanol and thioacetamide fuels resulted in 25–40 nm [35], 
while La2O2S:Bi by thioacetamide fuel in 27 nm crystallites [36]. 

Fig. 2. Presents the SEM images, where the micrographs show the 
usual agglomerate of sub-micron particles produced during combustion 
synthesis, but there are still sufficiently visible round shaped particles. 
Detailed analysis was performed using ImageJ software on SEM image 
with magnification 100,000 times and as seen in Fig. 2d on the histo-
gram the average particle size is 44.5 nm. EDS analysis revealed that 
codopants were incorporated in concentrations as given in Fig. 3. EDS 
spectra are given in the supporting material in Fig. S1. 

Fig. 3 displays the upconversion photoluminescence emission 
spectra under 980 nm excitation and the corresponding analysis. Fig. 3a 
presents the concentration-dependent spectra of La2O2S:Yb3+/Ho3+

(note that the ordinate is given on a logarithmic scale). The highest PL 
intensity was observed in the sample doped with 8 wt% of Yb3+ and 1.5 
wt% of Ho3+. The major peak (green emission) originates from the 
electron transitions between closely spaced 5F4 and 5S2 levels and the 5I8 

Fig. 1. XRD of La2O2S:4%Yb/1%Tm (blue line) and La2O2S:4%Yb/1%Ho (red 
line) compared to ICDD 01-075-1930 with caracteristic planes. 
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ground level. The slightly weaker emission (red emission centered at 
667 nm) is attributed to 5F5→5I8 transition, and the emission of the 
lowest intensity is located around 760 nm and is due 5S2→5I7 transition. 

PL spectra of the Tm3+ co-doped samples are given in Fig. 3b. The 
emissions are due to the 1G4→3F4, 3F2,3 → 3H6, and 3H4→3H6 transitions 
at 654 nm, 669 nm + 694 nm, and 799 nm, respectively [37]. In Fig. 3b, 
the emission intensity is presented in a logarithmic scale; thus, the later 
transition truly dominates in the emission spectra. Contrary to co-doping 
with Ho3+, the highest emission intensity was observed with the lowest 
concentration of Yb3+ and the highest concentration of Tm3+. The 
samples co-doped with 15 wt% and 8 wt% of Yb3+ presented no sig-
nificant change in the intensity of dominant peaks, but the 654 nm 
emission experienced significant quenching with the former Yb doping 
concentration. The integrated upconversion emission intensities of Ho3+

and Tm3+ co-doped samples of different doping concentrations are 
compared in Fig. 3c, showing that Tm3+ produced significantly higher 
emission yield. 

It is well-known that Ho3+ and Tm3+, unlike Er3+, do not have en-
ergy levels that match the 980 nm [38], thus, these ions cannot be 
excited unless they are in the vicinity of the Yb3+ ions [39]. The Yb3+ has 
a large absorption cross-section at this wavelength, resulting in the 2F7/2 
→ 2F5/2 excitation [40]. After the rapid de-excitation to the lowest Stark 
sublevel of the 2F5/2 level, the Yb3+ can either emit NIR photon or 
transfer energy to the Ho3+ or Tm3+. As the acceptor levels 5I6 and 3H5 of 
Ho3+ and Tm3+, respectively, are lower in energy than the 2F5/2 of Yb3+, 
the energy transfer process is phonon-assisted (Fig. 3e) [9]. In the case of 
Ho3+, the 5I6 level may experience another energy transfer upconversion 
(ETU) to 5F4, or de-excite to 5I7 and then experience the second ETU to 
5F5 [41]. After multiphonon de-excitation from 3H5 to 3F4, the Tm3+ is 
further excited by the second ETU to 3F2. After multiphonon 
de-excitation to 3H4, Tm3+ experiences the third, phonon-assisted, ETU, 
populating the 1G4 level [42], with subsequent emissions to 3H6 and 3F4 
levels. 

The CIE 1931 and CIE 1976 chromaticity coordinates were estimated 
by the JOES application software [43], while the CIE 1976 diagram is 
presented in Fig. 3d. The chromaticity is determined from the emission 
spectrum in Fig. 3a by converting the intensity to be proportional to 
irradiance (see Fig. 3d inset). The emission color does not depend 
significantly on the doping concentration. As the upconversion emission 
color of Tm3+ co-doped samples lie in the NIR region, it is of no sig-
nificance for chromaticity and Tm3+ is dropped from this analysis. In 
Ho3+ doped samples, however, the upconversion emission has a pure 
green color, while the third peak at above 750 nm lies outside the visible 
range [44]. The color purity (CP) is calculated from the equation [45]: 

CP[%] =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − 1/3)2
+ (y − 1/3)2

(xd − 1/3)2
+ (yd − 1/3)2

√

× 100% (1)  

where (xd, yd) is the CIE 1931 coordinate of the dominant wavelength 
(λdom), and 1/3 values are the coordinates of the Standard Illuminant E 
(the ideal white source) [46]. The dominant wavelength is obtained by 

extrapolating the straight line from the coordinates of the standard 
illuminant, through the (x,y) coordinate, to the spectral locus. Due to the 
high color purity, the dominant wavelength (λdom) has almost the same 
coordinate as colors of PL emissions. The CIE 1931 coordinates of Ho3+

co-doped samples are x = 0.312, y = 0.679, CP = 98.7 %, λdom = 550.6 
nm. Its equivalent coordinates in the CIE 1976 diagram are u’ = 0.119, 
v’ = 0.581. 

4. Conclusion 

The popularity trend for upconversion sub-micron particles is 
constantly increasing due to their wide applications. The most targeted 
biological and medicinal applications require for the sub-micron parti-
cles to have high efficiency, absorb and emit in the biological windows 
while having low cytotoxicity. La2O2S co-doped with the famous 
upconverting pairs of Yb3+/Ho3+ and Yb3+/Tm3+ satisfy all these 
criteria. Upconversion sub-micron particles of lanthanum oxysulfide co- 
doped with Yb3+/Ho3+ and Yb3+/Tm3+ rare-earth pairs in various 
concentrations have been successfully synthesized. The method of 
choice was the optimized combustion technique which shows high ef-
ficiency while being an economically and environmentally friendly 
process. This simple method is optimal for processing of 50 nm pure- 
phase spherical particles. The use of the small number of precursors 
and the elimination of the hazardous gasses flux, while maintaining the 
high yield with reduced overall production time mark this optimized 
method as industrially competitive. These sub-micron particles showed 
the typical visible and NIR emissions of Ho3+ and Tm3+ upon 980 nm 
excitation and subsequent energy transfer from Yb3+ ions. After two 
ETUs, the Ho3+ showed the highest emissions from 5F4+

5S2 to the 
ground level, slightly weaker from 5F5, and the weakest from 5S2 to the 
5I7. In Tm3+ the triple ETU was proved by observing emissions from 1G4. 
However, all the emissions but 3H4→3H6 at ca. 800 nm were of insig-
nificant intensity. The concentration dependence on upconversion 
photoluminescence upon the 980 nm irradiation was investigated. The 
Yb3+/Ho3+ co-doped sample with 10 %/2 % concentrations, respec-
tively, emitted the most intensely. Analogously, but with the lowest 
investigated concentrations of 4 %/1 % of Yb3+/Tm3+ is observed. The 
latter produced the highest photoluminescence with several times 
higher yield than the other samples. The spectral shape did not signifi-
cantly change by changing concentrations. Ho3+ co-doped samples emit 
pure green color, while the vast majority of Tm3+ emission lies in the 
NIR region. Thus, the favoring characteristics of sub-micron particles 
presented in this paper and their facile, rapid and cheap synthesis label 
the La2O2S:Yb3+/Ho3+ and especially La2O2S:Yb3+/Tm3+ as a bio- 
medical industrially important material. 
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Fig. 3. Emission spectra of La2O2S nanoparticles, irradiated by 980 nm 150 mW laser beam, co-doped in various concentrations of (a) Yb3+/Ho3+ and (b) Yb3+/ 
Tm3+. (c) Integrated intensities of total upconversion emission in dependence on the Yb3+ concentration. (d) CIE 1976 diagram of Ho3+ emission calculated from 
spectrum at (a) converted to irradiance (inset). (e) Corresponding energy level diagram: orange zig-zag lines represent multiphonon de-excitation or phonon 
assistance to ETU, green-dashed lines represent ETU. 

