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Abstract

Functional ceramic nanopowders are prepared by means of CO, laser vaporization (LAVA) starting from coarse ce-
ramic powders. The vaporization proceeds in a continuously flowing process gas at normal pressure. The nanoparticles
(NP) are formed as a result of rapid gas phase condensation. Selected LAVA nanopowders are presented as promising
candidates for future applications, e.g. drug targeting and magnetic resonance imaging, load-bearing ceramic im-
plants, and biological fluorescence labeling, respectively. Starting from a hematite raw powder, ferrimagnetic Fe,0;
nanopowders are prepared. Itis found thatin an oxygen-free process gas maghemite (y-Fe,O ;) NP are formed. Apply-
ing oxygen as process gas leads to the formation of y-and e-Fe,O; NP. Superparamagnetic composite NP are prepared
from mixtures of hematite raw powder and quartz sand (SiO,). NP comprising an intraparticular dispersion of alu-
mina and tetragonal zirconia (t-ZrO,) are obtained by means of the vaporization of a powder mixture of corundum
(«-Al,O3) as the main component and t-ZrO,. Europium-doped strontium aluminate (SrAl,O,) NP are prepared
from a mixture of strontia (SrO), corundum, and Eu,0;. The as-prepared amorphous NP reveal a red photolumines-
cence emission under excitation with ultraviolet radiation. Annealing in a reductive atmosphere yields a crystalline

EuZ*+:SrAl,O, nanopowder that shows an intense green emission.

Keywords: Laser vaporization, ceramic nanoparticles, photoluminescence, Al,O3-ZrO,, magnetic nanoparticles

I. Introduction

The unique physico-chemical properties of ceramic par-
ticles on the nanoscale are determined by their phase com-
position, size and size distribution, shape and specific
surface area, as well as their morphological sub-struc-
ture. Nanoparticle (NP) processing technologies should
allow the synthesis of a wide spectrum of compositions as
well as the adaption of their properties to targeted appli-
cations. Numerous strategies were developed to synthe-
size functional ceramic NP including gas phase syntheses
(e.g. chemical vapor synthesis, flame spray pyrolysis, ther-
mal plasma synthesis, and laser pyrolysis), liquid phase
syntheses (e.g. co-precipitation, sol-gel processing, hy-
drothermal synthesis, sonochemical synthesis), and sol-
id state reactions (e.g. the mixed oxide technology) 1. Gas
phase and liquid phase syntheses, however, require specif-
ically designed precursors to yield the desired materials,
and solid state reactions are less suitable for the prepara-
tion of NP. Alternatively, gas phase syntheses using solid
raw materials (e.g. inert gas condensation, spark discharge
generation, laser ablation) can be applied to synthesize a
wide range of ceramic nanopowder compositions.

In particular, the CO, laser vaporization (LAVA) has
proved to be a suitable and flexible preparation process
for ceramic nanopowders 2. LAVA facilitates the contin-
uous production of ceramic NP by means of rapid gas-
phase condensation. Coarse ceramic powders with the
same chemical composition as that of the desired NP are
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used as starting materials. Organic solvents requiring a
drying process are not involved. Thus, contaminations
of the NP by reaction by-products or residual solvents
are excluded. The spectrum of nanopowders accessible
with the basic LAVA process is considerably widened by
thelaser co-vaporization and subsequent co-condensation
of multiple ceramic components. CoLAVA raw materials
are homogeneous mixtures of at least two coarse ceramic
powders. Composition and morphological sub-structure
of the NP depend on the raw components and their mix-
ing ratio, their reactivity as well as on their thermal behav-
ior. Laser co-vaporization (CoLAVA) of different ceramic
powders applied as a mixture facilitates the preparation of
ceramic NP with different phase compositions and mor-
phological sub-structures in a one-step process. LAVA-
and CoLAVA-prepared NP include: i) single-phase ce-
ramic NP, ii) nanocrystallites embedded in a glass matrix,
ii1) intraparticular dispersions, and iv) undoped and doped
solid solutions. Here, we present the synthesis of several
functional ceramic NP falling into these categories in or-
der to exemplify the versatility of the CO, laser vapor-
ization technique. The investigated compositions with in-
herent functionalities targeted to specific fields of applica-
tions include magnetic Fe,O3 and Fe,03/5i0, compos-
ites, Al,03/ZrO, dispersion ceramics, and photoactive
Eu-doped SrAl,Oy solid solutions.

II. The (Co)LAVA technique

The LAVA process 2 starts from commercially available
coarse ceramic powders (mean grain sizes: | um—1mm). A
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CO, laser beam (wavelength: 10.59 pm, maximum power
in continuous mode: 2 kW, peak power in pulsed mode:
3.5 kW) is focused (focus radius: 0.6 mm) onto the surface
of the starting material (Fig. 1), which absorbs the high-
intensity radiation (maximum intensities: 175 kW cm2 in
continuous mode, 310 kW cm2 in pulsed mode). Utiliz-
ing a continuously flowing process gas, the raw powder
heats up at normal pressure, vaporizes and forms a plasma.
Expanding into the process gas, the plasma components
recombine to neutral ‘monomers’. Within the resulting
supersaturated vapor, clusters emerge by means of ho-
mogeneous nucleation. The clusters act as nuclei for the
condensation of melt droplets. The droplets grow as a re-
sult of surface condensation and coagulation. Finally, size
and shape of the primary particles are set by solidification
and crystallization. Driven by the process gas flow, the
components of the interaction zone run through a steep
temperature gradient. Owing to the rapid quenching, the
lifetime of monomers and droplets is very limited and im-
pedes their growth. Therefore, only nanoscale primary
particles arise in a narrow size distribution. Directed by
the process gas flow, the resulting NP aerosol is trans-
ported onto a candle filter. From here the nanopowder
is finally extracted. Depending on the material and the
process conditions, the laboratory LAVA setup yields
nanopowders of several 10 gh-1in a stable and continuous
process. The mean particle size is controlled by the pro-
cess gas flow rate through the condensation zone and by
the laser regime. Higher flow rates and shorter laser puls-
es reduce the NP’s mean size. Furthermore, the gas flow
reduces the volume concentration of melt droplets and
hot particles. Consequently, the probability of collision
is significantly reduced and hard agglomeration by edge
melting or sintering of the NP is suppressed.

