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Abstract: The opportunities of the hot wall aerosol synthesis, i.e. conventional spray
pyrolysis (CSP) method are demonstrated for the generation of highly spherical three-
dimensional (3D) nanostructured phosphor particles with uniformly distributed
components, phases and nano-clustered inner structure. With the presumption that
certain particle morphology is formed during the evaporation/drying stage, the aerosol
transport properties and powder generation are correlated with the particles structural
and morpholog-ical features. With the help of various analyzing techniques like Field
Emission Scanning Electron Micros-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 Y203: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,Z) 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].

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]. O f 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-
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Ci initial precursor solution concentration (mol dm™
dyq droplet diameter (m)

d, particle diameter (m)

D tube diameter (m)

L tube length (m)

F, flow rate of gas phase (carrier gas, air) (m>s™!)
h, heat transfer coefficient (Js™! m—2 K1)

ko thermal conductivity (Wm~! K1)

M molecular weight (g mol™!)

T temperature (K)

t time (s)

Ug mean velocity of gas phase (carrier gas, air) (ms™!)
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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)
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critical volume fraction of solute [1]
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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,03 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;_xGd,)>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;.94Ybg0s5Er 0103 UCP particles, the pre-
cursor aqueous solutions (c;=0.1 mol/dm?) are prepared by dis-
solving the corresponding amounts of Y(NOs) x 6H,0,
Yb(NOs3) x 5H,0 and Er(NOs3) 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=1173 K). 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-



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 mJ 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:

Re, — Pa i U
Hq

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

(1)

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:

pa'D'uG
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-dg
=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:

Re = )

Bi

Nu=2+06-Re/* P} (4)
and
Nu — hrk'wdd (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° (m3s~1)

2.667 0.02123

Mean velocity of carrier gas, u, (ms™1!)

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, p; 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, 7; x 10> (Nm™")

Viscosity, ; (m Pas) Density, p; x 107> (kg m~>)

0.1 65.8 1.058 1.02217

Values of dimensionless numbers and heat transfer coefficient at T=373.15 K

Re; x 10% [1] Nu [1] hex 1075 (Wm™ K1) Bi [1] 1)

3.039 2.029 4.183 0.338 0.00459<0.16
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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.
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Fig. 3. STEM image and EDS mapping of Y;.94Ybg05Er0,0103 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
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Fig. 4. XRD pattern of Y;.94Ybg05Er0,0103 UCP particles annealed at 1373 K/24 h (SP
5-3).



Table 2
Rietveld refinement of Y; 94Ybo05Ero0103 UCP particles (SP 5-3).

Lattice parameter (A)  Crystallite size (nm)  Y;:0 bond length (A)  2Y,:0 bond length (A) Y, 0% Occ Y1 (Y3+)  0cc Ya(Y**) R prage
10.59915 (6) 69 (1) 2216 (4) 2283 (4) x-00321(1) x03953 (4) 0.9693 09721 2.69
2267 (4) y0.1554 (3)
2.340 (4) 203778 (3)

2 Y; corresponds to C, site; Y, corresponds to Se site in cubic crystal unit cell, S.G. la-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 (Lot 6.9488 keV),
Yb (Mo 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,053 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 Y>* 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 Y3* 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.
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Fig. 5. Up-conversion emission spectra of nanocrystalline Y;.94Ybo.05Er0,0103 pow-
ders excited at 978 nm as a function of annealing time at 1373 K, with the
corresponding decay times, t¢ (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**
(®Hi1/2, S3j2) = *lisj2 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;5; electronic transitions, while weak
blue emission, assigned to the Er** 2Hgj, — *l;5, 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 (Hy12, “S3j2) — *l1sj2 electronic transition is
more affected by the phonons adsorbed at the surface comparing
to the “Fg;2 — *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, 1076-1073 s
compared to 10~°-10~% 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,



STEM, TEM and spectroscopic measurements proved the feasibility
of CSP for nanocrystalline phosphor particle processing.
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