A. Ćirić et al.                                                                                                                                                                                                                                    



Optical Materials 120 (2021) 111417

5

editing, Investigation. Kevil Shah: Conceptualization, Methodology, 
Validation, Resources. Bishwajit S. Chakrabarty: Resources, Funding 
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A B S T R A C T   

Nanoparticles of less than 100 nm of La2O2S co-doped with Er3+ and Yb3+ in 2% and 12% 
concentrations, respectively, were synthesized by the improved furnace combustion technique 
that limits the precursor usage and without the hazardous chemicals. The lanthanum oxysulfide 
was identified in hexagonal crystal phase. Under 980 nm excitation the sample exhibits a typical 
upconversion photoluminescence for Yb3+/Er3+. Due to the high concentration of Yb3+, the red 
emission of Er3+ is of high intensity due to the energy back-transfer. The red emission is less 
pronounced in downshifting spectrum. Chromaticity analysis shows high color purities of emis-
sions. La2O2S:Er3+/Yb3+ nanoparticle performances as a luminescent temperature sensor were 
first predicted by the Judd-Ofelt theory and then compared with the conventional experimental 
thermometry by Luminescence intensity ratio method, with an excellent match in all parameters. 
The relative sensitivity at 300 K is 1.14 K− 1 and it remains relatively high at the physiologically 
relevant range. The obtained temperature resolution was 0.17 K at 300 K.   

1. Introduction 

The upconversion, a process of material absorption of lower energy and subsequent emission of higher energy photons, is expe-
riencing a rapid interest since its discovery in 1966 by Auzel [1], owing mostly to the recent applications and escalated research of 
nanoparticles. The range of applications of upconverting nanoparticles is wide, from medicinal [2], in solar-cells [3], data storage, 
solid-state lasers [4], sensors [5,6], etc. As they experience no photobleaching, no background luminescence and phosphorescence, 
while having narrow emission bands they are considered a state-of-the-art in the biomedical diagnosis, anticounterfeiting, or X-ray 
imaging [7]. 

Of all the upconversion nanoparticles, those co-doped with Yb3+/Er3+ are the most famous, due to the efficient absorption and 
emission in the biological window (spectral regions in which the living tissue is transparent) [8] and high efficiency due to the efficient 
energy transfer from Yb3+ to Er3+, while the former has a large absorption cross section [9]. Upon 980 nm irradiation, both Yb3+ and 
Er3+ get excited via 2F7/2→2F5/2 and 4I15/2→4I11/2 transitions, respectively, former being an order of magnitude more efficient [10]. 
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Yb3+ is a well-known sensitizer, as it can effectively transfer energy to other ions with energy level difference similar to the energy of 
the 2F5/2. Other famous pairs are Yb3+/Tm3+ and Yb3+/Ho3+, however, as their energy levels closest to the 2F5/2 are with lower energy, 
the energy transfer process is phonon assisted [11]. When Er3+ is excited to 4I11/2 either by ground state absorption or energy transfer 
from Yb3+, it may experience yet another of one of the two effects: excited state absorption or another energy transfer, the latter being 
by far more frequent. At this point the electron of Er3+ ion is in 4F7/2 state and after rapid depopulation to 2H11/2 or 4S3/2 levels it 
de-excites radiatively emitting green light, or red after depopulation to the 4F9/2 [12]. The latter is also promoted by the back-transfer 
to Yb3+, which is proportional to the Yb3+:Er3+ concentration ratio [13,14]. Conversely, if the doping concentrations are too high, the 
concentration quenching will dominate over the radiative emissions or Yb3+-Er3+ energy transfer process [15]. The most frequently 
used concentration ratio of Yb3+/Er3+ pair is 3–6:1 [16–18]. The methods for overcoming the concentration limitations such as 
core-shell structures or by tuning the excitation power density are outside the scope of this article. 

La2O2S is known as the wide band-gap (4.6 – 4.8 eV) material and an efficient host matrix for the rare-earth doped ions [19]. This 
was well proven as well for the Yb3+/Er3+ co-doped La2O2S by Pokhrel et al. by comparing the upconversion quantum yields to that of 
the well-known NaYF4:Yb3+/Er3+ nanoparticles [20]. The fluorides, which are considered the most efficient hosts for the upconversion 
nanoparticles [21], suffer from high cytotoxicity and low chemical stability, limiting their usage for large scale industrial applications 
or in vivo [20]. The chemically stable oxides are limited by the relatively high phonon energy, thus featuring low upconversion ef-
ficiencies. Oxysulfides kept the high chemical stability and low cytotoxicity of oxides, while having the lower phonon energies close to 
that of fluorides, resulting in the efficient upconversion [22]. Additionally, they can be manufactured rapidly and economically [23]. 
Despite the comparable efficiencies and the advantages using oxides to fluorides or halides regarding chemical [24] and thermal 
stabilities [25], there are only a handful of papers describing the La2O2S:Yb3+/Er3+ nanoparticles [20,26]. 

There are several methods by which the rare-earth doped La2O2S nanoparticles can be created (Table 1) [20,27–34]. The solid-state 
technique requires the high temperature of ca. 1150 ◦C, different fluxes, and a long synthesis time [20,30]. The ethanol assisted 
combustion technique has two-steps: (i) the combustion process with Thioacetamide (TTA, CH3CSNH2) as a fuel, and (ii) solid-state 
technique with when H2S/N2 gases pass through [22]. We have modified the known furnace combustion technique in a more envi-
ronmentally and safely manner, as there was no use of fluxes or hazardous gases during the procedure [27]. The approach limits the 
precursors, minimizing the needed resources. The maximum yield of the final product is obtained with less synthesis time. As this novel 
modification of the popular furnace combustion technique has ecological and economic advantages, it may catch an eye of the in-
dustrial world and research laboratories. To validate this statement for the synthesis of La2O2S co-doped with Yb3+ and Er3+, it was 
necessary to perform morphological, phase and photoluminescent characterizations. The rare-earth doping concentrations are selected 
targeting energy back-transfer and high overall emission intensity. 

Luminescence thermometry comprises a series of methods for temperature readout based on the temperature dependence of the 
luminescence intensities, positions or lifetimes [5,35]. For remote or in vivo sensing of temperature the luminescence thermometry is 

Table 1 
The comparison of various techniques for La2O2S synthesis.  

Material Method Precursors Fuel Temperature and duration Particle size Reference 

La2O2S 12Yb 2Er Furnace combustion Ln(NO3)3 Thiourea Urea 490 ◦C 20 min Less than 100 nm This work 
La2O2S: Ln (Ln= Pr, 

Eu, Tb, Dy and Er) 
Furnace combustion Ln(NO3)3 Thiourea Urea 490 ◦C 20 min  [27] 

La2O2S: Ln (Ln= Pr, 
Eu, Tb, Dy and Er) 

Hydrothermal Ln(NO3)3 sulfur powder 250 ◦C for 24 h Not pure [27] 

La2O2S: Ln (Ln= Pr, 
Eu, Tb, Dy and Er) 

Solid State Ln(NO3)3 sulfur powder 1000 ◦C 8 h Not pure [27] 

La2O2S:Bi ethanol-assisted 
solution combustion 

Ln(NO3)3 thioacetamide 400 ◦C 15 min and 900 ◦C 
2 h in 5%H2 in Ar 

500 nm [28] 

La2O2S 
Tm3+/Yb3+

hydrothermal reaction RE nitrates, 
(NH4)2SO4, NH3⋅  

100 ◦C for 24 h 
flow H2 at 1200 ◦C for 1 h 

400 nm [29] 

La2O2S: Yb3+, Er3+ solid state La2O3, Yb2O3, 
Er2O3, S  

1200 ◦C for 6 h under CO 
reducing 

/ [30] 

La2O2S: 9%Yb, 1%Er solid state flux fusion 
method 

La2O3, Yb2O3, 
Er2O3, S 

Na2CO3, 
K3PO4 

1150 ◦C for 60 min 3.8 µm [20] 

La2O2S:Eu3+ hydrothermal method La2O3 and Eu2O3 

S  
120 ◦C 24 h, 
500 ◦C for 2 h 
600 ◦C for 1 h 

Nanowires 10 nm [31] 

La2O2S:Eu3+ hydrothermal method La2O3 and Eu2O3 

S  
150 ◦C 24 h 
500 ◦C for 2 h 
600 ◦C for 1 h 

sub-meter materials 
500–1000 nm 

[31] 

La2O2S:Sm3+ sulfide-fusion method La2O3, Sm2O3 

sulfur 
Na2CO3 1100–1400 C 95% N2, 5% 

H2 for 2 h 
/ [32] 

La2O2S:Eu, La2O2S: 
Eu/Yb 

solid state La2O3 Eu2O3, 
Yb2O3 

S 

Na2CO3 700 ◦C for 1 h Not pure [33] 

La2O2S:Tb3+ one-step flux method La2O3, Tb4O7 

sublimed sulfur 
K2CO3 900–1100 ◦C 04–1 µm [34] 

La2O2S:Tb3+ one-step flux method La2O3, Tb4O7 

sublimed sulfur 
Na2CO3 900–1100 ◦C 3.8 µm [34]  
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recognized as the most perspective method [5,36,37]. The most frequently used method in Luminescence thermometry, Luminescence 
intensity ratio (LIR, frequently called "Fluorescence intensity ratio" or FIR) is based on the ratio of two emissions, as it is 
self-referencing (does not depend on fluctuations in excitation), economical and relatively simple [38]. When the two energy levels are 
thermalized (separated below ca. 2000 cm− 1 allowing an efficient population of the energetically higher level by thermal energy) their 
ratio of integrated emissions follows the Boltzmann distribution [39,40]: 

LIR =
IH

IL
= Bexp

(

−
ΔE
kT

)

(1)  

where k = 0.695 cm− 1 K− 1 is the Boltzmann constant, B is the temperature invariant parameter that depends only on the host, and ΔE 
is the energy gap between thermalized levels. The temperature sensor performances are estimated by figures of merit in thermometry, 
absolute and relative sensitivities and the temperature resolution. They are given for LIR method, respectively as [41]: 

Sa
[
K − 1] =

⃒
⃒
⃒
⃒
∂LIR
∂T

⃒
⃒
⃒
⃒ =

ΔE
kT2 LIR (2)  

Sr
[
%K − 1] =

Sa

LIR
∙100% =

ΔE
kT2∙100% (3)  

ΔT [K] =
σa

Sa
=

σr

Sr
(4)  

where σa,r are the absolute and relative uncertainties in measurement, respectively, expressed as a standard deviation, and they depend 
mostly on the experimental conditions. For luminescence temperature sensing by LIR method Er3+ within the physiological tem-
perature range Er3+ is recognized as one of the most effective single ion luminescent Boltzmann thermometers [42] and this is why it is 
the most utilized lanthanide for that purpose and labeled as a "workhorse" [43]. 

Unfortunately, this conventional luminescent thermometry is lengthy and requires a relatively complex data processing. There are 
numerous hosts in which Er3+/Yb3+ can be incorporated which greatly complicates the selection of the host for sensor. As we have 
previously demonstrated [39,44] Judd-Ofelt theory, the centerpiece theory in spectroscopy of lanthanides [45], can provide a 
guidance by allowing for prediction of thermometric figures of merit. The prediction can be performed by Judd-Ofelt parametrization 
from a single spectrum at room temperature or simply by taking the Judd-Ofelt parameters from literature for a given lanthanide in a 
selected host. This means that the temperature invariant parameter B can be estimated from the Judd-Ofelt parameters, and conse-
quently the absolute sensitivity. For the LIR of emissions 2H11/2→4I15/2 and 4S3/2→4I15/2, B parameter is approximately equal to [39]: 

B =
3.35Ω2 + 1.94Ω4 + Ω6

Ω6
(5)  

and by returning that value into Eqs. 1 and 2, the absolute sensitivity is also given from the Judd-Ofelt parameters. 
As the Er3+/Yb3+ in pair shows high perspective for luminescent probes for biomedical applications, including temperature sensing 

and imaging, we investigated the temperature sensing performances of Er3+/Yb3+ co-doped in the host with high upconversion ef-
ficiency (due to the low phonon energies) and low cytotoxicity, from room temperature to 550 K. The sensor performances are 
compared with the theoretically predicted values obtained by the Judd-Ofelt theory, as explained in our earlier work [43]. To our 
knowledge this is the first time of investigating the luminescence temperature sensing of materials created by the optimized furnace 
combustion technique and the first time of such investigation on La2O2S:Er3+/Yb3+ nanoparticles. 

2. Experimental 

The starting chemicals were Lanthanum, Ytterbium and Erbium Nitrate Hexahydrates (Ln(NO3)3.6H2O, Ln = La, Yb, Er, 99% 
purity, Xinyu advanced materials limited), Thiourea (NH2CSNH2), Urea, Ethanol and water. The stoichiometric amounts of Ln 
(NO3)3.6H2O and Thiourea were taken as per host to activators ratio, for a final product with 12% Yb3+ and 2% Er3+ concentrations. 
The 2 g of Urea, 10 ml of Ethanol, and 20 ml of distilled water were added to the stoichiometric solution, poured into the alumina 
crucible and kept in the furnace. The combustion was started on a full scale at 490 ◦C for about 20–25 min. The massive amounts of 
gases were released from the sample because the nitrate solutions were violently reacting with the fuels (Urea + Ethanol). The furnace 
was shut down after the reaction, and the product was allowed to cool down naturally in the furnace. After 24 h, the crucible was 
pulled out from the furnace and then crushed into fine powder form by using a mortar – pestle. 

The crystallinity of the created powder was estimated by the X-ray diffraction (XRD) measurements on a Rigaku SmartLab 
diffractometer operating with Cu K radiation (30 mA, 40 kV) in the 2θ range from 10◦ to 90◦, with step of 0.02◦. Mira3 Tescan field 
emission scanning electron microscope (FE-SEM) was used for microstructural characterization, operated at 20 keV with magnifica-
tion from 10.000 to 100.000. The sample was irradiated by the powerful 980 nm solid-state laser (150 mW optical power, 300 mW/ 
cm2 power density, model MDLH 980 3 W). The upconversion emission was recorded via the fiber-optic bundle coupled to the high- 
resolution spectrograph (model FHR 1000, with Horiba Jobin-Yvon ICCD detector). Temperature of the sample was set by MicrOptic 
MHCS400 heating/cooling stage with MTDC600 temperature controller. Downshifting emission and excitation spectra were recorded 
by the Horiba Jobin Yvon Fluorolog FL3–22 spectrofluorometer equipped with 450 W xenon lamp. 
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3. Results 

3.1. Morphological and Phase characterizations 

The XRD spectrum of La2O2:S:Yb3+/Er3+ with 12% Yb3+ and 2% Er3+ is presented in Fig. 1a), and it corresponds to the ICDD 
01–075–1930 card, representing La2O2S in Hexagonal (P ‾3m1) phase with average crystallite size 124(6) Å. 

SEM images are presented in Fig. 1b-d. The obtained sample displays a typical morphology for combustion synthesis process of 
strongly agglomerated particles. By the ImageJ software application from the SEM images the average particle size is estimated to be 
ca. 60 nm, while the majority of the agglomerated particles are below 100 nm in diameter (see Fig. 1e). 

3.2. Photoluminescence of La2O2S:Er3+/Yb3+

Fig. 2 shows the PL upconversion spectrum under 980 nm excitation. Three major peaks were observed: 2H11/2→4I15/2, 2S3/2→4I15/ 

2, 4F9/2→4I15/2 with maxima at 523 nm, 547 nm, and 668 nm, respectively [46,47]. The energy level diagram clearly depicts the 
well-known mechanisms behind the PL. The Er3+ is solely capable of absorbing the 980 nm photons, as the upconversion is observed in 
single-doped materials [48]. However, the absorption cross-section of Yb3+ at this wavelength is an order of magnitude greater. After 
Yb3+ gets excited to its only excited level, 2F5/2, it non-radiatively transfers the energy to the nearest Er3+ ion, by the very probable 
process called energy transfer upconversion (ETU) or APTE (“Addition of Photon for Transfer of Energy”) [13]. After the Er3+ has an 
optical center in 4I11/2 level, it can radiatively de-excite NIR photons, non-radiatively de-excite to 4I13/2, or it can experience the second 

Fig. 1. (a) XRD and (b-d) SEM images of lanthanum oxysulfide co-doped with 12% Yb3+ and 2% Er3+. (e) Histogram of particle diameters created 
from SEM images by the ImageJ software. 

Fig. 2. Upconversion emission spectrum of La2O2S:Yb3+/Er3+, under 980 nm excitation, and the corresponding energy level diagram. Orange- 
dashed lines represent multiphonon and phonon assisted processes, light-purple arrows are the thermal population, dashed blue line represents 
the energy back-transfer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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boost to the higher levels, most probably by ETU. The two pathways are observed: (i) 4I11/2→4F7/2, or (ii) non-radiative de-excitation to 
4I13/2 with subsequent phonon-assisted upconversion to 4F9/2 [48]. Once in 4F7/2, Er3+ may experience multiphonon de-excitation in 
steps down to 4F9/2, competing with the radiative emissions from each of the levels on this path [49]. As the maximum phonon energy 
in La2O2S is 710 cm− 1 [50], the multiphonon process is very probable for such small gaps. Competing effect is the population of the 
higher levels by thermal energy among the thermalized levels 4F7/2, 2H11/2 and 4S3/2, which accts in accordance with the Boltzmann 
distribution [39]. An interesting phenomenon in Yb3+/Er3+ co-doped materials is the dependence of the spectral shape on the Yb3+

concentration, due to the energy back transfer 4S3/2 (Er3+) + 2F7/2 (Yb3+) →4I13/2 (Er3+) + 2F5/2 (Yb3+) [51]. This energy transfer 
contributes to the de-population of the 4F7/2 in favor of 4F9/2 level. Thus, the high intensity of the red emission at 668 nm is due to the 
high concentration of 12% Yb3+ used. 

Excitation spectrum monitored at 548 nm which corresponds to the 4S3/2→4I15/2 downshifting emission of Er3+ is presented in  
Fig. 3a. The peaks at 370 nm, 382 nm, 411 nm, 448 nm, 456 nm, and 493 nm correspond to the excitations from the ground state to 
4G9/2, 4G11/2, 2H9/2, 4F3/2, 4F5/2, 4F7/2, and 2H11/2, respectively [52]. Downshifting emission under 381 nm excitation is displayed in 
Fig. 3b, and it is evident that the relative intensity of the red emission is significantly weaker, which is due to the level population 
mechanisms explained in Fig. 2. 

Fig. 4. displays the CIE 1931 chromaticity diagram as obtained by the JOES application software [53]. The (x,y) CIE 1931 

Fig. 3. (a) Excitation spectrum monitored at 548 nm, (b) emission spectrum by 381 nm excitation.  

Fig. 4. CIE 1931 chromaticity diagram of downshifting and upconversion spectra of La2O2S:Er3+/Yb3+.  

Table 2 
CIE 1931 chromaticity analysis of upconversion and downshifting spectra of La2O2S:Er3+/Yb3+.  

Mechanism x y λdom [nm] CP [%] 

Upconversion  0.332  0.651  554.2  96.1 
Downshifting  0.290  0.695  548.2  97.6  
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coordinates are given together with the dominant wavelength (λdom) and Color Purity (CP) in Table 2. CP is estimated by [54]: 

CP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − 1/3)2
+ (y − 1/3)2

(xd − 1/3)2
+ (yd − 1/3)2

√

(5)  

where (xd, yd) are the CIE coordinates of the dominant wavelength. Due to the more intense red peak in the spectrum of upconversion 
emission, the dominant wavelength is shifted to higher values, while both downshifting and upconversion mechanisms give high CP 
values. 

3.3. Luminescence temperature sensing and predictions by the Judd-Ofelt theory 

Fig. 5a shows the temperature dependent upconversion emission spectra of La2O2S:Er3+/Yb3+ from 300 K to 550 K, and in Fig. 5b 
are given the integrated intensities of Er3+ transitions 2H11/2→4I15/2 and 4S3/2→4I15/2. The emission intensity of the latter drops 
uniformly with temperature, while the former experiences rise due to the thermal population from the 4S3/2 level which competes with 
the thermal quenching, i.e. non-radiative transitions. The ratio of emissions from the higher 2H11/2 (H) to the energetically lower 4S3/2 
(L) level is given in Fig. 5c together with the fit to the Boltzmann distribution as given in Eq. 1 (with excellent quality). ΔE of 716 cm− 1 

matches the energy difference between these two thermalized levels. Sensitivities obtained by Eqs. 2 and 3 are given in Fig. 5d, giving 
the value of 1.14% K− 1 at 300 K. La2O2S:Er3+/Yb3+ shows good relative sensitivity values throughout the whole physiologically 
relevant temperature range (from 300 K to 350 K). The 25 consecutive spectra were obtained at room temperature from which the 
relative uncertainty in measurement of LIR is estimated: σr = 0.2%, giving the temperature (see Eq. 4) resolution of 0.17 K at 300 K. 

LIR and sensitivities are predicted from the parameters for La2O2S:Er3+/Yb3+ as given in Ref. [43], and the values are compared in 

Fig. 5. (a) Upconversion spectra of La2O2S:Er3+/Yb3+ at various temperatures; (b) Integrated intensities of emissions from 2H11/2 and 4S3/2 to the 
ground level of Er3+; (c) Experimentally obtained LIR and theoretical fit to the Boltzmann distribution, and theoretical LIR obtained from the Judd- 
Ofelt thermometric model; (d) Absolute and Relative sensitivities from experimental LIR and from Judd-Ofelt thermometric model. 

Table 3 
Comparison of thermometric parameters and sensitivities of fitted values with obtained by the Judd-Ofelt thermometric model, as given in Ref. [43].  

Method ΔE Sr (300 K) Sa (300 K) max (Sa) T (max(Sa)) Sr (T (max(Sa))) 

Exp. fit 716 cm− 1 1.14% K− 1 0.0065 K− 1 0.0092 K− 1 514 K 0.39% K− 1 

Theoretical 695 cm− 1 1.11% K− 1 0.0068 K− 1 0.0092 K− 1 499 K 0.40% K− 1  
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Fig. 5c and d. Additional comparison of parameters is given in Table 3. 

4. Conclusion 

The green-emitting nanoparticle upconversion phosphor La2O2S:Yb3+/Er3+ with 12% and 2% of Yb3+ and Er3+, respectively, was 
successfully created by the alternated furnace combustion technique that limits the precursors and eliminates the flux of the hazardous 
gasses. The high output yield and fast production time make it a perspective method for industrial applications. Examined sample was 
confirmed to have pure hexagonal phase and particle size of less than 100 nm. 

The sample shows a typical upconversion fluorescence upon 980 nm excitation. After two energy transfers from Yb3+ the Er3+

emits two green peaks at 523 nm and 547 nm, and a red peak at 668 nm. Due to the high Yb3+ concentration and the energy back- 
transfer the red peak at 668 nm is of comparable intensity to the green emissions. The emission color purity is of high 99.7% and 
with 548.6 nm dominant wavelength. 

La2O2S:Yb3+/Er3+ nanoparticles are a promising phosphor for luminescence thermometry applications by the Luminescence In-
tensity Ratio method. The experimentally obtained parameters and sensitivities were compared with those obtained theoretically from 
the Judd-Ofelt thermometric model. As the all of the values are excellently matching this work gives another confirmation that the 
Judd-Ofelt thermometric model can be used for prediction of the luminescent thermometer sensor performances. 
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[5] M.D. Dramićanin, Trends in luminescence thermometry, J. Appl. Phys. 128 (2020), 040902, https://doi.org/10.1063/5.0014825. 
[6] K. Li, D. Zhu, H. Lian, Up-conversion luminescence and optical temperature sensing properties in novel KBaY(MoO4)3:Yb3+,Er3+ materials for temperature 

sensors, J. Alloy. Compd. 816 (2020), 152554, https://doi.org/10.1016/j.jallcom.2019.152554. 
[7] Y. Tian, Y. Fu, M. Xing, X. Luo, Upconversion luminescence properties of Y 2 O 3:Yb, Er and Y 2 O 2 S:Yb, Er nanoparticles prepared by complex precipitation, 

J. Nanomater. 2015 (2015) 1–7, https://doi.org/10.1155/2015/573253. 
[8] M. Runowski, S. Goderski, D. Przybylska, T. Grzyb, S. Lis, I.R. Martín, Sr 2 LuF 7:Yb 3+ –Ho 3+ –Er 3+ upconverting nanoparticles as luminescent thermometers 

in the first, second, and third biological windows, ACS Appl. Nano Mater. 3 (2020) 6406–6415, https://doi.org/10.1021/acsanm.0c00839. 
[9] C. Li, B. Dong, S. Li, C. Song, Er3+–Yb3+ co-doped silicate glass for optical temperature sensor, Chem. Phys. Lett. 443 (2007) 426–429, https://doi.org/ 

10.1016/j.cplett.2007.06.081. 
[10] A. Bril, J.L. Sommerdijk, A.W. de Jager, On the efficiency of Yb3+-Er3+ activated up-conversion phosphors, J. Electrochem. Soc. 122 (1975) 660–663, https:// 

doi.org/10.1149/1.2134287. 
[11] Y. Xu, Y. Wang, L. Shi, L. Xing, X. Tan, Bright white upconversion luminescence in Ho3+/Yb3+/Tm3+ triple doped CaWO4 polycrystals, Opt. Laser Technol. 54 

(2013) 50–52, https://doi.org/10.1016/j.optlastec.2013.05.005. 
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[39] A. Ćirić, S. Stojadinović, M.D. Dramićanin, An extension of the Judd-Ofelt theory to the field of lanthanide thermometry, J. Lumin. 216 (2019), 116749, https:// 

doi.org/10.1016/j.jlumin.2019.116749. 
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Exploring Lanthanum Sulphide Characteristics 
For Its Physical Properties 

 
Kavita R. Kolte, Kevil Shah, B.S. Chakrabarty 

 

  
Abstrac: The rare earth Lanthanum sulphide (La2S3) complex has been synthesized and characterized by X-ray diffraction (XRD),Optical Microscopy, 
Fourier transform infrared spectroscopy(FTIR) and Photo-luminescent measurements techniques. The synthesized samples have been doped with 
Europium (Eu) and Terbium (Tb) to study its physical properties. Under the photo excitation, these complexes exhibited characteristic emission similar 
to its metal ions. These investigations indicate that synthesized complexes have different energy levels than the doped lanthanide sulphide complexes. 
Presented data and detail examination of the synthesized complexes shows better characteristics than conventional Lanthanum sulphide. The 
properties of the undoped Lanthanum sulphide complex and doped samples were studied for exploring its possible thermoelectric applications.  
 
Index Terms:  Europium (Eu), Lanthanum sulphide (La2S3), Photoluminescence (PL), Terbium (Tb), Thermoelectric 

——————————      —————————— 

 
1 INTRODUCTION                           

 His is well known that the rare earth elements have 
interesting physical and chemical properties. The excited 
states of Europium and Terbium complexes have strong 
fluorescence emission, large stokes’ shifts, narrow emission 

profiles and long fluorescence lifetimes [1–4]. These have 

been widely used in many aspects for various physical 

devices [5–11]. Conversely, the application of lanthanide 

based luminescence suffers from serious draw-backs: The 
low absorption coefficients because of the f–f electronic 
transitions are forbidden and the efficient non-radioactive 
deactivation of their excited states by OAH oscillators such as 

water [12]. These evident problems can be avoided for the 

lanthanides complexes using mentioned strategies (I) 
addition of effective photo-sensitized ligands, (II) vibrational 
frequency suppression by high vibrational CAH & OAH bonds 

[13] and (III) forming asymmetric co-ordination structures for 

better transitions of electric dipoles [14,15]. Using these 

pathways, the lanthanide ions  serves as an antenna or 
sensitizer. Described processes of these complexes will 
absorb the excitation light energy and transfer the energy 
from its lowest triplet state energy level (T1) to the resonance 

level of lanthanides [16]. Different types of Ligands like the 

macro-cyclic and the macro-bicyclic have been extensively 

used for these purposes [17–20]. This type of ligands have 

drawn much attention in present times, mainly due to 
possession of spheroidal cavities and binding sites that are 
hard.  
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Hence they stabilize its complexes and shield the 

encapsulated ion from interaction with the surroundings[21]. 
Among these numerous compounds which have 

demonstrated their potential use in many applications [22–
24], amide type compound are more popular in preparing the 

lanthanide complexes because they possess strong 
luminescent properties. It is expected that the amide type 
compound, which are flexible in structure and have  terminal 

group effects [25], will shield the encapsulated lanthanide ion 

from interaction with the surroundings effectively, and thus 
help to achieve strong luminescent properties. In the present 
work, lanthanum sulphide complexes have been synthesized 
from the lanthanide nitrates using a novel ligand, 2-4-
tetradecyloxybenzylidinecarbothioamide, and studied the 
luminescent characteristics after doping this complex with 
Europium (Eu) and terbium (Tb). The complexes have been 
studied by XRD and FTIR results. Under the photo excitation, 
the Eu & Tb doped complexes which exhibit the characteristic 
emission of corresponding lanthanide ions have been 
correlated with physical properties of the lanthanide 
complexes.  