ITI. Experimental

Here, continuous (power: 2 kW) or pulsed laser radiation
(pulse frequency: 200 Hz, pulse length: 1 ms, peak pow-
er: 3.5 kW, mean power: 720 W) was used to prepare the
presented nanopowders. A total process gas flow rate v,
of 14.5m3 h-1 was applied. v ., comprises the background
gas flows vy =4 m3 h-land v, = 8.5 m3 h-1 as well as the
additional gas flow v,44 = 2 m3 h-! which is directly fed
through the zone of vaporization.

Standard characterization of the prepared NP. Trans-
mission electron microscopy (TEM; JEM-3010 with EDX
line scanning module, JEOL Ltd., Japan) was used to
study the NP’s morphology. Crystal properties and phase
composition of the NP were investigated with X-ray pow-
der diffraction (XRD; D8 Discover with GADDS, Bruk-
er AXS GmbH, Germany) in combination with Rietveld
refinement (Topas 4.2 software, Bruker AXS) applying
structural models from the Inorganic Crystal Structure
Database (ICSD).

Magnetic iron(III) oxide (Fe,O3) and iron(III) oxide-
silica (Fe,03-Si0,) composite NP. Pure Fe,O3 NP were
prepared from a hematite («-Fe,O3) raw powder. The raw
powder was vaporized applying continuous CO,, laser ra-
diation. In order to study the impact of the oxygen partial
pressure within the condensation atmosphere on the crys-
tallinity of the iron oxide NP, samples were prepared using
Ar (0vol% O,), air (21 vol% O,), and O, (100 vol% O,),
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respectively, as condensation gases (Vi,jand v, 44). Further-
more, iron oxide-silica composite NP were prepared from
raw powder mixtures of «-Fe,O3 and SiO, (quartz sand).
The raw powder mixtures were vaporized applying pulsed
laser radiation and argon as condensation gas (V,44)- To
study the formation of different morphologies of the com-
posite NP depending on the «-Fe,O3-t0-Si0, ratio in the
raw powder mixture, samples were prepared from mix-
tures containing 33 wt% to 80 wt% of «a-Fe,O3. The mag-
netic properties of the Fe,O3-based nanopowders were
measured using vibrating sample magnetometry.
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Fig. 1: Schematic of the (Co)LAVA principle and representation of
the different process gas flows v;.

Al,05-ZrO, dispersion NP. 74 wt% of corundum («-
Al,O3) and 26 wt% of tetragonal zirconia (t-ZrO,, sta-
bilized with 3 mol% of Y,03) raw powders were ho-
mogeneously mixed. This mixture was vaporized apply-
ing pulsed CO, laser radiation and air as the process gas.
EDX (energy-dispersive X-ray spectroscopy) line scans
over single NP were conducted, in order to investigate the
element distribution within the obtained NP.

Europium-doped solid solution strontium aluminate
(Eu:SrAl,0,) NP. According to the reaction

SrO + A1203 4 SI'A1204 (1)

equimolar amounts of coarse strontia (SrO) and corun-
dum (¢-Al,O3) powders were homogeneously mixed.
A portion of 5wt% europium(IIl) oxide (Eu,O3) as
dopant was added to one part of the powder mixture.
Both starting mixtures were vaporized in air applying
pulsed CO, laser radiation. The obtained nanopowder
from the SrO/«-Al,O3 mixture with Eu,O; was ther-
mally treated (for 3 h up to temperatures of 1100 °C) in a
reductive atmosphere (95 vol% nitrogen, 5vol% hydro-
gen). Photoluminescence spectra (Tidas MMS/16 pho-
tometer equipped with a xenon lamp, J&M Analytik AG,
Germany) of both nanopowder samples were measured at
room temperature. The spectra were recorded in the emis-
sion wavelength 4., range from 475 nm to 725 nm and at
excitation wavelengths 1., between 300 nm and 400 nm.
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IV. Results and Discussion

Magnetic Fe,O; and Fe,03-SiO, NP. NP based on
iron oxide (Fe,Oy) exhibit beneficial magnetic features
such as crystallite-size-dependent ferrimagnetism or su-
perparamagnetism, crystal-phase-dependent coercivity,
or low Curie temperatures 3> 4. Ultra-small size and mag-
netic properties facilitate applications, e.g. as magnetic
fluids, in data storage devices, or as magnetic filter mate-
rial. In combination with their biocompatibility, the high
specific loss power and the capability of being metabo-
lized makes Fe,O-based NP promising candidates for
biomedical applications such as magnetic resonance imag-
ing, drug delivery, or cancer treatment 3.

Various iron-oxide-based magnetic NP with specific
compositional, morphologic, magnetic, and surface prop-
erties were successfully prepared. