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The influence of polymer environment on the luminescent properties of barium zirconate nanocrystals has
been studied by cathodoluminescence (CL) spectroscopy. It was found that a polystyrene (PS) shell around
the BaZrO; nanocrystals significantly modifies the CL spectra. This phenomenon can be explained by
interaction between the PS matrix and the BaZr O3 particles, changing the surface states of the nanocrystals.
This conclusion is confirmed by complementary experimental studies including X-ray diffraction, FTIR

spectroscopy and scanning electr on microscopy.
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Introduction

The synthesis of polymeric composites with inclasio

of semiconductor nanoparticles is a new method of
preparation of materials for electro-optics, sensor
devices and alternative energy sources (solar)gcells
using simple, safe, energy-efficient technolddy4].
Organic-inorganic hybrid systems are among the most
promising for flexible solar cells, since they hawxe
large interface surface, where effective dissommatf
excitons (bound electron-hole pairs) can occur, and
two separate channels for efficient transport of
electrons and holes [4]. Inorganic/organic

nanosystems based on semiconductor nanocrystals characteristic

and conductive polymer matrices (polyaniline,
polythiophene [3,4]), or thermoplastic polymer
matrices such as polymethyl methacrylate (PMMA)
and polystyrene (PS)1,2], are nowadays being
actively investigated. Thermoplastic polymers are
useful for optical applications, due to complete
transparency in the visible range of the spectrach a
relatively high stability. For the preparation of
nanocomposites based on polymers  and
semiconductors, inorganic nanocrystals such as CdTe
CdSe, ZnS, CdS, and GaSe are ugkd!]. The
interesting physical properties of perovskites,
particular of barium zirconate, offer a possibility

in
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obtain new hybrid materials with useful functions.
Despite this, polymer composites with perovskites
remain almost unexplored.

In general, barium zirconate BazizQdue to its
high thermal resistance, may be applied in
manufacturing of electroceramics and refractories
[5-10]. The BaZrQ perovskite has found several
applications as substrate for the synthesis of
superconductors and high-temperature microwave
dielectrics; it can be used in fuel cells and in
proton conductors. Recently BaZrQ@ttracted great
attention as a fluorescent materi@-7]. We may
note that many ABO; perovskites can reveal
luminescence in the visible range
(sometimes called “green” luminescence) peaking at
2.2-2.6 eV. The origin of this luminescence hasnbee
widely discussed and several mechanisms have been
proposed11-15].

It has been shown that the Iuminescent
characteristics of BaZr{significantly depend on the
fabrication technology of the nanocrystdlsd-16].
However, the effect of a polymeric environment on
the structure and physical properties of luminescen
nanocrystals has been little studied. In the pitesen
work we have studied the luminescent properties of
hybrid composites based on different polymer
matrices and nanocrystals of BagrO
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Experimental
Materials and compounds

Commercial BaZr@ powder (grain sized < 50 nm)
from ALDRICH was used for the preparation of
hybrid composites. Conductive polymers: polyphenyl
acetylene (PPA), poly-3,4-ethylenedioxythiophene
(PEDOT), and dielectric polymers: polyvinyl alcohol
(PVA) and polystyrene (PS), were used as polymer
matrices. PPA was synthesized by electrochemical
polymerization17], PVA used as commercial product
(P/2 mark), PEDOT in the form of an 1.5% aqueous
suspension of polymer stabilized by an anionic
surfactant, polystyrene sulfonic acid from ALDRICH.
Polystyrene  was synthesized by suspension
polymerization of styrene in the presence of petfexi
initiators of polymerization: benzoyl peroxide and
ammonium persulfate, with a stabilizer of suspemsio
starch, as described [ih8].

The samples for the investigation were prepared by
ultrasonication of 7-40 mg of BaZgGhanopowder in
a 0.1 M solution of toluene sulfonic acid (TSA) and
then in a 5% solution of polymer matrix for
10 minutes to obtain a uniform dispersion. For
solvent evaporation the samples were dried in
dynamic vacuum at 60°C for 6-8 h to constant

Materials NIST SRM 640b (Si) and NIST SRM 676
(Al,O3) were used for the calibration of the
diffractometer.

X-ray phase analysis (XPD) was performed using
the Powder Cel[25] and LATCON|26] codes. The
average apparent size and average maximum strain of
the grains were determined by simplified integral
breadth methods, using the profile fitting procedur
Intrinsic broadening was taken into consideration i
the calculations, using instrumental resolutioredfil
obtained by profile fitting of the primary beam and
NIST SRM 676 (AJOs).

The morphology of the hybrid composites was
studied with a scanning electron microscope (SEM)
REMMA-102-02. For the sample preparation, a
dispersion of polymer-semiconductor was dropped
onto the surface of a silicon single crystal (1ahy
then dried under vacuum to complete evaporation of
the solvent.

Results and discussion

According to the results of th¥-ray phase analysis
(Fig. 1), the investigated commercial samples of
barium zirconate powders contain two phases:
the main phase is BaZgO (structural type:

mass. All the investigated samples were prepared as perovskite CaTiQ space groum3m), refined unit

pellets.
Measurements

Optical and luminescent spectroscopy under electron
beam excitation are powerful experimental methods
for the study of electronic properties of wide bayag
materials, as well as of nanocrystalline semi-
conductors [19,20], including perovskite materials
[21-23]. In the current study, excitation of
cathodoluminescence (CL) was provided by a pulse-
mode electron gun with the following parameters:
electron beam energy 10 keV at a current of 100 YA,
pulse duration 2 us at a frequency of 300 Hz. CL
spectra were recorded in the range 1.0-5.0 eVahro
temperature =293 K) and liquid nitrogen
temperature = 80 K), using a specially designed unit,
as described if24].

Investigation of the molecular structure of the
polymer composites was carried out by Fourier
Transform Infrared Spectroscopy (FTIR), using an
AVATAR-320N spectrophotometer in the wave
number range 400-4000 &nat room temperature. A
FTIR spectrum of BaZrQpowder was obtained using
the KBr pellet method. Samples of polymer matrig an
hybrid composites were obtained as thin layershen t
surface of KBr single crystals.

X-ray powder diffraction data were collected on an
automatic diffractometer STOE STADI P with
a linear PSD detector (transmission mode; KGu
radiation; curved germanium (111) monochromator),
20-range:  4<20<110. Standard Reference
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cell parametera=4.19083(6) A, average size of
coherent scattering domains (in approximation -
average grain size of the phase) — 22.6 nm,
average maximum internal stress in the grains —
3.9x10°% The additional phase is Bag@structural
type: calcite CaCeg), representing 13.5 mass%,
which is typically attributed to the method of
synthesis of barium zirconatg5,7]. However,
zirconium dioxide Zr@ was not detected in the tested
samples.

In the process of formation of BaZy@omposites
with polymers of different nature (PPA, PEDOT,
PVA, PS), the inorganic component is embedded in a
polymer matrix Fig. 2). Due to the excessive surface
energy of nanocrystals, agglomeration can occur
during the formation of the composites. Conseqyentl
the size of the inorganic particles increases. fmn t
other hand, the polymer matrix forms a shell around
the inorganic nanoparticles and the sintering pede
stabilized[2,3,27]

Although it is known that the luminescent
characteristics of BaZr{odepend to a large extent on
the method of preparation of the nanocrysfals],
there exists to our knowledge no investigation dedo
to the modification of luminescence emissions in
BazrO, powders under the influence of a polymer
matrix.

