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The influence of the presence of barium carbonate (BaCO;) phase on the luminescence properties of barium titanate nanocrystals
(BaTiO,) powders was investigated. Structural and optical characterizations of erbium (Er’*) doped BaTiO, synthesized by the
sol-emulsion-gel were performed. Using Fourier transform infrared spectroscopy and X-ray powder diffraction, we identified the
presence of impurities related to BaCO, and quantified its fraction. It was observed that the presence of BaCO, phase, even at low
levels, depletes significantly the infrared-to-visible upconverted luminescence efficiency of the produced nanopowders.

1. Introduction

Nowadays there is a great interest in the development of
materials with nanometric dimensions that can convert
efficiently energy into light. Such interest arises from the
intrinsic emission properties that these nanophosphors may
exhibit related to their size, as well as the huge potential
of applications which can be designed based on them, for
instance, bioimaging systems [1-9] and sensors [10-17]. Dif-
ferent kinds of materials can be exploited as nanophosphors.
However inorganic luminescent systems, for instance rare
earth doped nanoparticles (REDN), have attracted a lot of
interest owing to the advantages they possess in comparison
with organic luminophores, such as low toxicity, superior
photostability, and frequency upconversion emission.
Several works have been performed in recent years prob-
ing which physical parameters could influence the upcon-
version luminescence of REDN, as the optimization of such
phenomena is essential for the development of more efficient
nanophosphors. Up to this moment, it was observed that

particle’s size [10, 11, 18-32], shape [32], crystalline structure
[21,22, 28, 33], rare earth ion concentration [21, 24, 28, 33, 34],
surrounding environment [11, 35], and presence of impurities
[34] could modify significantly the performance of different
kinds of REDN.

Among the investigated REDN, it has been shown that
rare earth doped barium titanate (BaTiO;) nanocrystals
present many desirable properties for luminescent applica-
tions in nanoscale, such as low phonon energy, ~540 cm™"
[36], and eflicient frequency upconversion processes. Due
to this fact, it was demonstrated that erbium doped BaTiO,
nanocrystal is an efficient nanophosphor for temperature
sensing [10, 11]. BaTiO; is a typical ABO; perovskite type
material with a variety of crystal structure modifications.
Depending on the transition temperature, BaTiO; has five
kinds of crystal systems, that is, hexagonal, cubic, tetragonal,
orthorhombic, and rhombohedral [37]. On the other hand,
one of the main difficulties encountered during the fabrica-
tion of BaTiOj is the presence of impurities originating from
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their synthesis. Barium carbonate (BaCO,) is the most fre-
quently occurring impurity and it can be formed during the
synthesis of BaTiO; powder, whichever route is used [38]. It
should be emphasized that by using heat [39] and/or chemical
treatments [40, 41], it is possible to reduce the presence of
BaCOj; in BaTiO; nanopowders. However, these procedures
are not perfect because they cannot eliminate entirely the
presence of BaCOjs; in addition the chemical procedures
may induce the formation of different contaminants [38] and
the heat treatment also increases the size of the produced
nanocrystals [21]. Therefore, for very small sized BaTiO,
nanocrystals, the presence of BaCO; is still a technological
difficulty for the production of efficient nanophosphor.

Many parameters that can influence the upconversion
emission from BaTiO; have been investigated so far, rare
earth concentration [21], size [10, 11, 18, 21], environment
[11], and temperature [10, 11]. However, although it is known
that the presence of carbonates can be deleterious for lumi-
nescence of REDN, a direct or indirect measurement of
the real influence of BaCO; presence on the upconversion
fluorescence of rare earth doped BaTiO; nanopowder has
been not reported yet.

In this work, we investigated how the presence of BaCO,
modifies the infrared-to-visible frequency upconversion of
BaTiO; nanocrytals doped with erbium ions. We quantified
the amount of BaCO; on two samples of powdered BaTiO,
and observed a direct correlation between the impurity
concentration and the samples fluorescence intensity.

