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Abstract Spherical, submicronic TiO, assemblage
with high specific surface area and controllable phase
composition was prepared in the process of ultrasonic
spray drying/pyrolysis in a wide temperature range
(150-800 °C) by using as a precursor aqueous colloi-
dal solution consisting of TiO, nanoparticles (4.5 nm).
Submicronic, soft and grained spherical TiO, particles
(d = 370-500 nm) comprising clustered nanocrystals
(<10 nm) were obtained at low processing tempera-
ture, while particle densification, intensive growth of
the clustered primary units and anatase-to-rutile trans-
formation (~30 wt%) were observed at the higher
temperatures. Detailed structural and morphological
characterisation were performed by X-ray powder dif-
fraction, scanning and field emission electron micros-
copy, transmission electron microscopy, and laser

Electronic supplementary material The online version
of this article (doi:10.1007/s11051-012-1157-1) contains
supplementary material, which is available to authorized users.

I. M. Dugandzi¢ - L. T. Manci¢ - O. B. Milosevic¢
Institute of Technical Sciences of SASA, Knez Mihailova
35/1V, 11000 Belgrade, Serbia

D. I. Jovanovié - Z. V. Saponji¢ - J. M. Nedeljkovié (5<)
Vinca Institute of Nuclear Sciences, University

of Belgrade, P.O. Box 522, 11001 Belgrade, Serbia
e-mail: jovned@vinca.rs

N. Zheng - S. P. Ahrenkiel

South Dakota School of Mines and Technology,
501 E. Saint Joseph Street, Rapid City, SD 57701, USA

Published online: 04 September 2012

particle size analysis. Moreover, the surface modifica-
tion of TiO, particles through the formation of charge-
transfer (CT) complex was achieved with different
ligands: ascorbic acid, dopamine, catechol, 2,3-dihy-
droxynaphthalene, and anthrarobin. Optical properties
of the surface-modified TiO, particles were studied by
using diffuse reflection spectroscopy. The binding
structure between the surface titanium atoms and
different ligands was determined by using Fourier
transform infrared spectroscopy. The formation of CT
complexes induced significant red shift of optical
absorption in comparison to unmodified TiO, particles.

Keywords TiO, nanoparticles -
Spray drying/pyrolysis - Surface modification -
Charge-transfer complex - Optical properties

Introduction

Titanium dioxide (TiO,) is one of the most studied
semiconductors suitable for use in heterogeneous
catalysis (Lopez-Muiioz et al. 2011), photocatalysis
(Hashimoto et al. 2005), solar cells (Gritzel 2003),
production of hydrogen, ceramics, electric devices, as
well as white pigment, corrosion-protective coatings,
gas sensors (Diebold 2003), etc. Also, TiO, nanopar-
ticles deposited on textile fibers show antibacterial and
self-cleaning activities (Mihailovi¢ et al. 2010). It is
well known that the bulk TiO, material appears in
three major crystal phases: rutile (tetragonal), anatase
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(tetragonal), and brookite (rhombohedral). Rutile is a
high temperature stable phase and has band gap energy
of 3.0 eV (415 nm), while the anatase formed at a
lower temperature with band gap energy of 3.2 eV
(380 nm), and refractive index of 2.3, is common in
fine-grained (nanoscale) natural and synthetic samples
(Kim et al. 2005). Due to its large band gap
(Eg = 3.2 eV), TiO, absorbs less than 5 % of the
available solar photons. Dye-sensitization is one of the
most promising pathways for increasing the TiO,
photoactivity through intensive utilization of visible
light in solar cells (Pan et al. 2011). Depending on the
mechanism for electron injection from the dye to the
semiconductor, dye-sensitized TiO, solar cells
(DSSC) can be classified into two types: indirect and
direct. In indirect DSSCs, photoexcitation by absorp-
tion in the dyes is followed by electron injection from
the excited dyes to TiO,. In direct DSSCs, electrons
are additionally injected by direct electron injection
from the dyes to TiO, by photoexcitation of the dye-
to-TiO, charge-transfer (CT) bands (Tae et al. 2005).
Many benzene derivatives with phenolic or carboxylic
groups are able to make very stable complexes with
the TiO, surface involving replacement of TiO,
surface hydroxyl groups by deprotonated ligands (Ye
et al. 2011). The catechol molecule, one of the
simplest and smallest sensitizers, adsorbs dissocia-
tively at the TiO, surface through the deprotonated
hydroxyl groups (Duncan and Prezhdo 2007). Several
relevant reports have proposed direct photoinjection
of electrons from the catechol ground state to the
conduction band of TiO, (Persson et al. 2000; Syres
et al. 2010). The related compounds such as ascorbic
acid and salicylic acid also give strong bands in the
visible region upon binding to TiO, (Hines and Boltz
1952; Hultquist 1964).

So far, the surface modification of commercial TiO,
nanoparticles with benzene derivatives (mainly cate-
chol and salicylic acid) have been studied (Liu et al.
1999; Li et al. 2006). Over the last several years, more
attention was focused on the formation of a CT
complex of colloidal TiO, with bidentate benzene
derivatives (Jankovi¢ et al. 2009) and enediol ligands
(Jankovié et al. 2010; Savié et al. 2012). The origin of
the significant band gap changes observed in colloidal
TiO, after modification lies in the fact that surface Ti
atoms, owing to the large curvature of nanoparticles,
adjust their coordination environment to form under-
coordinated sites (Chen et al. 1999). These five-
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coordinated defect sites are the source of novel
enhanced and selective reactivity of nanoparticles
toward bidentate ligand binding. It should be pointed
out that the formation of bidentate surface complexes
is possible only if the ligand possesses at least two
donor groups, or one group containing two donor
atoms (Macyk et al. 2010). Binding photosensitizers
onto TiO, surfaces via catechol group is a very
promising method for creating stable interfaces for use
in solar cell applications, namely catechol and its
derivatives, can act as an effective anchor for binding
dye sensitizer onto inorganic surfaces in high density
and binding strength (Ye et al. 2011). Gritzel et al.
reported a ruthenium-polypyrodine complex contain-
ing catechol that could adhere effectively onto TiO,
semiconductor nanoparticles as effective photosensi-
tizers for photovoltaic cells (Rice et al. 2000). This
material might find interesting application in physio-
logical environments because of potential long-term
stability in wet contitions and resistance to oxidation
(Ye et al. 2011).

This article presents for the first time aerosol-
assisted processing of spherical submicronic particles
from colloidal TiO, solution that can be success-
fully modified with different ligands: ascorbic acid,
dopamine, catechol, 2,3-dihydroxynaphthalene, and
anthrarobin.

Aerosol or spray drying/pyrolysis process is basi-
cally a soft chemistry route employing the “bottom-
up” approach for powder processing. Its diversity is a
consequence of the combinatorial tuning of the
independent processing parameter, e.g., nature of
precursor solution, type of atomisation, manner of
aerosol decomposition energy transfer to the system,
processing temperature and time, as extensively
reported in the literature (Okuyama and Lenggoro
2003; Milosevic et al. 2009; Boissiere et al. 2011).

The ultrasonic spray pyrolysis of colloidal TiO,
precursor solution was already reported in the litera-
ture (Nedeljkovié et al. 1997; Saponjié et al. 1998; Lee
et al. 1999). Here, for the first time, aerosol processing
conditions were optimized towards obtaining highly
spherical submicronic TiO, particles with tailored
crystallinity, phase composition, and surface structure.
It is known that the submicron-sized anatase TiO,
particles (d = 0.2-0.3 pm) can be used as light
scattering centers in dye-senzitized sollar cells (Lan
et al. 2010). Due to the nanostructured nature, it is
shown that surface-modified soft assemblage of TiO,
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nanoparticles synthesized at lower temperatures keep
their unique ability to absorb light through direct CT
by photoexcitation of the ligand-to-TiO, bands, con-
ventionally associated with colloidal systems.

Experimental
Synthesis and characterisation of TiO, colloid

Colloidal solution of TiO, nanoparticles was prepared
in a manner analogous to a previously proposed
procedure (Rajh et al. 1996). All the chemicals were of
the highest purity available and were used without
further purification (Aldrich, Fluka). Milli-Q deion-
ized water with resistivity of 18.2 MQ cm ™' was used
as a solvent. Briefly, 8 ml of TiCl, cooled to —20 °C
was added drop-wise to water held at 4 °C under
vigorous stirring and then kept at this temperature for
30 min. Initially, the pH of the solution was about 0.
Slow growth of the particles was achieved by using
dialysis at 4 °C against water until the pH value of 3.5
was reached. The concentration of the TiO, colloids
was determined using spectrophotometric measure-
ments of the Ti(IV)-peroxide complex obtained after
complete dissolution of TiO, in concentrated H,SO,4
(Thompson 1984; Jeffery et al. 1989). The sizes of the
colloidal particles and their phase composition were
estimated from transmission electron micros-
copy (TEM) and selected electron diffraction data
(SAED).

Synthesis of submicronic TiO, particles

Synthesis of submicronic TiO, particles was per-
formed using a laboratory setup for ultrasonic spray
pyrolysis, as previously explained (Milosevic et al.
2009). It consists of an ultrasonic atomizer for aerosol
droplets generation (RBI, France) with three trans-
ducers operating at a frequency of 1.3 MHz, tubular
flow reactor with three independently controlled
temperature zone, diffusion dryer (Model 3062,
TSI), and electrostatic precipitator. Aerosol, generated
from a 0.05 M TiO; colloid precursor was introduced
into a tubular flow reactor using a nitrogen flow of
0.0333 dm® s~ corresponding to the residence time
of 33 s in the reactor. The processing temperatures
were varied in a wide temperature range from 150 to
800 °C. Based on the precursor physico-chemical

characteristics and applied atomisation frequency, the
aerosol droplet was calculated to be 3.46 um (Lang
1962; Liu et al. 1986).

Surface modification of TiO, particles

The synthesized powders were modified by the follow-
ing procedure: 30 mg of bare TiO, particles were
dispersed in 20 ml H,O in ultrasonic bath; pH was
adjusted to 3 by adding a few drops of 0.1 M HCI
solution; at the end, 0.1 mmol of ligand is added.
Various ligands were used: ascorbic acid, dopamine
(3,4-dihydroxyphenethylamine), catechol (1,2-dihy-
droxybenzene), 2,3-dihydroxynaphthalene, and anthra-
robin (3,4-dihydroxyanthranol). The obtained sus-
pensions were dried in vacuum for 10 h at 40 °C.
Surface modification, indicated by powder coloration,
was the most intensive for the TiO, powder obtained at
150 °C, smaller for samples obtained at 300 °C, and
non-existing for the samples obtained at higher pro-
cessing temperatures. Because of that the optical
properties of surface-modified TiO, powders were
presented only for the samples obtained at 150 °C.

Characterization of TiO, particles

The morphology of TiO, particles was determined
using scanning electron microscopy (Philips XL30
SEM) equipped with secondary, backscattered and an
energy dispersive X-ray detector, as well as TEM
(JEOL-JEM 2100 LaBg operated at 200 kV). Images
were acquired with a Gatan Orius camera and
analyzed using Gatan Digital Micrograph software.

Samples were embedded in araldite resin (Ted
Pella, Inc.) and sectioned at room temperature to
80-100 nm thickness using a RMC PowerTome XL
ultramicrotome with a Diatome diamond blade or
glass knife.

Particle size distributions were determined by the
laser particle sizer (Mastersizer 2000, Malvern Instru-
ments Ltd., UK). For each run, the powder was
de-agglomerated in an ultrasonic bath for 30 min.

Powder phase composition was analyzed using
X’Pert Philips powder diffractometer with Cu Ko
radiation at 40 kV and 40 mA. The 26 range was from
10° to 100° with a step scan of 0.02 and a counting
time of 10 s per step. Unit cell parameters and
crystallite size (CS) were determined using Topas
Academic software (Coelho 2004).
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Optical properties of surface-modified TiO, parti-
cles were studied in details using diffuse reflection
measurements in UV-Vis spectral range (Labsphere
RSA-PE-19), while structure of surface CT complexes
was investigated using FTIR spectroscopy (Termo
Nicolet 380).

Results and discussion

Conventional TEM imaging at high magnification of
precursor colloidal TiO, nanoparticles, shown in
Fig. 1, reveals that nearly spherical nanoparticles
have low degree of crystallinity and average size of
4.5 nm. The inset in Fig. 1 shows a fast Fourier
transform of the image, revealing that observed lattice
fringe is close to the (101) anatase value (0.36 nm).
Aerosol processing of TiO, nanoparticles is based
on the formation of aerosols of precursor solutions
followed by controlled aerosol decomposition at high
temperature. During decomposition, in dependence of
temperature and time, the aerosol droplets undergo
evaporation/drying, precipitation, and thermolysis in a
continuous online process. Consequently, spherical,
solid, agglomerate-free, either submicronic nanostuc-
tured, or nanoscaled particles could be obtained
through the mechanism of primary nanoparticle coa-
lescence, collision, and sintering (Milosevic et al.
2009). Because the heterogeneous gas/liquid—solid
reaction occurs at the level of droplets with sizes of
only a few micrometers, compositional segregation is
prevented, while high heating/cooling rates addition-
ally enable generation of metastable materials (Wang

Fig. 1 Typical TEM image of colloidal TiO, nanoparticles
used as a precursor in the process of ultrasonic spray drying/
pyrolysis. Inset shows SAED image

@ Springer

et al. 2000). In general, the advantages of aerosol
processing are recognized in possibility to design the
particle morphology and to control the particle size,
chemical composition, and crystallinity.

The SEM images of TiO, particles obtained
through aerosol processing of colloids consisting of
4.5 nm TiO, nanoparticles at different temperatures
are shown in Fig. 2. It can be noticed that spherical,
non-agglomerated TiO, particles are obtained at all
processing temperatures. Closer inspection indicates
rough particle surfaces due to the presence of small
primary building units.

Roughness/porosity of TiO, particles decreases
with the increase of processing temperature. Fairly
narrow particle size distributions were found for all
TiO, samples (Supporting Information, Fig. Al).
Also, the average particle size, d, decreases (499,
433, 376, and 373 nm) with the increase of the
processing temperatures (150, 300, 500, and 800 °C,
respectively) due to closer packing of the primary
units.

Low magnification TEM measurements of TiO,
particles obtained at 150 °C (Fig. 3a) confirmed SEM
observations regarding the particle size and morphol-
ogy (Fig. 2a). Moreover, the high magnification TEM
image (Fig. 3b) indicated polycrystalline nature of the
synthesized particles, with grain size that corresponds
well to the size of precursor TiO, nanoparticles.
Additional TEM measurements of the submicronic
TiO, sample synthesized at 150 °C and sectioned by
ultramicrotome showed absence of any cavity within
particles (Fig. 3c). Also, the submicronic TiO, parti-
cles processed at higher temperature (800 °C) have
spherical filled morphology with apparent substruc-
ture (Fig. 3d). The size of the substructural units varies
from 20 to 80 nm.

XRPD patterns of the TiO, powders obtained
through aerosol-assisted processing of TiO, colloids
are shown in Fig. 4. Due to different processing
temperatures, the appearance of different crystalline
phases, as well as their conversion, was noticed (see
Table 1).

As expected, the TiO, submicronic particles
obtained at lower processing temperatures are mainly
composed from anatase crystal phase. Presence of
diffraction lines around 20 ~ 10° implicates appear-
ance of monoclinic protonated titanates with different
content of interlayer water (H,Tis0O;;-3H,0 at 150 °C
and H,Ti;O; at 300 °C). Both phases have similar
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Fig. 3 TEM images of a TiO, particles obtained at 150 °C, b marked region at a higher magnification, ¢ cross section of the particle
obtained at 150 °C, and d TiO, particles obtained at 800 °C

structural features as anatase due to the existence of The presence of the metastable TiO,(B) phase,
the four-edge sharing TiOg octahedra and their zigzag characterized by the Freudenbergite type structure is
configuration (Ishiguro et al. 1978; Sasaki et al. 1992). also noticeable in all samples. This monoclinic TiO,
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Fig. 4 XRPD patterns of TiO, powders synthesized through
aerosol-assisted processing of colloids consisting of 4.5 nm
TiO, nanoparticles at different temperatures

modification poses lower density and a structure
characterized by a combination of the edge- and
corner-sharing TiOg octahedra forming the channels.
In powder obtained through aerosol-assisted processing
of TiO, colloids at 500 °C, TiO,(B) is the only
additional phase beside anatase, whereas a further
increase of processing temperature results in rutile
appearance.

As it already pointed out in the literature, appear-
ance of the TiO,(B) phase during thermal treatment
represents an intermediate step towards to the more
stable TiO, rutile phase (Morgadojr et al. 2007).
Approximately 30 wt% of anatase is converted to the
rutile phase in powder processed at 800 °C. Dimen-
sions of anatase CS (Table 1) are in good agreement
with those estimated by observation in HRTEM
images (Fig. 3b).

Table 1 Powder phase composition and XRPD based microstructural data

T (°C) Powder phase composition

150 Anatase, TiO,
Tetragonal, 141/amdS
a=3.859[8] A
c=9733] A
CS = 2.5[2] nm

300 Anatase, TiO,
Tetragonal, 141/amdS
a = 3.766 [6] A
c=955[3] A
CS = 9[1] nm

500 Anatase, TiO,
Tetragonal, 141/amdS
a=3891[5] A
c=967[2] A
CS =21 [4]

800 Anatase, TiO,
Tetragonal, 141/amdS
a=3784[11A
c=19525[11 A
CS =53 [2] nm

TiO, (B)
Monoclinic, C2/m
a=1225[114A
b =3.769 [5] A
c= 6544 [5] A
B = 107.05 [5]°
TiO, (B)
Monoclinic, C2/m
a=12112[6] A
b=3735[2] A
c=6535[2] A
B = 107.23 [4]°
TiO, (B)
Monoclinic, C2/m
a=1215[114A
b=3.736[5] A
c=6426[7] A
B = 108.24 [7]°
TiO, (B)
Monoclinic, C2/m
a=1251[114A
b =3.695[6] A
c = 6.561 [6] A
B = 107.67 [7]°

H,Tis0;,-3H,0
Monoclinic, C2/m
a=2346[2] A
b =3.848 [4] A
c=1501[1] A
B = 117.31 [6]°
H,Ti;0;
Monoclinic, C2/m
a=1579[11A A
b=3774[4] A
c=955[114A

B = 100.54 [7]°

Rutile, TiO,
Tetragonal, P42/mnm
a=4595[1] A
c=1296[11A

CS = 113 [16] nm

TiO, anatase, PDF 89-4921: a = 3.777, ¢ = 9.501; TiO, (B), PDF 74-1940: a = 12.17, b = 3.741, ¢ = 6.524, f = 107.05; TiO, r
utile, PDF 89-4920: a = 4.584, ¢ = 2.953; H,Tis0;;-3H,0, PDF 44-0130: a = 23.43, b = 3.749, ¢ = 15.029, f = 117.16;
H,Ti;0;, PDF 47-0561: a = 16.02, b = 3.749, ¢ = 9.191, = 101.45
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Reflection spectra of TiO, powder modified with
different ligands such as ascorbic acid (AA), dopa-
mine (DOP), cathechol (CAT), 2,3-dihydroxynaph-
thalene (2,3 DHN), and anthrarobine (ANT) were
compared to the reflection spectrum of the unmodified
TiO, powder obtained under the same experimental
conditions (Fig. 5). The effective band gap energies of
modified TiO, powder with AA, DOP, CAT, 2,3DHN,
and ANT were calculated using Kubelka—Munk
spectra obtained by transformation of the diffuse
reflectance R to the Kubelka—Munk function Fyy(R)
according to the following relation:

Fxm(R) = (1 —R)*/2R.

By plotting the function fixy = (F] IQ\,[-EIE,},(,K)]/2 versus
Ephon the linear part of the curve was extrapolated to
fkm =0 to get band gap energy of the samples
(Murphy 2007). The effective band gaps of AA, DOP,
CAT, 2,3DHN, and ANT modified TiO, powders were
found to be 1.85, 1.82, 1.86, 1.77, and 1.73 eV,
respectively.

Surface-modified TiO, particles exhibit significant
red shift of the optical absorption compared to
unmodified ones. These results are presented in
Table 2 along with the structural formulae of ligands,
proposed binding structures, and photo images of TiO,
powders.

It is clear that surface modification with different
ligands and consequent formation of CT complexes
induced a decrease of the effective band gap in the

Reflection [%)]

10

T x . T ¥ T x T
400 500 600 700 800
Wavelength [nm]

Fig. 5 Diffuse reflection spectra of surface-modified submi-
cronic bare TiO, particles with different ligands a no ligand,
b ascorbic acid, ¢ 2,3-dihydroxynaphthalene, d dopamine,
e anthrarobin, and f catechol

Table 2 Proposed binding structure of different ligands to
TiO,, photos of surface-modified TiO, powders and their
effective band gap

Binding structures Photos of surface modified
. . TiO, powders and their
of ligand-to-TiO, effective band gap (Eg)/eV
ro- delgr |
TiO,/DOP
e 1.82
O—%
ﬁil ¢
o1
|
TiO,/CAT
| 1.86
O—Ti
QL
1
—=Ti
I
TiO,/2,3DHN
I 1.77
O—Ti
'
o
i
0T
|
TiO/ANT
[ 1.73
O-'Il'l
L
ot
OH |
TiO,/AA
o 1.85
HO: O.
ber
o o
i1
—Ti=O—Ti—

range of 1.3-1.5 eV in comparison to the bare TiO,
particles (E, = 3.2 ¢V). Obtained values of the
effective band gap energies of surface-modified TiO,
particles are quite comparable with values that we
have previously reported after surface modification of
colloidal precursor (4.5 nm TiO, nanoparticles) (Rajh
et al. 1999; Jankovi¢ et al. 2009, 2010; Savic et al.
2012). To the best of our knowledge, coloration of
surface-modified commercial TiO, powders with the
same/similar ligands has not been previously reported
in the literature, i.e., the optical changes were observed
only for small (less than 20 nm) TiO, nanospheres.
The significant change of effective band gap energy of
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small TiO, nanoparticles was assigned to the forma-
tion of CT complexes between electron-donating
ligands and coordinately unsaturated Ti atoms at the
surface. It is well known that, in the nanosize regime
(d <20 nm), due to the large curvature of TiO,
particles, the coordination of surface Ti atoms changes
from octahedral (six-coordinate) to square-pyramidal
(penta-coordinate). Binding of electron-donating
ligands to coordinately unsaturated Ti atoms simulta-
neously restores their coordination to octahedral
geometry and changes the electronic properties of a
TiO, semiconductor. As a consequence, absorption of
light by the CT complex promotes electrons from the
chelating ligand directly into the conduction band of
TiO, nanocrystallites, resulting in the red shift of the
semiconductor absorption compared to unmodified
nanocrystallites (Xagas et al. 2000; Garza et al. 2006).
As in the case of individual colloidal TiO, nanopar-
ticles (d < 20 nm), the appearance of CT complexes
between surface Ti atoms of submicronic TiO,
particles obtained at 150 °C and electron-donating
ligands most likely lies in the unsaturated nature of
surface Ti atoms. The TEM and XRPD microstruc-
tural data support this conclusion, because it clearly
revealed that submicronic TiO, particles processed at
150 °C are composed of the primary crystallites with
sizes of just a few nanometers (Fig. 3b; Table 1). On
the other hand, the formation of CT complexes was not
observed for TiO, submicronic particles processed at
higher temperatures (500 and 800 °C), which have
substructural units with sizes larger than 20 nm
(Table 1), and consequently surface Ti atoms with
octahedral coordination. The coloration of submi-
cronic TiO, particles opens up the possibility for
additional improvement of light harvesting by sensi-
tizer (CT complex) due to light scattering by large
titania particles. As pointed out by Gritzel (2009) the
scattered photons are contained in the solar cell film by
multiple reflections, increasing their optical path
length substantially beyond the film thickness. It has
been shown that the enhanced absorption of solar light
using 200400 nm sized anatase particles as scattering
centers increases the photo-current in dye-sensitized
solar cells (Rothenberger et al. 1999). FTIR spectros-
copy measurements were performed to elucidate the
mechanism for binding of ligands to the surface of
TiO,. Because the infrared spectrum of TiO, powder
has only the characteristic broadband in 3700-2000
cm ™! spectral region (Jankovi¢ et al. 2010), we were
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Fig. 6 FTIR spectra of a catechol and b catechol adsorbed on
submicronic TiO, particles

able to measure surface-modified TiO, powders in
1700-1000 cm ™" spectral region, where the charac-
teristic bands of ligands exist.

The FTIR spectra of catechol, free and bound to the
surface of submicronic TiO, particles, were presented
in Fig. 6. The main bands and their assignment
(Connor et al. 1995; Araujo et al. 2005a, b) in free
catechol (Fig. 6, curve a) are as follows: stretching
vibrations of aromatic ring v(C-C)/v(C=C) at 1619,
1598, 1513, and 1468 cm_l, stretching vibrations of
the phenolic group v(C-OH) at 1278, 1254, and
1238 cm ™', bending vibrations of the phenolic group
5(C-OH) at 1361, 1185, 1164, and 1149 cm ™', and
bending vibrations of 6(C—H) at 1093 and 1040 cm ™.
Upon adsorption of catechol onto submicronic TiO,
particles (Fig. 6, curve b), the difference between
FTIR spectra of free and adsorbed ligands appears,
indicating surface complexation with catechol bound
to the oxide surface in bidentate form. Bending 6(C—
OH) vibrations in the region below 1200 cm ™' lose
their hyperfine structure, while the pronounced band at
1361 cm ™" nearly disappears. The prominent stretch-
ing vibration of the phenolic group v(C-OH) at
1238 cm ™' a completely disappears, while the bands
at 1254 and 1278 cm ™' become very weak.

The binding of catechol to TiO, via two adjacent
phenolic groups even affects the stretching of the
aromatic ring (bands above 1400 cm™"). It should be
pointed out that those almost identical changes in
FTIR spectra were observed upon binding of catechol
onto colloidal 4.5 nm TiO, nanoparticles (Jankovi¢
et al. 2009). Catecholate type of binding, with two
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adjacent phenolic OH groups taking part in complex-
ation, was reported to result in the formation of
bidentate binuclear bridging complexes (Jankovié¢
et al. 2009, 2010). In the case of colloidal 4.5 nm
TiO, nanoparticles, we have recently found that the
molar ratio between surface Ti atoms and catechol in
the complex is 2:1, supporting bridging coordination
structure of the CT complex (Jankovi¢ et al. 2009).
Having in mind that primary building units of
submicronic TiO, particles correspond in size to the
precursor TiO, nanoparticles, we believe that identical
optical behavior for both kinds of particles are the
consequence of the identical coordination structure of
the CT complex. (A proposed coordination structure is
presented in Table 2.)

For the sake of clarity, FTIR spectra of free and
adsorbed ascorbic acid, dopamine, 2,3-dihydroxy-
naphthalene, and anthrarobin onto submicronic TiO,
particles are given in Supporting Information,
Figs. A2—-AS, respectively. It is important to point
out that observed changes in FTIR spectra of ligands,
which occur upon their adsorption onto the surface of
submicronic TiO, particles, are essentially the same as
described in the literature upon adsorption of ligands
onto TiO, particles in the nanometer size domain,
whose surface Ti atoms are coordinately unsaturated
(AA (Rajhetal. 1999), DOP (Dimitrijevic et al. 2009),
2,3DHN and ANT (Jankovi¢ et al. 2009). Of course,
for all above mentioned ligands, catecholate type of
binding with two adjacent OH groups takes place in
complexation with surface Ti atoms.

