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Boron-undoped and -doped europium-bismuth oxide nanocomposites were
synthesized by the polymeric precursor technique. The solutions were calcined
and sintered to prepare nanocomposite powders. The nanocomposites were
characterized by the Fourier transform infrared spectroscopy, x-ray diffrac-
tion, scanning electron microscope, and Brauner—Emmett—Teller techniques.
According to Fourier transform infrared spectroscopy results, the shape, the
range, and the intensity of the peaks for the calcined and sintered samples
changed with the addition of boron content. Furthermore, the reaction path,
resulting crystal size, and crystal morphology were all altered by boron
additions. A decrease in porosity, brought about by boron additions, also
altered the Ny absorption/desorption characteristics.

INTRODUCTION

Materials based on BiyO3 doped with rare-earth
elements such as europium have important electri-
cal, magnetic, and optical properties that make
them suitable for important applications such as
solid oxide fuel cell (SOFC) technology, thermal and
mechanical sensors, scintillation counters, and
many kinds of optical devices.' Europium is dif-
ferent from many of the rare-earth ions because it
can have two different valence states (2+ and 3+),*°
which are responsible for many of the technologi-
cally relevant material behaviors.?

Boron is another important dopant addition to
Bi,O3 that is used to control the ratio of octahedral-
BiOg and pyramidal-BiOj structural units.®” Using
boric acid source material has the additional
advantages of being nontoxic and inexpensive.®
Boron-doped europium-bismuth oxide can be syn-
thesized by a variety of techniques including powder
mixing, milling, and the polymeric precursor tech-
nique (PPT). The method of preparation is an
important consideration because the size and mor-
phology of the resulting crystals can cause property
changes as compared with an individual crystal. In
this study, PPT was preferred because PPT is the
best method for controlled formation of nanostruc-
tures. By employing metal acetate precursors, such
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as europium acetate in polyvinyl alcohol (PVA), the
molecular homogeneity of the precursors is accu-
rately maintained.”!

The aim of this study is to prepare boron-doped
europium-bismuth oxide nanocomposite ceramics by
calcination, sintering, and removal of the organic
structures of PVA/boron-undoped and -doped bis-
muth-europium acetate hybrid polymer solutions.
In addition, we characterize and comment on the
crystal and morphological structures that result
from the subsequent phase transitions.

EXPERIMENTAL PROCEDURE

Polyvinyl alcohol (PVA-Mw 85,000-124,000 g/mol,
Sigma-Aldrich) was used as the polymeric precur-
sor. Europium (III) acetate hydrate (99.99%, Sigma-
Aldrich), bismuth (III) acetate (99.99%, Sigma-Al-
drich), boric acid (99.97% Sigma-Aldrich), and PVA
(Sigma-Aldrich, Mw: 85000-124000) were used as
starting materials. Ultrapure deionized water and
acetic acid (100%, Merck) were used as the solvent.

PVA solution (10%, w/w) was produced by dis-
solving PVA powder into ultrapure water; then the
solution was slowly heated to 80°C over 2 h and
cooled back to room temperature. For the undoped
solution, 1.5000 g of bismuth(III) acetate and
0.3249 g of europium acetate hydrate were then
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added. For the boron-doped solution, an additional
0.2189 g of boric acid was added to the 20 g of
aqueous PVA at room temperature and stirred vig-
orously for 3 h at room temperature. Thus, sol-gels
of boron-undoped and -doped PVA/Bi-Eu acetate
hybrid polymer solutions were obtained. Calcination
was performed by heating the solutions in air at a
rate of 8°C/min with an isothermal hold at 850°C for
2 h; the calcined powders were sintered in air by
heating to 1000°C at 8°C/min and holding for 3 h.

The pH and conductivity of the polymer solutions
were measured using a pH 315i meter and conduc-
tivity meter (Wissenschaftlich-Technische Wer-
kstéatten (WTW) GmbH & Co. KG). The viscosity of
the solutions was determined using a SV-10 vis-
cometer. Surface tension measurements were per-
formed using a KRUSS manual measuring system.

The crystal structure was carefully examined by
x-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FT-IR). X-ray powder dif-
fraction patterns of nanocomposite powders were
collected using a PANalytical Empyrean x-ray dif-
fractometer using Cu Ko radiation (1 = 1.54 A).
FTIR spectra (4000—380 cm ') were recorded on a
Perkin-Elmer Spectrum 100 FTIR spectrometer and
by ATR (with a diamond-protected attenuated total
reflectance crystal unit) at a resolution of
4 cm'after 100 scans.