2. Experimental

The BaTiO; nanocrystals were produced using the sol-
emulsion-gel method [21]. First, we prepare TiO, sol
from titanium isopropoxide Ti(OiPr),, acetylacetone, and
propanol. In short, 11 mL of Ti(OiPr), was added to 19 mL of
propanol and stirred for 15 min. A mixture of 19 mL propanol
and of 1.82 mL acetylacetone was prepared in another beaker.
It was added to the first mixture of Ti(OiPr), and propanol
and stirred for another 30 min. At last, 18.76 mL of propanol
and 1.29 mL of H,O were added to the mixture and stirred
for more 2hrs. The produced TiO, sol was slowly added,
under vigorous stirring at ambient temperature, to a solution
of Ba(Ac), dissolved in water and acetic acid. Then, 2 mol%
of erbium acetate was added to this sol. Cyclohexane and
sorbitan monooleate (Span 80, fluka) were used as the organic
liquid (oil phase) and the nonionic surfactant, respectively, in
order to obtain emulsified droplets through water-in-oil type
emulsions. The Er doped BaTiO; sol was then dispersed in the
solvent under stirring condition. The sol droplets formed in
the process were then gelled by controlled addition of a base.
The gel particles were separated by centrifugation followed by
washing with acetone and methanol. The product obtained
was dried at 60°C for 12 hrs. The dried materials were heated
at arate of 2°/min and kept for 30 min at 700°C, for sample A,
and 850°C for sample B. The powders were pressed to form
thin disks with smooth surfaces and then cut to small pieces
for optical measurements.
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Transmission electron microscopy (TEM) images and
energy dispersive X-ray spectroscopy were obtained using a
FEI - Tecnai20 transmission electron microscope operating
voltage at 200 kV, at the Centro de Tecnologias Estratégicas
do Nordeste (CETENE). Samples for TEM were prepared by
making a clear dispersion of the samples in acetone and plac-
ing a drop of the solution on a carbon coated copper grid. The
solution was allowed to evaporate leaving behind the samples
on the grid. An IR spectrometer (IRPrestige-21) equipped
with diffuse reflectance accessory DRS8000 was used to
identify the IR-active functional groups. A few milligrams
of powder sample (2 mg) were mixed with a nonabsorbing
standard (200 mg of potassium bromide, KBr) on a holder.
Energy dispersive X-ray spectroscopy was also performed
using a tabletop EDX equipment (EDX-800HS, Shimadzu).
The crystalline phases of the particles were identified by X-ray
powder diffraction (XRPD) using a Shimadzu model XRD-
6000, powder X-ray diffractometer using a CuKa radiation
(1.5418 A), over the range 20 to 60 at a speed of 2 deg./min.
The phases present in the sintered samples were identified
by comparison of the diffraction patterns with the reference
cards of the JCPDS powder diffraction file. The quantification
of phases and the lattice parameters were determined using
the Rietveld method [42] and the DBWSTools 2.3 software
[43].

The optical measurements were carried out using mode-
locked Ti:Sapphire laser, tuned at 800 nm, delivering 200 fs
duration pulses with a 76 MHz repetition rate. The laser
beam was focused on the surface of the nanocrystals” disks
with normal incidence. The fluorescence was also collected
normally to the disks’ surface. The same lens was used to focus
the incident beam and to collimate the luminescence. A cold
mirror was employed to eliminate the laser scattered light and
guide the fluorescence signal to an optical multimode fiber
connected to a compact CCD spectrometer, Ocean Optics
USB-4000. The measurements were carried out in such a way
that the same laser intensity was employed and the intensity of
the collected fluorescence was maximized for both samples.

3. Results and Discussion

In Figurel, the FTIR spectra for the powders calcined at
700°C and 850°C are presented. As can be observed, both
samples presented several peaks and bands associated to the
symmetric and asymmetric stretching vibrations of water
(3000-2800 cm ™), a bicarbonate vibration (2450 cm™) [44],
and the presence of CO, (2359 cm™). The other peaks can
be associated to carbonates vibrations [38], the broad peak
at ~1450 cm™' that corresponds to the asymmetric stretch
(1415cm™") of the simple carbonate ion CO32_, and to the
unidentate carbonate ligand (asymmetric stretch, 1480 cm™,
symmetric stretch, 1370 cm ™), the peak at 1750 cm ™ related
to an organic carbonate and peak at 1060 cm™" [44]. These
results demonstrated that there was a significant amount
of barium carbonate within the produced BaTiO; powders.
Unfortunately, due to the absence of suitable reference sam-
ples, it was not possible to quantify the amount of BaCOj; in
the investigated powders using this technique.
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FIGURE 1: FTIR spectrum of BaTiO, : Er’" powders.

The size and the crystalline structure of the produced
nanocrystals were characterized by TEM and XRDP mea-
surements. In Figure 2, it is shown a typical TEM image of
the nanopowders calcined at 700°C and 850°C. As can be
observed, in both cases, two kinds of structure were present,
small nanocrystals with average size around 25 nm and large
rods.

Energy dispersive X-ray spectroscopy measurements
were performed in order to identify if there was composi-
tional difference between the two kinds of structures. The
spectra obtained for crystals calcined at 700°C are presented
in Figure 3. For small nanoparticles and large rods, the
same components were identified: barium, titanium, erbium,
carbon, copper, and oxygen. It must be emphasized that the
cooper line can be attributed to the kind of the grid employed
(SPI - 3620C-MB). However, the carbon signal might mean
that there were some nanoparticles containing carbon atoms
or that there was some contribution from the grid itself.
Indeed, using the tabletop EDX, it was verified that copper
signal is not present when there was no grid, while the carbon
levels could not be detected due to this system limitations.

Nevertheless, some differences between the distinct
nanostructures could be detected. First, the relative intensity
of the erbium peak in comparison with the others elements
was much smaller for the site with only rods. This suggests
that the erbium ions concentration is higher in the smaller
particles than in the rods. Second, the peak height related
to the presence of carbon in comparison with the barium
and titanium peaks is larger for the site with rods. This
result indicates that the carbon concentration in the rod is
also larger. At last, we could not identify if the increase of
the carbon concentration for the measurements in rods was
coupled with a titanium amount decrease, as there is an
overlap of barium L-band and the titanium K-band.

In Figure 4, the typical XRPD pattern of both samples
is presented. It can be observed that both powders present
two phases, identified as a cubic structure of BaTiO; (PDF

number 79-2263) and an orthorhombic structure of BaCO,
(PDF number 71-2394). The crystal sizes of the BaTiO,
phase nanocrystals were calculated using Scherrer’s equation,
applied to the diffraction line associated to the (110) plane.
The calculated average crystal sizes were 22.9 nm for sample
A and 26.8 nm for sample B.

Therefore the combination of the TEM, EDS, and XRPD
suggests that the investigated samples appear to be consisting
predominately of BaTiO, small particles and large rods of
BaCOj;, which is a similar result as reported in [44].

Using the Rietveld refinement method, we could esti-
mate the concentration of both crystalline phases in the
powders calcined at the different temperatures. In Figure 5,
the obtained refinement for the sample calcined at 700°C
is presented. For this sample, we estimated a percentage of
90.18% and 9.82% for BaTiO, and BaCOj; phases, respectively.
The lattice parameters found for the first phase (BaTiO;) are
a=b=c=40129 A and phase 2 (BaCO,) are a = 5.2820 A,
b = 895964, and ¢ = 6.4368 A. As the TEM and EDS
measurements indicated that the erbium ions were present
in both kind of structures, but with a larger concentration in
the small particles and assuming that the rods are consisted
predominantly of BaCO; phase, while the BaTiO; phase
is composed by the small particles, it was considered that
the erbium ions could be present in both phases in the
refinement calculations. Following this procedure, the best
refinement results were obtained considering that the molar
concentration of erbium ions in the BaTiO; and BaCO,
phases was equal to 2.1% and 0.9% respectively.

The same approach was employed in the refinement for
the powder calcined at 850°. The result is shown in Figure 6.
For this sample, we obtained a percentage of 94.87% and
5.13% for phases of BaTiO; and BaCOj;, respectively. The
lattice parameters found for the first phase (BaTiO;) are a =
b = ¢ = 4.0128 A and phase 2 (BaCO;) are a = 5.28354, b =
9.0057 A, and ¢ = 6.4433 A. In this case, it was obtained that
the molar concentration of erbium ions were equal to 2.2% in
the BaTiO; phase and 0.4% in the BaCO; phase.

It should be noticed that the obtained values for erbium
ions’ molar concentrations in barium carbonate phase are just
an approximation. Due to the low concentration of BaCOj,
the uncertainties of these estimated quantities can be very
high. Moreover, other effects such as surface strains might
play an important role to the changes of the lattice parame-
ters. However, owing to the other characterization techniques
results, the assumption that erbium ions are present in both
phases seems to be suitable for the investigated samples.

The fluorescence spectroscopy results are presented in
Figure 7. As can be observed, both samples presented intense
infrared-to-green and infrared-to-red frequency upconver-
sion. The physical mechanisms of these emissions have been
discussed in detail in previous works [10, 11, 18, 21] and are
related to an excited state absorption process involving two
laser photons and it is represented schematically in Figure 8.
Briefly, a first laser photon is absorbed promoting a transition
from the ground state *I,5 jpto the 1 pexcited state of the
erbium ion. Then, the ion decays nonradiatively to the *I,; 2

or I, /2- A second absorption step may occur from these two
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FIGURE 2: TEM images of the investigated nanopowders displaying the different particles shape and size for the crystals calcined at (a) 700°C
and (b) 850°C. Detailed views of the BaTiO; nanocrystals calcined at (c) 700°C and (d) 850°C are also shown.

CuK 50
250 o CuK 250 |
40
200 - g 200 g
= CK ik 5 %
E E ; OK BaL E
& 150 4 TiK 5 3 150 4 g 2 ErL
Z BaL = I 5
17} 7] 10
2ol
£ 100 40K £ 100 - o
5 6 7 8
50 Energy (keV) 50 Energy (keV)
B LA Erl]
, | ™ o M, .
0 B T T T T 0 h T T T T
0 10 20 30 40 0 10 20 30 40
Energy (keV) Energy (keV)

(a) (b)

FIGURE 3: EDS spectra of crystals calcined at 700°C, measured for samples containing only (a) small particles and (b) large rods.
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FIGURE 4: X-ray diffraction pattern of 2mol% Er doped BaTiO,
nanocrystals calcined at 700°C and 850°C.
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FIGURE 5: The structural refinement patterns of BaTiO, (sample A)
using X-ray powder diffraction data. Open red circles correspond to
the experimental data (I ); solid black line is the calculated pattern
(I.y1)> while the blue line is the difference between the experimental
and the theoretical curves. In this refinement, the coefhicients of

reliability were R, =13.21%, R, =16.25%, and S = R,/R, =1.23.

levels populating the excited state *F, /> or populating directly
the fluorescent levels *H pand ‘S, /2- Population atlevel *F, 2
may also decay nonradiatively to fluorescent levels *H,, 2and
‘s, /2- The *F /2 level is populated nonradiatively from higher
energy levels. Finally, radiative transitions “H,, n = 1,5 /2>
283/2 - 4115/2, and 4F9/2 — 4115/2 occur, generating the
observed fluorescence bands centered at 530 nm, 550 nm, and
660 nm, respectively.

As can be seen in Figure 7, although both samples present
the same erbium concentration, nanoenvironment, BaTiO,
crystalline structure, and comparable nanocrystals average
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FIGURE 6: The structural refinement patterns of BaTiO, (sample B)
using X-ray powder diffraction data. Open red circles correspond to
the experimental data (I,); solid black line is the calculated pattern
(I,), while the blue line is the difference between the experimental
and theoretical curves. In this case, R, = 13.79%, pr =18.19%, and
S=132.

(=)}

(=3

(=3

S
1

'S

S

S

S
1

2000 ~

Fluorescence intensity (a.u.)

0

T T T T 1
500 550 600 650 700
Wavelength (nm)

—— 700°C
— 850°C

FIGURE 7: Upconverted luminescence from samples A and B for
excitation laser tuned at 800 nm and 260 mW average power.

size, there is a huge difference on the emitted fluores-
cence. Indeed, the sample B has a stronger upconversion
luminescence when compared with the sample A. As the
measurements were carried out with the powders within the
same environment, erbium concentration, and temperature,
the size and the impurities concentration differences between
the powders give the most important contribution to the
observed distinct fluorescence intensities.

In order to evaluate the individual contribution of each
these factors we compare our results with others reported
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TABLE 1: Summary of the fitting parameters for the fluorescence of three different erbium-doped nanocrystals and ratio between the
fluorescence integrated intensity for crystals with 26.8 nm and 22.9 nm diameter calculated using (1).

Nanocrystals I, D (nm) C 1(26.8)/1(22.9)
BaTiO, : Er’* [18] (12+£0.1)x 1073 155+ 0.4 -0.8+0.1 1.24
BaYF,: Yb’/Er*" [19] 290 + 20 18+1 -0.8+0.1 1.20
Y,0, :Er’* [20] (11 +4) x 10° 20+ 1 -0.8+0.1 117
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FIGURE 8: Simplified Er’" energy levels scheme and frequency
upconversion pathways.

in the literature. The size effect over the upconversion flu-
orescence intensity of nanophosphors has been investigated
by different groups and distinct rare-earth doped materials.
It has been observed that, in the range of 10 to 100 nm
diameter nanocrystals, the luminescence is increased as the
particles size is raised. For BaTiO; nanopowders in particular,
it was possible to estimate empirically the behavior of the
upconverted luminescence intensity as a function of the par-
ticles diameter, based on the results of a previous work [18].
In Figure 9 a graph of the integrated fluorescence intensity
is plotted, including only the green and red upconverted
emission as a function of the nanocrystals average diameter.
This plot showed that the integrated fluorescence intensity
increased nonlinearly with the crystals sizes. We observed
that the best fitting results were achieved when we employed
a single exponential expression to relate the luminescence
intensity (I) and the crystal diameter (d):

1(d) =1,(e"" +C), M

where I, D, and C are fitting parameters. We performed
the same procedure using the results of other pure erbium
doped and ytterbium-erbium codoped nanocrystalline sys-
tems [19, 20] and obtained exponential fits, with similar
values for constants D and C. A summary of these fitting
factors are presented in Table 1. This result suggests that it is
possible to obtain a factor that relates the relative change of

the fluorescence intensity of erbium doped nanocrystals of
different sizes.

Employing the results displayed in Table 1, we estimated
that fluorescence of erbium doped nanocrystals with 26.8 nm
should be roughly 1.20 + 0.03 times larger than the lumi-
nescence of 22.9 nm nanocrystals in average. However, our
experimental results showed that the fluorescence emitted
by the sample calcined at 850°C is actually about 2.63 times
greater than that emitted by the sample to 700°C, which
clearly indicates that the size difference cannot explain the
observed behavior and the presence of impurities must play
an important role on the nanophosphors fluorescence.

We also calculated the ratio of the integrated intensities
for the red and the green emission bands obtained for the
samples A and B. Our results show that this ratio is 1.25
times larger for the sample A. As the erbium concentration
and the environment are the same, this difference can be
attributed only to the increase of the nonradiative transition
rates on the sample with the largest BaCO; concentration.
Indeed, as the phonon energies of BaCO; are larger than
BaTiO; crystals, its presence gives a strong contribution
to the depletion of the fluorescence intensity because of a
combination of two mechanisms. The first one is related to
the increase of new nonradiative transition paths that the
Er’* ions on the surface of BaTiO; nanocrystals experience
provided by the presence of BaCO; in the neighborhood.
It happens because the fluorescence from rare-earth ions
present at the surface is influenced by nonradiative relaxation
channels (defects at the surface of nanoparticle) that are not
only related to the lattice vibrational modes of its host but
also to high-energy modes of residual carbonates (1500 cm ™)
and hydroxyl ions (3350 cm™') adsorbed in the crystallite
surfaces [21]. The second is associated to the excitation of
the Er’" ions that are currently doping the BaCO, phase. As
this erbium doped material presents very poor fluorescence
efficiency, the emission from the sample with larger relative
amount of BaCO; must be smaller. Moreover, it was observed
that the BaCO; concentration on the sample A is 2.43
times larger than sample B and the powder with the largest
amount of impurities (sample A) presented lower lumi-
nescence intensity. This quantitative evidence indicates that
fluorescence intensity is strongly correlated to the impurities
concentration, even for small amounts.

4. Conclusion

In summary, we analyzed the upconversion luminescence
properties of Er’* doped BaTiO; nanocrystals prepared by
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sol-emulsion-gel method and prepared at different temper-
atures. The heat-treatment process yielded samples with dif-
ferent particle sizes and BaCO; concentration. We observed
a huge difference on the fluorescence intensity exhibited by
both samples that can be attributed mainly to the change in
the impurity concentrations of these powders. Our results
demonstrate that, even at very low concentration, the pres-
ence of impurities may modify significantly the luminescence
of erbium doped BaTiO; nanocrystals.
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