Conclusion

In summary, submicronic soft TiO, assemblages with
high specific surface area and controllable phase
composition were prepared using colloidal TiO,
(d = 4.5 nm) solution as a precursor in the process
of ultrasonic spray drying/pyrolysis on different tem-
peratures (150, 300, 500, and 800 °C). Fine tuning of
the TiO, phase composition and particle size distribu-
tion is achieved as a function of temperature. The
submicronic TiO, particles obtained at lower process-
ing temperatures (150, 300, and 500 °C) are mainly
composed of the anatase crystal phase, whereas
~30 wt% of anatase is converted to the rutile phase
in powder processed at 800 °C. All investigated

surface ligands (dopamine, catechol, 2,3-dihydrohy-
napthalene, anthrarobin, and ascorbic acid) form CT
complex with undercoordinated surface Ti atoms of
submicronic TiO, particles consisting of 4.5 nm TiO,
substructural units. The formation of ligand-to-TiO,
CT band, previously exclusively assigned to the
colloidal nanoparticles (d < 20 nm), was confirmed
by significant red shift of optical absorption and
changing of the effective band gap of submicronic
TiO, particles in comparison to unmodified ones.
Catecholate type of binding in CT complex was
confirmed by FTIR measurements.
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Spherical, submicronic TiO, powder particles were prepared in the low temperature process of ultrasonic
spray pyrolysis (150 °C) by using as a precursor aqueous colloidal solutions consisting of surface modified
45 A TiO, nanoparticles with dopamine. Detailed structural and morphological characterization of
colored submicronic TiO spheres was performed by X-ray powder diffraction (XRPD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), laser particle size analysis and FTIR tech-
niques. Also, optical characterization of both dopamine-modified TiO, precursor nanoparticles and
submicronic TiO, powder particles was performed using absorption and diffuse reflectance spectroscopy,
respectively. A significant decrease of the effective band gap (1.9 eV) in dopamine-modified TiO;
nanoparticles compared to the band gap of bulk material (3.2 eV) was preserved after formation of
submicronic TiO, powder particles in the process of ultrasonic spray pyrolysis under mild experimental
conditions. Due to the nanostructured nature, surface-modified assemblage of TiO, nanoparticles pre-
served unique ability to absorb light through charge transfer complex by photoexcitation of the ligand-
to-TiO, band, conventionally associated with extremely small TiO, nanoparticles (d < 20 nm) whose
surface Ti atoms, owing to the large curvature, have penta-coordinate geometry.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium dioxide (TiO;) is one of the most studied semi-
conductors, with a variety of applications in heterogeneous
catalysis [1], photocatalysis [2], solar cells [3], production of
hydrogen, ceramics, electric devices, corrosion-protective coatings,
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gas sensors [4], and smart textile materials with antibacterial and
self-cleaning activity [5]. It is well known that the bulk TiO; ma-
terial appears in three major crystal phases: rutile (tetragonal),
anatase (tetragonal), and brookite (rhombohedral). Rutile is a high-
temperature stable phase and has band gap energy of 3.0 eV, while
the anatase formed at a lower temperature with band gap energy of
3.2 eV and refractive index of 2.3, is common in fine-grained
(nanoscale) natural and synthetic samples [6]. Due to its large
band gap, TiO; absorbs less than 5% of the available solar photons.
Dye-sensitization is one of the most promising pathways for
increasing the TiO, photoactivity through intensive utilization of
visible light in solar cells [7].

Depending on the mechanism for electron injection from the
dye to the semiconductor, dye-sensitized TiO, solar cells (DSSCs)
can be classified into two types: indirect and direct. In indirect
DSSCs, photoexcitation by absorption in the dyes is followed by
electron injection from the excited dyes to TiO5.

In direct DSSCs, electrons are directly injected from ground state
of the dye to-TiO; charge-transfer (CT) complex to conduction band
of TiO, [8]. Many benzene derivatives with phenolic or carboxylic
groups are able to make very stable complexes with the TiO, sur-
face involving replacement of TiO, surface hydroxyl groups by
deprotonated ligands [9].

Over the last several years, more attention was focused on the
formation of a CT complex between surface Ti atoms from
extremely small colloidal TiO, nanoparticles and bidentate benzene
derivatives [10], as well as enediol ligands [11,12]. The origin of the
significant red shift of optical absorption observed in colloidal TiO,
nanoparticles after surface modification lies in the fact that surface
Ti atoms, owing to the large curvature of nanoparticles, adjust their
coordination environment to form under-coordinated sites [13].
These five-coordinated defect sites are the source of novel
enhanced and selective reactivity of nanoparticles toward biden-
tate ligand binding. It should be pointed out that the formation of
bidentate surface complexes is possible only if the ligand possesses
at least two donor groups, or one group that contains two donor
atoms [14].

Additional improvement of the efficiency of light absorption in
DSSCs can be achieved by using submicronic TiO, powder particles
(d = 0.2—0.3 um) as light scattering centers [15]. In our previous
paper [16], we showed that it is possible to perform surface
modification of submicronic TiO; spheres, prepared in the process
of ultrasonic spray pyrolysis by using colloids consisting of
extremely small TiO, nanoparticles (d = 45 A) as a precursor, and to
extend optical absorption in the visible spectral range with variety
of ligands: ascorbic acid, dopamine, catechol, 2,3-dihydroxynaph-
thalene and anthrarobin.

In this paper, instead of using bare TiO, nanoparticles, for the
first time, surface-modified TiO, nanoparticles with dopamine
were used as a precursor in the process of ultrasonic spray pyrolysis
at low temperature (150 °C) in order to obtain colored submicronic
TiO, powder particles. Due to larger specific surface area modifi-
cation of TiO, nanoparticles is more efficient compared to sub-
micronic ones, and their processing by ultrasonic spray pyrolysis
can provide TiO, powder particles with desired size and better
absorption properties. Ultrasonic spray pyrolysis is basically a soft
chemistry route employing the “bottom-up” approach for powder
processing. Its diversity is a consequence of the combinatorial
tuning of the independent processing parameters, including the
nature of precursor solution, type of atomization, manner of aerosol
decomposition energy transfer to the system, processing temper-
ature and time [17—19]. Structural and optical properties of both
dopamine-modified TiO, precursor nanoparticles and colored
submicronic TiO, spheres were thoroughly studied and compared
using high-resolution TEM, SEM, XRPD, FTIR, as well as absorption

and diffuse reflectance spectroscopy, respectively. Significant red
shift of optical absorption of dopamine modified colloidal TiO,
precursor nanoparticles (about 1.3 eV) was preserved after forma-
tion of submicronic TiO, powder particles under mild experimental
conditions due to their nanostructured nature, i.e., preserved
square pyramidal coordination of surface Ti atoms, typical for
extremely small TiO; nanoparticles (d < 20 nm).

2. Experimental details
2.1. Synthesis of colloidal 45 A TiO, nanoparticles

All the chemicals used were of the highest purity available and
were used without further purification (Aldrich, Fluka). Milli-Q
deionized water (resistivity 18.2 MQ cm~') was used as solvent.
The colloids consisting of 45 A TiO, nanoparticles were synthe-
sized according to the method described in literature [20]. Typi-
cally, the TiO, colloids were prepared by the drop-wise addition of
titanium(IV) chloride to cooled water. The pH of the solution was
between 0 and 1, depending on the TiCly concentration. Slow
growth of the particles was achieved by using dialysis at 4 °C
against water until the pH 3.5 was reached. The concentration of
TiO, was determined from the concentration of the peroxide
complex obtained after dissolving 0.1 ml of TiO; colloid in solution
consisting of 2 ml of 30% H,0,, 2 ml of concentrated H,SO4 and
20.9 ml of water [21,22]. The concentration of peroxide complex
was determined spectrophotometrically measuring absorbance at
408 nm (e408 = 710 M~ cm™1).

2.2. Surface modification of colloidal 45 A TiO, nanoparticles with
dopamine

Surface modification of colloidal TiO; nanoparticles resulting in
the formation of a charge transfer (CT) complex was achieved by
the addition of surface-active ligand (dopamine) up to concentra-
tions required to cover all surface sites (([Tisyrf] = [Ti02]12.5/D)
[23], where [Tigyf] is the molar concentration of surface Ti sites,
[TiO,] is the molar concentration of TiO, in molecular units, and D is
the diameter of the particle in angstroms). Surface modification of
colloidal TiO, nanoparticles with dopamine was performed by
adding dopamine hydrochloride whose concentrations corre-
sponded to 3, 33, 67 and 100% of the concentration of Tig,f atoms.
In the application of continual variations method (Job’s method)
[24] for the spectrophotometric determination of the complex
composition, the solutions were prepared by mixing some different
volumes of equimolar solutions of 2 mM Tigyf (7.2 mM TiO;) and
2 mM dopamine. A series of solutions is prepared in which the sum
of the total concentration of Tigyf and dopamine is constant
(2 mM), but their proportions are continuously varied: volumes of
TiO; solution used varied from 1 to 9 ml and those of modifiers’
solutions from 9 to 1 ml with the total volume being always 10 ml.
In order to prepare samples for XRPD and FTIR measurements, the
dispersions containing surface modified TiO, nanoparticles were
dried under argon at room temperature, and powders obtained
were placed into the vacuum oven for 8 h to get to complete
dryness.

2.3. Synthesis of dopamine modified submicronic TiO, powder
particles

In order to synthesize submicronic TiO, powder particles,
colloidal solutions consisting of bare 45 A TiO, nanoparticles, as
well as dopamine modified 45 A TiO, nanoparticles (concentration
of dopamine corresponding to 3, 33, 67 and 100% of Tisyr atoms)
were used as a precursor in the process of low temperature
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Fig. 1. Typical TEM image of colloidal TiO, nanoparticles used as a precursor in the
process of ultrasonic spray pyrolysis.

ultrasonic spray pyrolysis (150 °C). The ultrasonic spray pyrolysis
was performed using a laboratory setup already described in the
literature [18]. It consists from an ultrasonic atomizer for the gen-
eration of aerosol droplets operating at 1.3 MHz (RBI, France), a
tubular flow reactor with the three independently controlled
temperature zones, a diffusion dryer (Model 3062, TSI) and an
electrostatic precipitator. Aerosol, generated from the colloidal
solutions, was introduced into a tubular flow reactor using nitrogen
as a carrier gas with flow rate of 0.033 dm® s~! and corresponding
residence time of droplets in the reactor zone of 33 s. Based on the
properties of colloidal TiO, solutions and applied atomization fre-
quency, the average droplet and the average particle size of TiO;
powder particles were estimated to be about 3.5 um and 380 nm,
respectively [25,26].

2.4. Instruments and measurements

The size distribution of colloidal 45 A TiO, nanoparticles was
determined by using transmission electron microscopy (JEOL JEM-
2100 LaBg operated at 200 kV). The morphology of surface-
modified submicronic TiO, powder particles was determined by
scanning electron microscopy (JEOL JSM-6610 LV operated at
20 KkV). The particle size distribution of surface modified sub-
micronic TiO, spheres was determined by laser particle sizer
(Mastersizer 2000, Malvern Instruments Ltd). For each run, the
powder was de-agglomerated in an ultrasonic bath for at least
15 min. The X-ray powder diffraction (XRPD) analysis was per-
formed by using PW 1050 (Philips) diffractometer with CuK, ra-
diation. The investigated 26 range was from 10 to 80° with a step
scan of 0.05° and scanning time of 10 s per step. Optical properties
of dopamine-modified 45 A TiO, nanoparticles, as well as dopa-
mine modified submicronic TiO, powder particles, were studied in
details in UV—Vis spectral range by using absorption spectroscopy
(Thermo Scientific Evolution 600 UV/Vis spectrophotometer) and
diffuse reflectance measurements (Labsphere RSA-PE-19), respec-
tively. The structures of charge transfer (CT) complexes were
investigated using FTIR spectroscopy (Nicolet 380 FTIR spectro-
photometer, Thermo Scientific).

3. Results and discussion

High-resolution TEM imaging of colloidal TiO, nanoparticles
(Fig.1) revealed nearly spherical TiO, precursor nanoparticles with
a low level of crystallinity and average size of about 4.5 nm.

Typical X-ray powder diffraction (XRPD) pattern of the dried
colloidal TiO, precursor nanoparticles is presented in Fig. 2a. All
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Fig. 2. The XRPD patterns of the: (a) colloidal TiO, nanoparticles, and (b) TiO, powder
synthesized at 150 °C in the process of ultrasonic spray pyrolysis by using surface
modified TiO, nanoparticles by dopamine as a precursor with standard data for
anatase structure (JCPDS, card No. 21-1272).

diffraction peaks match well to the anatase crystal structure (JCPDS
#21-1272) without indication of the presence of any other phases.
The grain size was determined from diffraction peak broadening by
using Scherrer’s equation, and it was found to be 2.5 nm. It can be
noticed that the grain size calculated from XRPD data corresponds
well to the average diameter of TiO, nanoparticles determined by
TEM measurements. Typical XRPD pattern of submicronic TiO,
powder particles is shown in Fig. 2b. It should be noticed that this
diffraction pattern is almost identical to the diffraction pattern of
precursor TiO, nanoparticles indicating the presence of pure
anatase phase. Also, the grain size of about 2.5 nm, determined
using Scherrer’s diffraction formula, is in excellent agreement with
grain size observed in high-magnification TEM measurements.

It is well known that, in the nanosize regime (d < 20 nm), due to
the large curvature of TiO, particles, coordination of surface Ti
(Tisyrf) atoms changes from octahedral (six-coordinate) to square
pyramidal (penta-coordinate) [13]. Binding of electron-donating
ligands to coordinately unsaturated Ti atoms restores their octa-
hedral geometry and leads to the formation of charge transfer (CT)
complexes. As a consequence of changes in electronic structure of
TiO, upon surface modification, a red shift of semiconductor ab-
sorption has been observed compared to unmodified nano-
crystallites [27].

The absorption spectra of colloids consisting from unmodified
Fig. 3a and surface-modified TiO, nanoparticles with dopamine
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Fig. 3. (a) Absorption spectra of colloids consisting from unmodified TiO, nano-
particles, (b—e) and surface modified TiO, nanoparticles with different dopamine
concentrations (3, 33, 66 and 100% of Tis,s atoms, respectively). Photographs of
colloidal solutions consisting of bare TiO, nanoparticles and dopamine modified TiO,
nanoparticles with concentration corresponding to 3 and 100% of Tisyt atoms are also
included.

with different surface coverage are shown in Fig. 3b—e. Significant
red shift of absorption was noticed even when dopamine concen-
tration was as low as 3% of the concentration of Tigyf atoms
(Fig. 3b). At the concentration level of dopamine higher than 33% of
Tigyrf atoms, maximal red shift of absorption was achieved and
further increase of dopamine concentration had no effect on the
optical properties of TiO, nanoparticles (Fig. 3c—e). It is clear that
surface modification of TiO, nanoparticles with dopamine induced
a significant decrease of the effective band gap (1.9 eV) compared to
unmodified semiconductor (3.2 eV). These results are in agreement
with experimental data concerning surface modification of TiO;
nanoparticles with dopamine reported in literature [28]. The cat-
echolate type of binding to metal-oxide surfaces inherent to the
adsorption of molecules having two adjacent OH groups, was re-
ported to result in the formation of both bidentate mononuclear
chelating and bidentate binuclear bridging complexes.

Some authors [27,29,30] claim that five-membered ring coor-
dination complexes predominate, while others [31—35] find
bridging complexes energetically more favorable. Recently, we
have shown that a simple Job’s method of continuous variation [10],
developed for determination of composition of complexes in ho-
mogeneous media, can also be used for determination of the
complex composition in heterogeneous colloidal systems consist-
ing of highly uniform and sufficiently small particles that do not
scatter light [11].

According to Job’s method, the stoichiometric ratio is deter-
mined from the plot of the absorbance as a function of the mole
fraction of metal or ligand. The ratio Xmax/1 — Xmax» Where Xmax
corresponds to the mole fraction in the absorbance maximum,
equals the stoichiometric ratio. The stoichiometric ratio Tigy/L is
obtained by plotting the absorbance of the CT complex vs.
X = [Tisurf]/[Tisurf] + [L]. Characteristic Job’s curve for surface
modified TiO, nanoparticles by dopamine is presented in Fig. 4.
Job’s plot reached a maximum value at a mole fraction [Tisurf]/
[Tisurf] + [L] = 0.67, confirming that the molar ratio between Tigyf
atoms and dopamine in the complex is 2:1. Based on this result, we
concluded that catecholate type of binding between dopamine and
surface Ti atoms takes place through the formation of bidentate
binuclear bridging complexes.
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Fig. 4. Job’s curve of equimolar solutions for ligand—Tig,s complexes
([Tisurf] + [L] = const.) with proposed binding structure between dopamine and surface
Ti atoms.

This result is in agreement with literature data concerning
binding geometry of bidentate benzene derivatives and colloidal
TiO, nanoparticles [10]. The process of ultrasonic spray pyrolysis
has been already applied in order to prepare uniform submicronic
spheres using colloidal TiO, nanoparticles as a precursor [16]. In
this case, novelty is usage of surface modified TiO, nanoparticles
instead of bare ones. The processing temperature was chosen to be
as low as 150 °C in order to avoid thermal decomposition of
dopamine (241 °C) [36] and to preserve square pyramidal coordi-
nation of surface Ti atoms that is typical only for extremely small
TiO;, particles (d < 20 nm) [28].

Typical SEM image of submicronic TiO, particles obtained in the
process of ultrasonic spray pyrolysis using colloids consisting of
surface-modified TiO, nanoparticles with dopamine is shown in
Fig. 5a. Corresponding particle size distribution determined using
laser particle sizer is presented in Fig. 5b. It can be noticed that the
process of ultrasonic spray pyrolysis led to the formation of fairly
uniform, non-agglomerated TiO, powder particles.

The average particle size of TiO, powder particles was found to
be around 440 nm. Slight variations of the average size of TiO;
particles (size range from 420 to 470 nm) were observed for
different dopamine concentration (SEM images are not shown). The
processing of surface modified TiO, nanoparticles with dopamine
led to the formation of submicronic TiO, particles with smooth
surface.

For comparison, SEM image and particle size distribution of TiO,
powder particles obtained under the same experimental condi-
tions, but using bare TiO, nanoparticles as a precursor, are shown in
Fig. 5¢ and d, respectively. Basically, similar TiO, powder particles
were obtained in both cases, except that processing of bare TiO,
nanoparticles led to the formation of slightly larger TiO, powder
particles (average diameter around 500 nm). Low-magnification
TEM measurements of TiO, powder particles obtained using sur-
face modified TiO, nanoparticles with dopamine (Fig. 6a)
confirmed SEM observations regarding the particle size distribu-
tion. High magnification TEM image (Fig. 6b) indicated poly-
crystalline nature of the synthesized TiO, powder particles with
grain size around 2.5 nm that corresponds well to the size of
colloidal TiO, nanoparticles used as a precursor.

Diffuse reflection spectra of submicronic TiO, powders obtained
in the process of ultrasonic spray pyrolysis using as a precursor of
TiO, nanoparticles with different surface coverage with dopamine
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Fig. 5. (a) Typical SEM image of submicronic TiO, powder particles obtained in the process of ultrasonic spray pyrolysis at 150 °C by using dopamine modified TiO, nanoparticles as
a precursor (dopamine concentration is 33% of Tigs atoms), and (b) corresponding size distribution. (c) Typical SEM image of submicronic TiO, powder particles obtained in the
process of ultrasonic spray pyrolysis at 150 °C by using bare TiO, nanoparticles as a precursor, and (d) corresponding size distribution.

(Fig. 7b—e) were compared to the diffuse reflection spectrum of
bare TiO, powder obtained under the same experimental condi-
tions (Fig. 7a).

Photographs of modified TiO, powders with different surface
coverage of dopamine (concentrations correspond to 3 and 33% of
the concentration of Tigyf atoms), and of bare TiO, powder, are
shown as insets to Fig. 7. Modified TiO, powders with higher con-
centration of dopamine have the same color as a sample synthesized
with dopamine concentration corresponding to 33% of Tigyf atoms.
It should be pointed out that the same behavior was observed for
corresponding precursor TiO, colloids. The effective band-gap en-
ergies of surface modified TiO, powders with dopamine were
calculated using Kubelka—Munk spectra obtained by the trans-
formation of the diffuse reflectance to the Kubelka—Munk function
[37]. The largest decrease of the effective band-gap energy (1.3 eV)
was observed for dopamine concentrations higher than 33% of Tigy.f

atoms. Most likely, due to steric hindrance surface of TiO, powder is
saturated with dopamine molecules at concentration lower than the
concentration of Tigyf atoms. Basically, the band-gap energies of
dopamine modified TiO, powders (around 1.9 eV) are identical to
the band-gap energies of corresponding precursors.

FTIR spectroscopy measurements were performed in order to
clarify whether or not ultrasonic spray pyrolysis induced any
changes in binding efficiency and geometry of dopamine modified
TiO; nanoparticles during formation of submicronic TiO, powder
particles. Since the infrared spectrum of TiO, powder has charac-
teristic bands in the following regions: 1000—400 cm~! due to Ti—O
and Ti—O—Ti stretching vibrations and in 3700—2000 cm™! due to
hydrogen-bonded OH stretching vibrations [11,38,39], we were
able to measure dopamine modified TiO, nanoparticles, as well as
dopamine modified TiO; powders in 1700—1000 cm~! spectral
region, where the characteristic bands of dopamine exist.

Fig. 6. (a) TEM images of submicronic TiO, particles obtained in the process of ultrasonic spray pyrolysis at 150 °C by using dopamine modified TiO, nanoparticles as a precursor
(dopamine concentration is 33% of Tig,s atoms), and (b) marked region at a higher magnification.
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Fig. 7. Diffusive reflection spectra of (a) bare submicronic TiO, particles and surface
modified submicronic TiO, particles with various dopamine concentrations: (b) 3, (c)
33, (d) 66 and (e) 100% of Tisy,s atoms. Photographs of bare submicronic TiO, particles
and submicronic TiO, particles modified with dopamine (3 and 100% of Tisyf) atoms
are also included.

The FTIR spectra of free dopamine, bound to the surface of
precursor TiO, nanoparticles and surface of submicronic TiO,
powders particles are shown in Fig. 8a—c, respectively. It should be
noticed that FTIR spectra of dopamine bound to the surface of
precursor TiO2 nanoparticles and dopamine bound to the surface of
submicronic TiO, powder particles are almost identical, but on the
other hand, there are differences in comparison to FTIR spectrum
of free dopamine indicating formation of charge-transfer
complex between dopamine and TiO,. The main bands and their
assignments in free dopamine are as follows: stretching vibrations
of o[(—C=C-)/(C—C)] in benzene ring at 1471, 1497 and 1615 cm™},
in plane asymmetric banding vibrations of B(NH3*) at 1600 cm ', in
plane symmetric bending vibration of B(CH,) group at 1340 cm™,
stretching vibrations of o(CO) at 1283 cm™, in plane bending vi-
brations of phenolic group and CH/CH; groups in the region bellow
1200 cm~. The binding of dopamine to TiO, via two adjacent
phenolic groups affects the in-plane bending vibrations of the

13191336 1428

(b)
1498 1607

(a) 1268 1488

Transmitance

1520 4600 1615

175 1283 1497
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Fig. 8. FTIR spectra of: (a) free dopamine, (b) dopamine bound to the surface of pre-
cursor TiO, nanoparticles, and (c) dopamine bound to the surface of submicronic TiO,
powder particles (dopamine concentration corresponded to the 100% of Tig,,f atoms).

phenolic group B(C—OH) at 1320 cm ™, inducing a decrease in in-
tensity of this band [40]. The structural changes induced by pro-
tonation of dopamine amino group after binding to the surface of
colloidal TiO, nanoparticles at pH = 3 influence its vibrational
properties and consequently corresponding IR spectrum. As can be
seen in Fig. 8, a new band at 1428 cm~! appears in the FTIR spectra
of dopamine-modified precursor TiO, nanoparticles (Fig. 8b) and
dopamine modified submicronic TiO, powder particles (Fig. 8c).
This band is assigned a symmetric N—H umbrella mode that is
characteristic for the protonated NH3* group of dopamine mole-
cules [40].

Having in mind the similarity of FTIR spectra in Fig. 8b and c, we
also concluded that under mild conditions in the process of ultra-
sonic spray pyrolysis there is no existence of unbound dopamine
molecules and their undesired oxidation, which for the result could
have colored quinones derivatives [41]. Efficiency of binding and
surface geometry of dopamine remained the same.

4. Conclusions

To conclude, the process of ultrasonic spray pyrolysis led to the
formation of colored submicronic TiO; powder particles using
dopamine modified TiO, nanoparticles as a precursor. Significant
red shift of optical absorption of dopamine-modified colloidal TiO;
precursor nanoparticles (about 1.3 eV), compared to bare ones, was
preserved after formation of submicronic TiO, powder particles
under mild experimental conditions (150 °C). The process of ul-
trasonic spray pyrolysis extended formation of charge transfer
complexes between electron donating ligands and surface Ti atoms,
has so far been achieved only for extremely small TiO, nano-
particles (d < 20 nm), in submicronic size range. The main reason is
preserved square pyramidal coordination of surface Ti atoms in soft
submicronic TiO; assemblages. It should be emphasized that pro-
cess of ultrasonic spray pyrolysis opens up possibility to design TiO;
powder particles with desired optical, size and morphology char-
acteristics by proper choice of ligand, frequency of aerosol gener-
ator and pre- or post ligand treatment.
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copy (FE-SEM), Transmission Electron Microscopy (TEM) coupled with energy dispersive X-ray Analysis
and STEM mode (TEM/EDS), X-ray Powder Diffraction (XRPD) and fluorescence measurements the feasi-
ble processing of up-conversion rare-earth Y,0s:Er, Yb phosphors powders are discussed.
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1. Introduction

Rare-earth based up-converting phosphor (UCP) nanocrystal-
line particles represent the new, sophisticated generation in mate-
rials science and engineering with the potential use in modern
display and labeling technologies, sensors, optical data storage,
telecommunications, etc. [1-5]. They exhibit the unique property
of emitting visible light following photoexcitation in near infrared
region. The most efficient up-converting host materials belong to
the group of the yttrium based- inorganic compounds like fluo-
rides, oxides and oxysulfides codoped with the trivalent rare earths
(Yb**, Er**, Tm>', Pr**, Ho®, etc.). Among other yttrium com-
pounds, yttrium oxide represents an efficient UCP phosphor host
material for the substitution of rare earth ions because of its low
phonon energy, <600 cm™!, broad optical transparency range 0.2
8 um, high refractive index, >1.9 and large energy band-gap,
5.8 eV [6]. Yttrium oxide posses a cubic crystal structure with a
space group, S.G. Ia3~(T]) in which there are two crystallographi-
cally different rare-earth sites, C2 (75%) and S6 (25%); by that, a
unit cell is composed of four atom positions, three having a point
symmetry C2 and one position with a point symmetry S6 [7].

* Corresponding author. Tel.: +381 11 2636994; fax: +381 11 2185263.
E-mail address: olivera.milosevic@itn.sanu.ac.rs (0. Milo3evi¢).

High luminescence efficiency is basically associated with high
radiative transition rates which can be achieved with optimum
doping concentration, uniform distribution of the luminescent cen-
ters in the host matrix and the overall particle structure and mor-
phology control, which altogether signify the importance of
innovative and controllable UCP phosphor processing route in
the current research efforts [7-9]. Moreover, of particular impor-
tance is the controlled synthesis of the host lattice having targeting
crystal structure which determines the distance between the dop-
ant ions, their relative spatial position, their coordination numbers,
and the type of anions surrounding the dopant. In addition, the low
symmetry and low phonon energies of the host lattice are essential
for reducing the multiphonon relaxation and increasing the life-
time of the intermediate states involved in upconversion [10].
Most of research are concerned with halide host matrix processing
and particularly with the hexagonal sodium yttrium fluoride which
has been regarded as one of the most efficient up conversion host
matrix having the phonon energies below 500 cm™~! [11-13]. Of
the medium phonon energies host matrices, cubic yttria posses
high chemical and thermal stability and is one of the most efficient
non-halide host material [11].

Among the diversity of the “bottom-up” chemical approaches
for nanomaterials processing, synthesis through dispersion phase
(aerosol) enables generation of ultrafine, either single or complex
powders with controlled stoichiometry, chemical and phase con-

0921-8831/$ - see front matter © 2013 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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Nomenclature

initial precursor solution concentration (mol dm~>’

nl

dq droplet diameter (m)

dp particle diameter (m)

D tube diameter (m)

L tube length (m)

F, flow rate of gas phase (carrier gas, air) (m3s™!)
h; heat transfer coefficient (Js 'm2K™!)

Ky thermal conductivity (W m~! K1)

M molecular weight (g mol™1)

T temperature (K)

t time (s)

Ug mean velocity of gas phase (carrier gas, air) (ms™')

Greek letters

surface tension of precursor (Nm™!)
shear viscosity of gas/liquid phase (m Pas)
density of gas/liquid phase (kg m—>)
residence time of droplets/particles (s)
volume fraction of solute [1]

critical volume fraction of solute [1]

*

S8 T DR

Dimensionless number
Bi Biote number [1]
Nu Nusselt number [1]
Re flow Reynolds number [1]
Re; particle Reynolds number [1]
Subscripts
a air
d droplets
i initial precursor solution
p particles
w water
Equations 1
gy\1/3
dg 034 (47%)
oM 1/3
iVly, 0.
dp dd' < pvzf);)
¢i-M
¢ ¢ = 10032?

tent provided by high heating and cooling rates, short residence
time and high surface reaction [14]. This may favors to the forma-
tion of either amorphous, nanocrystalline or metastable phases
that might have a huge impact in the processing of advanced func-
tional materials having novel and unique structures and proper-
ties. During the process, aerosol droplets undergo evaporation,
drying and solute precipitation in a single-step, enabling spherical,
either hollow or dense, agglomerate-free, submicronic “secondary”
particles to be obtained exhibiting the composite inner nanostruc-
ture and representing an assembly of primary nanoparticles. The
size and size distribution of secondary particles are mainly influ-
enced by the properties of precursor solutions and aerosol genera-
tion, while the size of primary particles depends on the time-
temperature history of particle formation and materials properties
[7]. There is a diversity of aerosol routes, depending mainly on the
manner of aerosol formation and how the aerosol decomposition
energy is transferred to the precursor system, reflecting on the
most important particle formation parameters: residence time
and temperature distribution [7]. Among them, flame synthesis
represents a straightforward large-scale aerosol route for produc-
ing spherical nanoparticles in different oxide and non-oxide sys-
tems, enabling higher temperatures and shorter residence time
to be obtained. It has been reported a successful processing of
nanocrystalline up conversion phosphor particles in Yb (Tm, Er)
doped-sodium yttrium fluoride and Sm-doped Gd,Os by this route
[13,15]. For the case of hot-wall flow reactor, a well-controlled
temperature profile over long residence times can be achieved,
however the direct processing of nanoscaled particles is limited
and associated either with the precursor solution dilution or
urea/salt assisted solution modification [7], which in turn influence
on the powder production rates.

In our previous work, hot wall aerosol route has been recog-
nized as successfull to obtain submicronic Eu**-doped nanocrystal-
line down-conversion Y;03, (Y;_xGdy),03 and Gd,Os phosphor
particles with advanced structural, morphological and luminescent
properties [8,9,16]. It has been demonstrated that the key particle
formation parameters are the physico-chemical properties of pre-
cursor solution, the manner of aerosol generation and the process
parameters like temperature, residence time, and atmosphere
determining the mechanisms of aerosol formation, solute precipi-
tation, nucleation, growth and primary nanoparticles aggregation

into a spherical assemblage [7]. Recently we have presented the
aerosol processing of temperature sensitive Y,03 based nanocrys-
talline UCP particles, doped with Yb** and co-doped with either
Tm>" or Ho>* [17]. Considering the diversity applications of nano-
crystalline up-converting particles and especially their potential
advantages over micro-scaled conventional materials, in this work
we have prepared yttrium oxide co-doped with erbium and ytter-
bium by applying the same aerosol based conventional spray pyro-
lysis (CSP) method. Aiming to investigate the morphology aspect of
UCP nanocrystalline particles, we have studied droplet-to-particle
formation mechanisms in dispersed system and have discussed
them in the framework of the obtained structural, morphological
and spectroscopic properties.

2. Experimental

In order to synthesize Y;.94Ybo.05Ero0103 UCP particles, the pre-
cursor aqueous solutions (¢;=0.1 mol/dm3) are prepared by dis-
solving the corresponding amounts of Y(NOs) x 6H,0,
Yb(NO3) x 5H,0 and Er(NOs) x 5H,0 having Yb/Er concentration
ratio 5. All the chemicals are of the highest purity available (Al-
drich, 99%); distilled deionized water is used with a resistivity of
18.2 MQ cm™! (Milipore, UK). The obtained precursor solution is
further ultrasonically atomized and such obtained aerosol is
decomposed in the air stream in a high-temperature tubular flow
reactor (tube geometry: D =0.04 m; L =1.9 m) equipped with the
three temperature zones (T; =473, T, =1173, T3=1173K). The
as-prepared powders are subjected to the additional thermal treat-
ment in air at 1373 K for 12, 24 and 48 h (samples 5-2, 5-3 and 5-
4), while 5-1 denotes as-prepared powder sample. The details
regarding the processing route are given elsewhere [7] and sche-
matic of the conventional spray pyrolysis experimental setup is
presented at Fig. 1.

Physico-chemical properties of the precursor solutions are esti-
mated at room temperature. Particle size distribution is analysed
by laser particle sizer (Mastersizer 2000, Malvern Instruments).
The morphological analysis and chemical purity are investigated
by Field Emission Scanning Electron Microscopy, HITACHI SU-70
(FESEM) and Transmission Electron Microscopy, JEOL, JEM-2100F,
200 kV (TEM) coupled with energy dispersive X-ray Analysis and
STEM mode. Structural evaluation is done by X-ray powder diffrac-
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4)

Fig. 1. Schematic representation of the laboratory setup of CSP with (1) carrier gas, (2) flow meter, (3) ultrasonic atomizer, 1.3 MHz, RBI (4) hot-wall reactor (5) diffusion

dryer, TSI and (6) electrostatic precipitator.

tion (XRPD) analysis on Rigaku Ultima IV diffractometer operating
with Cu Ko radiation at 40 mA and 40 kV. The measurements are
performed in the 20 range from 10° to 100° with a step scan of
0.02 and counting time of 10 s per each step. The Rietveld struc-
tural refinement is done in Topas Academic 4.1 [18] for the deter-
mination of microstructural parameters using the Fundamental
Parameter Approach where FWHM based LVol (volume weighted
mean column height) calculation is used for the determination of
the intermediate crystallite size broadening modeled by a Voigt
function. The photoluminescence spectra and decay time measure-
ments are performed on spectroflurometer system having optical
parametric oscillator excitation source, (Impulse laser —2 m] per
pulse, pulse duration 5.2 ns, repetition rate 10 Hz, EKSPLA NT
342, emission range 210-2300 nm), Cryostat (Advance Research
Systems DE202-AE) equipped with Lakeshore model 331 control-
ler, spectrograph FHR 1000 (Horiba Jobin-Yvon, 300 groove/mm
grating) and ICCD detector (Horiba Jobin-Yvon 3771). The single
exponential function is used for the decay time fitting.

3. Results and discussion

With the presumption that certain particle morphology is
formed during the evaporation/drying stage of CSP [19,20], all cal-
culations related to the aerosol transport regimes are estimated at
373.15 K. Moreover, considering a one-droplet- to one-particle
conversion mechanism [21], the mean gas velocity and residence
time were calculated from the gas flow rate and the geometry of
hot-wall reactor aiming to analyze the conditions for particle gen-
eration in dispersed system. Based on that, the Reynolds number of
the air flowing around single droplet/particle, defined as:

_ Pg-da-ug

a

Re (1)

imply laminar gas motion; d; is the droplet diameter, 3.217 um,
estimated in accordance to the Lang equitation and the solution

Table 1
The solution/gas properties and conditions for aerosol transport and particle generation.

properties, [22-24], while the values and definition of other param-
eters are given in Table 1 and/or in Notations. It is assumed droplet-
to-droplet interaction are negligible because of the small droplet
volume fraction in continuous phase [25].

The Reynold’s number, which defines the regime of the aerosol
transport within the system:

Re — Pa Dt
Hq

is calculated to be Re ~ 36.70 <2300, implying the aerosol transpor-
tation is done within the carrying gas into a laminar flux motion.

The temperature distribution along the radius of a droplet could
be ignored for Biot number, Bi < 1, in accordance to the following
equitation:

_he-dq
=6k, (3)

in which k,, (W m~! K1) is the droplet thermal conductivity, 0.683,
taken for water at 373.15 K With assumption the droplet velocity is
the same as that of the carrier gas, the heat transfer coefficient, h,, is
estimated based on Nusselt and Prandtl dimensionless numbers
(Table 1) by combining the following equations:

(2)

Bi

Nu=2+0.6-Re/>- P} (4)
and

_ ht : dd
Nu === (5)

Because the resistance to heat flow within the droplet is small
relative to the resistance presented by the convection processes
at the surface, the temperature inside the droplet is uniform and
assumed to be the same as the droplet surface, implying volume
precipitation of solute inside the droplet. This implicates solid par-
ticle formation if the precolation criterion is fulfilled, enabling for-
mation a continuous three-dimensional network of solute filling.

The conditions for particle generation in a dispersed system
Carrier Gas (air) flow rate, F, x 10° (m>s~1)

2.667 0.02123

Mean velocity of carrier gas, u, (ms™')

Residence time, 7 (s)
89.5

Physico-chemical and transport properties of air at T=373.15 K
Density, p, (kg m~3) Shear viscosity, i, x 10° (Pas)
0.946 2.19

Pr Re
0.688 36.70

Transport regime
<2.3 x 10 laminar

Physico-chemical properties of the precursor solution at 298 K
Concentration, ¢; (mol dm~3) Surface tension, y; x 10> (Nm™")
0.1 65.8

Density, p; x 1073 (kg m~3)
1.02217

Viscosity, u; (m Pas)
1.058

Values of dimensionless numbers and heat transfer coefficient at T=373.15 K
Re; x 10% [1] Nu [1]

3.039 2.029 4.183

he x 1075 (Wm~' K1)

Bi [1]

P
0.338 0.00459 < 0.16
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Particle diameter, nm

No.9 15.0kV 16 3mm x150k

500 nm
I
No.9 15.0kV 16.3mm x80.0k 500nm

Fig. 2. FESEM micrographs of as-prepared (a) and powders heat treated at 1373 K for 24 h (b and c); low magnification TEM image of the powder 1373 K for 24 h (d); the

corresponding log-probability plot is given in inset.

500 nm
——

YbM

Fig. 3. STEM image and EDS mapping of Y;.94Ybo05Er00103 UCP particles (SP 5-3).

However, for the conditions in this experimental work, the perco-
lation criterion, ¢ is less than the critical volume fraction ¢*=0.16
[20], implying the possibility for excessive porosity formation.
FE-SEM micrographs are presented at Fig. 2 for as-prepared and
thermally treated powder samples. The presence of polydispersed
spherical particles in submicronic range is evident. Either the
sponge-like or desert-rose-like particle morphology prevailed for
the as-prepared powders, while the prolonged heating leads to
the better differentiation of primary particles as a result of their
thermally induced growth, collision and aggregation. The as-pre-
pared particle distribution is log-normal, as evident from Fig. 2a in-
set, with the Dso =985 nm. The typical particle morphology after
thermal treatment at 1373 K/24 h is presented at Fig. 2b and c,
showing the blueberry-like structure of secondary particles repre-
senting an assembly of nanosized (<50 nm) primary particles. The
primary particles are predominantly spherical in shape, colliding to
the aggregates. Moreover, the increase of the annealing tempera-
ture and time additionally leads to the interparticle sintering that
is more prominent at higher temperatures. Low magnification

50000

o
22 —Y,0,:Yb, Er
40000 —— PDF # 87-2368
= 30000
o
2 N
7 N
§ 20000
E S
5
10000 ~
3
N
‘ [ T T I T
T N T ¥ T ' T 2l T * T x T * T 1

10 20 30 40 50 60 70 80 90 100
2 Theta, °

Fig. 4. XRD pattern of Y;.94Ybg05Er0,0103 UCP particles annealed at 1373 K/24 h (SP
5-3).
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Table 2
Rietveld refinement of Yy 94Ybg 05Ero 0103 UCP particles (SP 5-3).
Lattice parameter (A)  Crystallite size (nm) 2Y;:0 bond length (A) 2Y,:0 bond length (A) Y, 0% Occ Yy (Y3+)  Occ Ya(Y*") R prage
10.59915 (6) 69 (1) 2216 (4) 2283 (4) x-0.0321(1) x03953 (4) 0.9693 0.9721 2.69
2267 (4) y0.1554 (3)
2.340 (4) 703778 (3)

2 Y, corresponds to C; site; Y, corresponds to Sg site in cubic crystal unit cell, S.G. Ia-3.

TEM implies the higher particle density at the surface implicating
the particles predominantly aroused through the mechanism of
surface precipitation [7]. Based on the elemental analysis (Fig. 3)
it is evident a very homogeneous distribution of the constitutive
elements: Y (Lo, 1.9226 keV), O (Ko 0.5249), Er (Lo 6.9488 keV),
Yb (Ma 1.5215 keV). That represents one of the basic advantage
of CSP showing no compositional segregation at the selected parti-
cle agglomerate presented in STEM image (upper left). Moreover, a
uniform distribution of the Yb** and Er3* ions into a host yttria ma-
trix implicates high luminescence efficiency to be obtained.

XRPD analysis confirms the presence of a single cubic bixbyte
crystal structure (S.G. Ia-3, PDF 87-2368) in all synthesized and
thermally treated samples. The much narrower peak reflections
are observed in thermally treated powders implying the increase
of crystallinity with annealing temperature and time. Detailed
microstructural analysis performed for SP-5-3 powder sample
through Rietveld refinement (Fig. 4 and Table 2) revealed the crys-
tal cell parameters did not change significantly after dopants incor-
poration in comparison to the Y,05 phase (PDF 89-5591, a=10.6 A)
due to the small differences in their ionic radii (Y>* 0.104 A, Yb**
0.100 A, Er** 0.103 A). After incorporation into the Y,0; matrix,
the Yb*" and Er** ions could be randomly distributed into the
two nonequivalent crystallographic sites: non-centrosymmetric
C, at the 24d site and centrosymmetric Sg (Cs;) at the 8a site [9].
With regards to that the Y3* cation site occupancy refinements of
both positions were performed, since the preferential occupation
might influence on luminescence efficiency. The obtained results
imply that substitution of Y>* is more pronounced in the C, posi-
tion than in Sg position, as indicated by the lower values for C; site
occupation with Y3*, Table 2. It is estimated the crystallite size of
about 70 nm for the SP 5-3 sample thermally treated at 1373 K/
24 h, confirming the powder nanocrystalline structure.

4x10" 1 PR .
CHyys 83 = s
3x10*
3
«<
2z 4
Z 2x10°1
3] 4F 4
] 4 912 Lisp
1x10* Hop = Lisp 1,=0,34 48h
x10°4
) W;VJ .= 0,48 26h
s el 7= 040 12h]
04 1= 0,27 aspr
T T
400 600 700 800

A (nm)

Fig. 5. Up-conversion emission spectra of nanocrystalline Y; 94Ybg5Erg0103 pow-
ders excited at 978 nm as a function of annealing time at 1373 K, with the
corresponding decay times, 7 (ms). The annealing time dependence of green to red
emission integrated area ratio is presented in inset. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

The up-conversion luminescence spectra upon excitation at
978 nm are presented at Fig. 5 as a function of annealing time at
1373 K. The green luminescence emission, assigned to the Er®*
(*Hi1j2, *S312) — “I15)2 electronic transitions is evident, peaking at
563 nm. The red emission at 660 nm is less intensive, and corre-
sponds to the Er** *Fg;; — *I;s), electronic transitions, while weak
blue emission, assigned to the Er’* 2H9/2 - 4115/2 electronic transi-
tions is almost negligible. The annealing time dependence of green
to red emission integrated area ratio, presented at Fig. 5 in inset,
increases linearly. It is assumed that due to the smallest energy
levels band gap, the (*Hy1j2, 4S3j2) — “I15j2 electronic transition is
more affected by the phonons adsorbed at the surface comparing
to the *Fg;; — *I;52 ones [4]. By that, the thermally and kinetically
provoked crystallite/particle growth and the surface defects dimin-
ishing manifest in increase of green to red emission ratio with
annealing time.

The corresponding decay times at 300 K for the most prominent
green emission, 7 (ms), are presented at the Fig. 5, as well. For the
rare earth ions is typical longer excited-state lifetimes, 10761073 s
compared to 107°-107% s for conventional ions [26]. The obtained
decay time values associated with long emission implied very good
up-conversion efficiency of powders and are improved in compar-
ison to the reported values for nanocrystalline materials [11,27].
The higher value of 0.48 ms is obtained after 1373 K/24 h anneal-
ing. With no doubt, the observed relationship of the emission spec-
tra and the decay times with annealing conditions are closely
associated with the particle structure and morphology i.e. increas-
ing the crystallite size associated with lowering of the defects and
better accommodation of dopants into the lattice sites. In the same
time, the counter current process of particle aggregation occurs, as
evident by the neck formation and thickened with annealing,
which causes the decrease of decay time after 48 h annealing.
These altogether implies the optimum luminescence efficiency is
a compromise of the time/temperature evolution of particle struc-
ture and morphology. The particles structural and morphological
features (submicronic in size, spherical, nanostructured, having
uniform distribution of the luminescent center) imply their appli-
cation in different up converting phosphor technologies like secu-
rity labeling, forensic, light emitting devices, temperature sensors,
etc. [17]. Moreover, the particles composite inner structure, repre-
senting an assembly of nanosized primary particles, opens the pos-
sibility for particle surface modification and functionalization
emphasizing the possibility in bioimaging and energy transfer
applications [26].

4. Conclusions

Aerosol route as a bottom-up chemical approach for UCP phos-
phor particles processing is presented together with the corre-
sponding process parameters that influence on the particle
structure, morphology and composition. With the presumption
that certain particle morphology is formed during the evapora-
tion/drying stage of CSP, droplet to particle conversion and trans-
port properties in dispersed system were followed using Re, Nu,
Pr and Bi dimensionless numbers. The structural, morphological
and functional properties, analyzed in accordance to XRPD, FESEM,
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STEM, TEM and spectroscopic measurements proved the feasibility
of CSP for nanocrystalline phosphor particle processing.
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