The microstructures of these samples were ob-
served using scanning electron microscopy (Field
Emission SEM ZEISS, SUPRA 40 VP) on samples
sputtered with platinum (Qourum Q 150R ES DC
Sputter) and observed at an accelerating voltage of
10 kV. The surface area and porosity of the nano-
composite powders were analyzed using the Burn-
auer, Emmett, and Teller (BET) technique (Asap
2020, Micromeritics).

RESULTS AND DISCUSSION

The values of viscosity, surface tension, pH, and
electrical conductivity of the complex hybrid poly-
mer solutions were measured and given in Table I
for both samples before the calcination and sinter-
ing procedures. As was expected, the addition of
boron resulted in an increase in the viscosity and
surface tension but in a decrease in the pH.

In Figs. 1 and 2, the FT-IR spectra can be com-
pared for the wundoped and doped conditions,
respectively, in their (a) calcined and (b) sintered
states. The bands in Fig. 1a at 626 cm ™!, 530 cm ™%,
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497 cm ™!, and 466 cm ™! are related to the vibra-
tional peaks between bismuth and oxygen bonds in
BiOg octahedral units.'*'? Likewise, the character-
istic vibrational peaks between bismuth and oxygen
bonds in BiOj also give infrared bands at 466 cm ?,
530 cm !, 626 cm ™!, and 842 cm !. The peak at
711 cm ! is related to the stretching vibrational
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Fig. 1. The FT-IR graphs of Eu/Bi oxide calcined (a) and sintered (b)
nanocomposite powders for boron-undoped nanocomposite powder.
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Fig. 2. The FT-IR graphs of Eu/Bi oxide calcined (a) and sintered (b)
nanocomposite powders for boron-doped nanocomposite powder.

Table 1. Viscosity, surface tension, ph, and electrical conductivity of the complex hybrid polymer solutions

for boron-undoped (Sol-1) and -doped (Sol-2) samples

Solution # pH Electrical conductivity (mS/cm) Viscosity (mPa s) Surface tension (mN/m)
Sol-1 2.56 1.53 88.4 52
Sol-2 2.48 1.53 122 53
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Fig. 3. X-ray diffraction graphs of calcined (black trace) and sintered (red trace) boron-undoped (a) and -doped (b) europium-bismuth oxide

nanocomposite powder (Color figure online).

Table II. Calculated lattice parameters of boron-undoped calcined (undoped-1) and sintered (undoped-2)
and of boron-doped calcined (doped-1) and sintered (doped-2) nanocomposite powders via Scherrer equation

Sample (hkD) 20 (°) FWHM (°) d (A) a=bA) c A
Undoped-1 (222) 28.12 0.4680 3.17 10.98 10.99
Undoped-2 (222) 28.03 0.2184 3.18 11.02 11.02

(104) 29.07 0.2184 3.07 3.97 27.31
Doped-1 (222) 28.09 0.2496 3.17 10.99 10.99
Doped-2 (222) 28.07 0.6084 3.18 11.00 11.00

peaks between bismuth and oxygen bonds in BiO;
units'® as can be seen in both Figs. 1 and 2. For the
sintered samples, some of the Bi-O bonds in BiOg
octahedral units are not present in the calcined
nanocomposite powders. Vibrational spectra of
Bi;O3 and derivatives studied by infrared spec-
troscopy indicated that bismuth does not form a
simple structure; however, it is well known that
bismuth ions can form [BiO3] pyramidal or [BiOg]
octahedral units. The presented bands in the FTIR
spectra of the samples confirm the formation of
Bi;O3; with a structure based on BiOg and BiOs
units. The shape, range, and intensity of the peaks
for the calcined and sintered samples changed with
the addition of boron content indicating the con-
tribution of the vibrations between boron and oxy-
gen bonds.

X-ray diffraction patterns of the calcined (black
trace) and sintered (red trace) boron-undoped (a)
and -doped (b) europium-bismuth oxide nanocom-
posite ceramic powders are shown in Fig. 3.
According to the JCPDS card, one body-centered-
cubic (bcc) phase (Ref. No: 98-008-0403) is present
in the calcined boron-undoped sample. Two addi-
tional phase types have been identified in Fig. 3 as
bee Big gsEug 3701 5 (Ref. No: 98-008-0403), hexago-
nal Bij 77Eug 2301 5 (98-009-4229), and monoclinic o-
Bi;O3 (98-005-0641). The boron-doped sample in its

calcined state, given in Fig. 3b, includes two cubic
phases and does not undergo a significant phase
change, but instead significant peak sharpening is
observed. The most important changes in the reac-
tion path are a lack of the hexagonal Big 77Eug 2301 5
and the «-Bi,O3 phases in the final structure of the
sintered boron-doped sample.