 

2 Materials and Methods 
 
2.1 Experimental Characterization 
4-n-tetradecyloxybenzaldehyde [26] and 2-4-tetradecyloxy 
benzylidinethiosemicarbazide[27],[28] were as prepared 
according to the literature methods. Other chemicals were 
obtained from commercial sources and used without further 
purification. The La

+3
 ion was determined by EDTA titration 

using xylenol-orange as an indicator. Carbon, nitrogen and 
hydrogen were determined using an Elemental Vario EL. FTIR 
was recorded in the 4000 – 200 cm

-1
 range using KBr pellets 

on a Nicolet Nexus 670 FTIR spectrometer. XRD 
measurements were carried out on Philips Xpert MPD X-Ray 
Diffractometer having 2θ range from 5 to 70. 
Photoluminescence Spectra were obtained on SHIMADZU RF 
6000 spectrofluorophotometer equipped with Xenon lamp as 
an excitation source at room temperature.  

1
H  NMR spectra 

were measured on a Varian Mercury 300 spectrometer in d-
DMSO solution, with TMS as internal standard. Fluorescence 
quantum yields were determined   by   using   eosin   solution   
(U = 0.190   in   water)   as standard for the Eu

3+
 complex, and 

quinine sulphate (U = 0.558 in 0.5 mol cm
—3

 H2SO4) for the 
Tb

3+
 complex. 
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2.2 Procedure  
(a) Synthesis of 4-n-Tetradecyloxybenzaldehydes: These were 
synthesized by alkylation of 4-hydroxybenzaldehyde using the 
reported method of Vyas and Shah [31]. 0.1 Mole 4-
Hydroxybenzaldehyde, 0.15 mole of anhydrous K2CO3  and 
0.15 mole of corresponding 1-bromoalkane were added to 60 
ml dry acetone. The mixture was refluxed on water bath for 10 
to 12 hours. Completion of the reaction was checked by TLC 
(70% Ethyl acetate-hexane). The whole mass was added to 
cold water and was extracted with ethers. Ether extract 
washed with 5% solution of NaOH(aq) (25 ml x 3), water (25 
ml x 3), brine and was then dried over anhydrous Na2SO4. 
Reaction mass was purified by column chromatography using 
silica (100-200 mesh size) and 10% ethyl acetate-hexane as 
eluent furnished the product. Yield: 59-64%. 
(b) 4-n-tetradecyloxybenzylidinethiosemicarbazide synthesis :  
The corresponding 0.1 Mole of thiosemicarbazide was 
dissolved in dry ethanol. The solution was added drop wise to 
the round bottom flask containing 0.1mole of 4-n-
decyloxybenzaldehydes [a], which was previously dissolved in 
ethanol and few drops of acetic acid. After mixing them the 
content of the flask heated under reflux for 6-8 hours. The 
crude product was repeatedly crystallized from the ethanol.  
Yield in general is 40-45% and M.P is 92–94 °C. The 
Elemental Analysis results for C22H37ON3S were found to be: 
C- 67.5;    H-9.4; N- 10.74 S- 8.18 whereas the Observed 
results are found to be: C- 67.61; H- 9.36; N- 10.71, S- 8.16%.  
1H NMR spectrum (400 MHz) results are: δ 0.88  (t,3H,-CH3),  
1.2-1.4 (m, 22H, 11 x -CH2-), 1.76(quant. 2H, Ar-O-C-CH2-) 
3.90-4.08 (m, 2H,  of Ar-O-CH2-),  7.06 (m, 2H of ArH), 7.83 (d, 
2H, ArH), 8.54 (s, 1H-CH=N-), 2.0(-NH) ,8.56 (-NH2).  
(c) Synthesis of the lanthanide complex [Tris {4-n-
Tetradecyloxybenzylidinethiosemicarbazide} lanthanum]: A  
mixture  of  the 4-n-tetradecyloxybenzylidinethiosemicarbazide 
ligand (0.6 mmol)  in  dry MeoH  solvent  mixture  was  stirred  
for  10 min at room temperature, following  which  a  dry  THF  
solution  of  La(No)3.6H2O (0.2 mmol) was  added drop wise,  
and  the  reaction  mixture  was  stirred  subsequently  for  
48h. The  precipitates   formed  were  filtered  off,  washed  
with  MeoH , dried over anhydrous Na2SO4 and  purified by 
ethanol. After the successful synthesis of Lanthanum sulphide 
complex as shown in step ( c ), a further procedure was 
followed for preparing doped Lanthanide complex.  
Eu(No)3.6H2O (0.01 mmol) and Tb(No)3.6H2O (0.01 mmol) 
were added as dopant sources respectively during the 
procedure shown in step ( c ) to obtain the doped Lanthanum 
sulphide complexes. Analytical data and values of the 
complexes are given. All the complexes are near to white 
colour powders and stable in air.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Procedure for synthesis of Lanthanum Sulphide 
complexes 
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3 RESULT AND DISCUSSION  
Experiment and characterization has been performed by 
standard instrumental setup and procedure as given in 
previous section for the further discuss. 

 
3.1 Infrared spectra 
 
IR peaks as shown in Fig 2 for the complexes are reported 
here. The complexes have IR spectra, of which the 
characteristic bands have similar shifts (see Table 1), 
suggesting a similar coordination structure of complexes. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
The IR spectrum of the free ligand L shows bands at 3469(N-
H), 2916(C-H), 1606(CH=N), 1581(C=N), 314(Ln-N), 227(Ln-
S), which are attributable to the stretch vibration of the 
azomethine group [CH=N] and (C=N), respectively. In the 
complexes, the low-energy band remains unchanged, but the 
high-energy    band    red    shifts    to    about  1606 cm

—1
 (v = 

38 cm
—1

) as compared to its counterpart for the ‘‘free’’ ligand, 
thus indicating that only the nitrogen atom of  [CH=N]    takes 
part in coordination to the lanthanide ions. The characteristic 
frequencies of the coordinating nitrate groups (C2v) appear at 
ca 1484 cm

—1
 (v1), 1300 cm

—1
 (v4), 1045 cm

—1
 (v2) and  812 

cm
—1

  (v3),  and  the  difference  between  two  strongest 
absorptions  (v1  and  v4)  of  the  nitrate  groups  is  about  180 
cm

—1
, clearly  establishing  that  the  NO

—3 
 groups  in  the  

solid  complexes coordinate to the lanthanide ion as bidentate 
ligands [30,31]. Additionally, no bands at 1380, 820 and 720 
cm

—1
 in the spectra of complexes indicates that free nitrate 

groups (D3h) are absent. In addition, broad bands at ca. 3395 
cm

—1
 indicate that water molecules are existent in the 

complexes, confirming the analysis results. 
 
 

 
 

3.2 X-Ray Diffraction spectra 
The XRD patterns are shown in Fig. 3 for La2S3 powders and 
found that samples can be indexed as cubic phase (JCPDS 
25-1041). These XRD patterns prepared by the describe 
method of lanthanide complex consist of γ-La2S3. The results 
show that the samples have a better crystallization and 
resembles to the lanthanum structure having γ phase.  

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3.3 Morphology  
As shown in Fig. 4 morphological image of doped La2S3 of 
prepared samples consist of mainly mixed particles as seen 
from the images.  In accordance with XRD peaks and analysis 
further it is seen that the phase of La2S3 is in the stoichiometric 
composition. Based on the morphological results, the better 
atmosphere condition can be investigated to find the effect of 
decomposition temperature on the powder preparation.  