The CL spectrum of the nano-Bazr(pellet
presented irfrig. 3 can be decomposed into three bands
with maxima at = 2.99, 2.69 and 2.2 eV. It is typical
for a multiphonon and multilevel process in a syste
in which relaxation occursvia several paths.
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Fig. 1 Observed and calculated X-ray powder profiles fog sample of commercial BaZgyGpowder.
Experimental data (circles) and calculated prdfielid line through the circles) are presented tiogiewith
the calculated Bragg positions (vertical ticks,ot BaZrQ, and 2 for BaCg) and difference curve (bottom
solid line). Final reliability factors (in %R, = 5.74,R., = 7.46,R = 2.56 for BaZrQ.

Fig.2 SEM image of the surface of the
PS—-BazrQ (10%) composite.
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Fig. 3 CL spectrum of BaZr@nanocrystals at
T=293 K.

This behavior is related to the structural disordér
BazZrO; and confirms the presence of additional
electronic levels in the forbidden band gap coferbl
by [ZrOs- Vo 1-[ZrOg] complex cluster§l1-16].

It can be seen that entering the BaZrO
nanocrystals into a polymer matrix of PPA, PVA,
PEDOT has no significant effect on the charactesst
of the CL emission Kig.4,g. The position of the
luminescence maximumie(= 2.83+0.02 eV) and the
shape of the line do not undergo significant change
However, as expected, the intensity of CL of the
composites depends on the content of inorganicephas
and increases with increasing BagrEbncentration,
both at low and room temperaturésg 4,9. This is
in good agreement with the behavior @fdTe
nanocrystals in a PS matfi®], where no modification
of the energy parameters of the emission was
observed.

Among the hybrid polymer—BaZgOcomposites,
only the matrix of polystyrene caused strong
modifications in the CL spectrum. The Gaussian
decomposition of the CL curves shows energy bahds a
E=1.9, 2.15, 2.45, 3.0, and 3.96 eV and significan
reduction of the intensity=(g. 4,b).

Suggesting that the changes in the CL emission for
BaZrO; under electron beam excitation depend on the
crystal lattice parameters, structure investigation
were carried out. From the XRD analysis of BaZrO
polymer and the PS—-BazZg@ybrid composites, it was
found that, in contrast to the series of crystallin
reflections from Bazr@ (Fig.5, curve 1), for the
polymer matrix only a broad peak is observed with a
maximum at #=19.53° Fig.5, curve 2). In the
diffraction spectrum of the composite of PS and i@aZ
coexistence of the broad peak of PS and sharpdtifin
peaks of BazZr@ (Fig.5 curve3) is observed.
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Fig. 4 (a) CL spectra of ano-BaZrG—PPA composites with a BazZg@ontent of 80% (1), 90% (3) and
100% (4) and PEDOT-BazZg{60%) composites &t = 293 K (2); (b) CL spectrum of a PS—BaZrQ0%)

composite.

In the composite tha-parameter of the unit cell of the
BazZrO; phase decreases from=4.19083(6) A to
a=4.1879(2) A, while the microstructure paramete
remain similar to those of pure BaZr(average grain

size of the phase - 23.0 nm, average maximum

internal stress in the grains — #1@°). Hence, for the
BaZrO,; phase in this composite, tleeparameter of
the unit cell has decreased, indicating a changhen
structure of the nanocrystals under the actiomefRS
matrix.

FTIR spectra of the BaZiOnanocrystals, of the
PS matrix and its composite with BazrOare
presented inFig.6. In the IR spectrum of the
commercial BaZr@nanopowderKig. 6, curve 1), the
vibration band observed at 1450°tns attributed to
the existence of carbonate €O groups in
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Fig.5 X-ray powder diffraction pattern of
BaZrO; nanocrystals (1), PS matrix (2) and
PS—BaZrQ composite (3).
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the nanopowder with small amounts of BaCO
[28,29] The large vibration band appearing in the
range 750-550 cthis due to Zr-O vibrations in the
perovskite structur§29]. The maximum of this band
is observed at 596 ¢

The FTIR spectra of the polymer matrikid. 6,
curve 2) and composite Fig.6, curve 3) exhibit
almost identical spectral features, but different
intensities. In both spectra, well-defined absaompti
peaks are observed at the following wave numbers:
3061, 3027, 2852, 1944, 1601, 1583, 1493, 1154,
1028, 908, 756, 698, and 602 &ntharacteristic of
PS [30,31] In the spectrum of PS-BazZgGsome
decrease of the intensity of the absorption bamhdSo
occurs in the whole spectral range, due to the fowe
concentration of PS in the composite. In the regibn
wave numbers 750-550 ¢inthe relative intensity of
the absorption band at 602 ¢nfor the composite is
almost twice as high as the corresponding banthor
PS matrix Fig.6, curve 3). This may be connected
with overlap of the BaZr@band with the absorption
band of the polymer matrix.

It is worth noting that, in the spectra of the mat
of PS suspensiorf{g. 6, curve 2) and the composite
based on itKig. 6, curve 3), quite intense absorption
band with maximum at 1720 chappears. A decrease
of the normalized intensity of this bant.fo/ l1601),
from 1.2 (PS) to 1.08 (composite), may also bedhote
We suggest that the absorption band at 1726 may
be attributed to a functional group responsible for
interactions between the PS matrix and the surffce
the BaZrQ nanocrystals. This absorption band
corresponds to the stretching vibrations of the
carbonyl group connected with residual hydrocarbon
radicals in the PS matriR'R'C=0 [30]. This group
probably appears during the polymerization process,
as a result of oxidation of the polystyrene backbbwn
the peroxide initiator [31] with formation of
compounds containing carbonyl groups.

— e —T
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The described modifications in the CL spectréhef t
BaZrQO; phase in the composite can be connected with
changes in the substructure of the BaZsQrface under
influence of the polystyrene matrix. It has beeavam
[27,32] that luminescence in hybrid composites based
on an oxide (ceramic) core and a PMMA shell
depends on the interface, where PMMA is connected
via carboxylate bonding to the surface of the céram
nanoparticle$32]. In this case, luminescence is likely
to originate at the carbonyl group of the coating
polymer.

Based on the obtained results, one can assume that
adsorption of polystyrene on the surface of a
semiconductor leads to changes in the surfacesstéte
the nanoparticle$27]. In this case fragments of PS
directly touch the nanocrystal surface and are #dan
the surfacevia an oxygen atom, as described[32].
This creates new energy states of the interfac&hwh
together with the decrease of the lattice paramkstad
to modifications of the CL spectra.

Conclusion

We have studied the effect of different polymer
matrices on the emission properties and structfire o
hybrid composites with barium zirconate nanocrgstal
It was established that a matrix of polystyrene
suspension has a clear influence on the
cathodoluminescence spectra of nano-BaZi® the
spectra of the hybrid composite several additional
emission bands were observed BEt=1.9, 2.15,
2.45 eV and a high-energy band ngar 4 eV, absent

in the spectra of BaZrQ nanocrystals. The
modification of the CL spectra in the compositesyma
be caused by changes in the substructure of the
nanocrystals under the influence of the PS maifitre
decrease of the lattice parameter (from 4.19083(6)
BazrO; to 4.1879(2) A in the BaZr@PS composite)

_,_-——/——-—"-—‘—'__"*“"\:f-_ﬁm“'ﬂ_ \/

BT " 1000 500
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Fig.6 FTIR spectra of commercial
polystyrene—BaZre)(10%) composite (3).
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nanopowder

BaZr@l), polystyrene matrix (2) and the
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and adsorption interactions between the PS matidx a
the surface of the BaZegQgrains were confirmed by
FTIR spectra. It was also found that the otheristiid
polymers (PPA, PEDOT and PVA) did not have any
significant effect on the luminescence spectrahef t
nanocrystals. The obtained results may be used to
create hybrid composites with modified or non-
modified CL spectrum for targeted production of new
functional materials.
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