According to the XRD results, the lattice param-
eters (¢ and d) of the nanocomposite powders were
calculated using the following equations:**

1 R*+R*4 12

d? a? M
1 4 /h2+hk+E2\ 2
23\« )T @)

Equation 1 is used in cubic phase, and Eq. 2 is
used in hexagonal phase. The calculated lattice
constants (a) of the boron-undoped and -doped sta-
bilized europium-bismuth oxide nanocomposite
powders are given in Table II, respectively.

Figure 4 shows an SEM micrograph of undoped (a,
b) calcined and (c) sintered Eu/Bi powders. Figure 4b
shows a sintered sample. Figure 4b is a higher mag-
nification image of Fig. 4a that reveals the nano-
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Fig. 4. The SEM micrograph of Eu/Bi oxide calcined (a, b) and sintered (c) for boron-undoped nanocomposite powder.

Fig. 5. The SEM micrograph of Eu/Bi oxide calcined (a, b) and sintered (c) for boron-doped nanocomposite powder.
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Fig. 6. N, adsorption/desorption isotherms of the calcined (a) and sintered (b) boron-undoped nanocrystalline composite powder.
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Fig. 7. N, adsorption/desorption isotherms of the calcined (a) and sintered (b) boron-doped nanocrystalline composite powder.

structure of the approximately 200-nm-sized, very
thin, well-oriented, flower-like nanostructures.
During sintering, the sample crystal structure and
morphology is altered and results in a sponge-like
and porous structure. The mean diameter of the
grains is also larger (~600 nm) after sintering.

The microstructure of the boron-doped samples is
given in Fig. 5 and shows that the resulting grain
morphology is significantly different. Figure 5c
shows a higher magnification image that reveals
uniformly distributed spherical grains with an
average size of 300 nm. Sintering appears to only
affect the average diameter without altering the
phase makeup or general crystal shape. In general,
it is apparent that the doping of Bi,O3; nanocom-
posite has a significant effect on the morphology
with respect to the undoped ones of the resultant
nanostructure.

The specific surface area of a powder may be
determined by BET method. The determination in
this method is based on physical adsorption of a gas
(usually nitrogen) on the surface of the powder. The
amount of adsorbate gas is used in the calculation of
the specific surface area according to BET theory.'”
As it is shown in the isotherm figures of the samples

(Figs. 6 and 7), there is distinct hysteresis loops at
adsorption/desorption isotherms for both samples.
Brunauer et al.'® found that most of the adsorption
isotherms fit into one of the five well-known types
given in the literature.'® Both calcined boron-doped
and -undoped samples are convex to relative pres-
sure axis and fit into type IIT groups. The nitrogen
adsorption measurements of the two sintered pow-
der samples include the determination of the (I)
BET and Langmure surface area and (II) average
nanoparticle size. The structural parameters of the
sintered powders obtained from BET analysis are
presented in Table III. Europium-doped, boron-un-
doped BiyO3 nanocomposite exhibits a BET surface
area of 27.3 m%g. Boron doping to the composite
decreased the surface areas of the powders by 50%
with respect to the undoped ones. The BET surface
area of the powders decreased to 14.8 m%/g. The
surface area of undoped powder samples was thus
about two times larger than that of the doped one.
After sintering both boron-undoped and -doped
samples, pore volume decreased and the average
particle size of the sintered boron-doped samples
also increased by a factor of three times with respect
to calcined samples. The decrease of pore volume
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Table III. Surface area, pore volume, and pore
diameter of the sintered nanocomposite powders

Average
BET surface nanoparticles

Sample # area (m%/g) size (A)
Boron undoped (Calcined) 27.3 2196
Boron undoped (Sintered) 0.4 147529
Boron doped (Calcined) 14.8 4056
Boron doped (Sintered) 4.5 13366

after sintering shows a high level of consistency
with those obtained by XRD and SEM analysis.

CONCLUSION

Nanocomposites of europium-bismuth oxide were
synthesized using the polymeric precursor tech-
nique with and without boron doping. Polyvinyl
alcohol was used as the polymeric precursor, and
boron-undoped and -doped PVA/Eu-Bi hybrid poly-
mer solutions were produced. The viscosity and the
electrical conductivity increased, and the pH values
decreased with the addition of boron in the solution.
Nanocrystalline powders were produced via calci-
nation and sintering processes. According to FT-IR
results, the shape, the range, and the intensity of
the peaks for the calcined and sintered samples
were significant with the addition of boron content.
The boron additions also changed the reaction path
during the initial calcination process. In addition to

Aytimur, Kogyigit, Temel, and Uslu

the difference in phase selection, the calcination and
sintering processes altered the final grain size and
morphology significantly. As expected, sintering
decreased the BET surface areas of the nanocom-
posites, but a less porous structure was observed for
the boron-doped samples.
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