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 

TABLE 1 
FTIR PEAKS OF LANTHANUM SULPHIDE COMPLEX 

 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Infrared spectra for the La2S3 complex 

 

 
 
 
 
 
 
 
 
 
 

Fig. 4. (a) Optical image of doped Lanthanum 

sulphide complex (b) Magnified image of doped 

Lanthanum sulphide complex 

(B) (A) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  X-ray Diffraction pattern for La2S3 complex 
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3.4 Photoluminescence  
The luminescent properties of the Lanthanum sulphide 
complex and doped Lanthanum sulphide complexes with Eu 
and Tb were investigated. The excitation and emission spectra 
were recorded at room temperature under laboratory 
conditions. The Fig. 5 shows properties for Eu & Tb doped 
Lanthanum sulphide complexes. For the undoped sample, 
there is no significant change in emission peaks. For the 
doped samples the excitation wavelength is found to be 246 
nm. Under this excitation, the strong emission peaks for doped 
sample are observed at 398 nm and 470 nm respectively. The 
excited state is independent of the doped complexes which is 
similar to other lanthanide structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Further, the thermoelectric properties for the γ-phase of the 
doped Lanthanide were similar with reported materials. It is 
interesting to characterize temperature dependent analysis for 
its behavioural understanding. The thermoelectric 
measurement in the temperature range of 250 ̊K to 800 K̊ are 
found to have the values of 30 uVK

-1
 to 80 uVk

-1 
for lanthanide 

complex which are in accordance with reported values by 
other researchers [Michihiro ohta, et.al 2005]. 

 
4 CONCLUSION 
In the present results and discussion, the novel Lanthanum 
sulphide with doped Eu and Tb can form a stable solid 
complex. These Lanthanide complexes are confirmed by XRD 
pattern and IR spectra of as prepared and doped samples. It is 
noteworthy that the characterization of these complexes 
demonstrates stoichiometric composition. Thus, the lanthanum 
complex could be effectively synthesized and characterized by 
instrumental analysis. The luminescent properties of the Eu 
and Tb doped complexes were investigated and they exhibit 
the characteristic luminescence of Europium and Terbium ions. 
The state of energy level indicates that the doped Lanthanide 
matches better to the energy level of the prepared lanthanide 
complex. It indicates that the exited state of the efficient ions 
can absorb and transfer energy to the lanthanide complexes. 
Also, thermoelectric exploration shows that these complexes 
can be used for possible thermo power applications.  
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Abstract: In this paper, we present the synthesis of ZrO2 (Zirconia) nanoparticles by hydrothermal method and the synthesis of Zirconia (ZrO2)- 

polyacrylicacid (PAA) nanocomposite. The structural, morphological and optical properties of ZrO2-polyacrylicacid nanocomposite have been 
investigated through XRD, SEM, EDX, FTIR, UV–Vis absorption and photoluminescence (PL) spectroscopy. X-ray diffraction (XRD) spectra confirms 
the formation of ZrO2 and crystallinity of samples. SEM and EDX performed the surface morphological and elemental characterizations. Scanning 

electron microscope (SEM) shows the irregular morphology of the particles and chunks of ZrO2 distributed throughout the sample. Energy Dispersive 
X-ray (EDX) spectroscopy and Fourier transform infrared (FTIR) spectra confirms the formation of ZrO2 in crystalline phase. Ultraviolet-visible (UV-Vis) 
spectroscopy and photoluminescence (PL) spectroscopy gives optical properties. Absorption spectra shows a well-defined peak in absorbance curve. 

Photoluminescence (PL) spectra exhibits an additional emission peak may be due to interstellar defect created by ZrO2 in the polyacrylicacid film. 
 
Index Terms: nanocomposites, hydrothermal, optical property, polyacrylicacid (PAA), zirconia (ZrO2), UV-Vis spectroscopy, Photoluminescence (PL) 

——————————      —————————— 

 

1  INTRODUCTION 
anocomposite is a mixture of different component materials, 

in which at least one being of nanometer scale. Such materials 
may display combined features of all components or quite new 
properties resulting from mutual interactions between 
components. Organic-inorganic polymer composites have 
recently found wide technological applications. In the last 
years, a special interest has been focused on nanocomposites 
based on polymer networks involving nanoparticles being 
characterized by different electric, magnetic or optical features. 
Different kinds of materials, among which are sulfides, organic 
compounds and oxides nanocrystals, have been proposed as 
nano-fillers in these composites [1, 2]. Polymer 
nanocomposites are materials in which nanoscopic inorganic 
particles are dispersed in an organic polymer matrix in order to 
improve the performance properties of the polymer. Polymer 
nanocomposites represent a new alternative to conventionally 
filled polymers [3]. Because of their nanometer sizes, filler 
dispersion nanocomposites exhibit markedly improved 
properties when compared to the pure polymers or their 
traditional composites [4]. Nano-size zirconia has attracted 
much attention due to its specific optical and electrical 
properties as well as other potential applications in transparent 
optical devices, electro- chemical capacitor electrodes, oxygen 
sensors, fuel cells, catalysts and advanced ceramics [5]. ZrO2 
is a technologically important material due to its superior 
hardness, high refractive index, optical transparency, chemical 
stability, photothermal stability, high thermal expansion 
coefficient, low thermal conductivity, high thermomechanical 
resistance and high corrosion resistance [6]. These unique 
properties of ZrO2 have led to their widespread applications in 
the fields of optical [7], structural materials, solid-state 
electrolytes, gas-sensing, thermal barriers coatings [8], 
corrosion-resistant, catalytic [9].  
 
 
 
 
 
 
 
 
 
 
 

In present paper, ZrO2-polyacrylicacid nanocomposites were 
prepared by hydrothermally synthesised ZrO2 was mixed with 
polyacrylicacid. The purpose of introducing ZrO2 with 
polyacrylicacid was to enhance its optical properties as ZrO2 
has better optical properties. 

 

2  EXPERIMENTAL PART 
 
2.1  Materials 
Acrylicacid monomer was purchased from Merck chemicals. 
Zirconium oxicloride was purchased from Sigma-Aldrich. All 
chemicals used are of analytical grade and used as obtained. 
 
2.2  Synthesis of ZrO2 by hydrothermal method 
In which zirconium oxicloride and acrylicacid were initial 
chemicals. The ZrO2 was prepared by hydrolysis of zirconium 
oxicloride and then drop wise addition of ammonium hydroxide 
into the above solution to make pH=10 of the solution. Add 
hydrogen peroxide (20% volume of solution) to make 50 ml of 
solution which kept under vigorous stirring at room 
temperature. The ZrO2 nanoparticles were obtained by 
transferring the solution into Teflon lined autoclave at 160 ˚C 
for 24h. Then, wash the solution for 2-3 times by ethanol and 
distilled water and was calcinated in oven at 100 ˚C for 1h. 
 
2.3  Preparation of ZrO2-Polyacrylicacid nanocomposites 
ZrO2-Polyacrylicacid nanocomposite was prepared by 
introducing hydrothermally synthesized ZrO2 to the acrylicacid 
(monomer) using oven as a conventional polymerization 
technique [10]. Thus, synthesized ZrO2 with various 
concentrations (0.1 & 0.5 mol%) were ultrasonicated with 
acrylicacid. With drop wise addition of potassium persulfate 
(KPS) as an activator, initiate the polymerization. And the 
solution kept in the oven for 20 min. at 120 ˚C for desired 
nanocomposites. The preparation of film can be done by deep 
coating method [11]. 
 
2.4  Characterization technique 
As prepared and calcinated ZrO2 nanopowder and ZrO2- 
polyacrylicacid (PAA) characterised through various 
techniques, namely XRD, SEM, EDX, FTIR, Uv–vis absorption 
spectroscopy and photoluminescence studies. The crystalline 
nature and phase purity of ZrO2 nanoparticles was recorded 
by Bruker D8 Advance X-ray diffractometer. Surface 
morphology and grain size distribution of samples is analysed 
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through JEOL make Model JSM 5810 LV scanning electron 
microscope. Nicolet iS10 FTIR Spectrometer of Thermo 
Scientific in the wave number region between 4000–400 cm-1 
studies the quality and occurrence of functional group in ZrO2-
polyacrylicacid nanocomposites. Evolution 600 UV-Vis 
Spectrometer of Thermo Scientific recorded the UV–Vis 
absorbance spectra and Photoluminescence spectra were 
recorded using Horiba Jobin Yvon make Fluoromax-4 
Spectrophotometer at room temperature with excitation 
wavelength 300 nm. 
 

3  RESULTS AND DISCUSSION 
 
3.1  X-ray Diffraction (XRD) 
The XRD patterns were recorded on Bruker D8 Advance X-

ray diffractometer in 2θ range of 20⁰ to 90⁰ at room 
temperature with a least count of 0.05⁰. The 2θ values are 
mentioned in degrees. 
In order to investigate the crystallization process of zirconia, 
Fig. 1. shows XRD of as-prepared products. This figure 
indicates that a mixture of monoclinic (m) and tetragonal (t) 
phases of zirconia was obtained. The distinguishing 
characteristic peaks occurred at 2θ 30.161, 35.021, 50.371 
and 60.021 for (1 1 1), (2 0 0), (2 2 0) and (3 1 1) reflections 
respectively. This is very close to the values in the literature 
(JCPDS no. 003-0640).  

The crystallite size of the as-prepared ZrO2 calculated 
with the Scherer formula, was found 12.1 nm and XRD 
results showed that the phase of ZrO2 nanoparticles were 
monoclinic and tetragonal. 

 
3.2  SEM Analysis 
Morphological analysis of the samples was done by JEOL 
make Model JSM 5810 LV scanning electron microscope. 
SEM images of pure acrylicacid shown in Fig. 2. (a) and two 
samples of ZrO2-polyacrylicacid nanocomposites having ZrO2 
with 0.1% and 0.5% of concentrations are shown in Fig. 2. (b-
c) respectively. The nanosized particles can be observed from 
SEM images. It is clear that the chunks of ZrO2 material were 
spread homogeneously throughout whole sample and no 
change in morphology is observed due to ZrO2 doping. 
   

 

Fig. 1. XRD spectra of pure ZrO2 

 

 

 

 

Fig. 2. SEM images of ZrO2-polyacrylicacid nanocomposites (a) 

pure polyacrylicacid (b)     0.1% ZrO2-polyacrylicacid & (c) 0.5% 
ZrO2-polyacrylicacid nanocomposites. 
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3.3  Energy Dispersive X-ray spectroscopy  
The Energy Dispersive X-ray (EDX) spectroscopy is an 
analytical technique used for the elemental analysis of a 
sample, which identifies the elemental composition of 
materials imaged in a scanning electron microscope. And Fig. 
3 (a-b) reveal that the ZrO2-polyacrylicacid nanocomposites 
are composed of C, O and Zr elements, which is in good 
agreement with the used chemicals. The elemental Weight% 
and Atomic% of C, O and Zr for Fig. 3 (a) is 24.03, 74.49, 1.48 
and 29.99, 69.77, 0.24 respectively. And elemental Weight% 
and Atomic% of C, O and Zr for Fig. 3 (b) is 18.22, 79.44, 2.34 
and 23.31, 76.30, 0.39 respectively. 
 

 
3.4  Fourier transform infrared (FTIR) Spectroscopy 
FTIR spectrographs were recorded by a Nicolet iS10 FTIR 
Spectrometer of Thermo Scientific in the wave number region 
between 4000–400 cm-1 studies the quality and occurrence of 
functional group in ZrO2- polyacrylicacid nanocomposites. Fig. 
4 (a-b) shows the FTIR spectrographs of pure polyacrylicacid 
and ZrO2-polyacrylicacid nanocomposite, which shows 
enhanced optical property as the transmittance of ZrO2-
polyacrylicacid nanocomposites has higher value with 
compare to pure polyacrylicacid.  
 
3.5  Ultraviolet-visible (UV-Vis) Spectroscopy 
The absorption spectra were recorded by Evolution 600 UV-
Vis Spectrometer of Thermo Scientific. The spectra were taken 

for the wavelength range of 280nm to 900nm. Fig. 5 (a-b) 
shows the absorption spectra of ZrO2-polyacrylicacid 
nanocomposites with different concentration of ZrO2 with 0.1% 
and 0.5% respectively. A well-defined peak is obtained around 
290nm in the absorbance curve. It reveals that the absorbance 
increases because the amount of ZrO2 increases in the 
sample [12]. This directly proves that with varying doping 
concentration we can get a desired energy band gap for ZrO2 
nanomaterial. 
 
3.6  Photoluminescence (PL) Spectroscopy 
Photoluminescence spectra were obtained by Horiba Jobin 
Yvon make Fluoromax-4 Spectrofluorometer. Emission spectra 
for both the samples are shown in Fig. 6 (a-b).  

 

 

Fig. 3.  EDS spectra of ZrO2-polyacrylicacid nanocomposites (a) 
0.1% ZrO2 and (b) 0.5% ZrO2 

 

Fig. 4. FTIR spectrograph of (a) pure polyacrylicacid (b) ZrO2-
polyacrylicacid nanocomposite. 

 

Fig. 5.Absorption spectra of ZrO2-polyacrylicacid nanocomposites 

with (a)0.1% (b)0.5% ZrO2 
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The samples were excited at 300nm, the additional emission 
peak was obtained at 465nm in both the samples of ZrO2-
polyacrylicacid nanocomposites. This peak may be obtained 
due to interstellar defect created by ZrO2 in the polyacrylicacid 
film [13]. 

 

4  CONCLUSION 
We have successfully synthesized ZrO2 nanoparticles by 
hydrothermal technique. Samples of ZrO2-polyacrylicacid 
nanocomposites were prepared with different 
concentration of zirconia. With the help of XRD the 
crystalline size of  ZrO2 calculated with the Scherer 
formula was found 12.1nm and the phase of ZrO2 
nanoparticles were monoclinic and tetragonal. SEM gives 
good morphological properties showing no significant 
change in structure of PAA due to ZrO2 doping and the 

EDX analysis confirmed that the samples were composed 
of C, O and Zr elements. FTIR spectrographs shows that 
the transmittance increases in the case of ZrO2-
polyacrylicacid with compare to pure acrylicacid and UV-
Vis spectroscopy revealed that a well-defined peak is 
obtained around 290nm in the absorbance curve, the 
absorbance increases as the amount of ZrO2 increases in 
the samples so we can have desired band gap of material 
as well. Photoluminescence spectra shows an additional 
peak obtained around 465nm with good intensity as a 
significance of ZrO2 in the samples.  
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http://refhub.elsevier.com/S0272-8842(14)00079-0/sbref2
http://refhub.elsevier.com/S0272-8842(14)00079-0/sbref2
http://refhub.elsevier.com/S0272-8842(14)00079-0/sbref2
http://refhub.elsevier.com/S0272-8842(14)00079-0/sbref2
http://refhub.elsevier.com/S0272-8842(14)00079-0/sbref2
http://refhub.elsevier.com/S0272-8842(14)00079-0/sbref2
http://refhub.elsevier.com/S0272-8842(14)00079-0/sbref2
http://refhub.elsevier.com/S0272-8842(14)00079-0/sbref2
http://refhub.elsevier.com/S0272-8842(14)00079-0/sbref2

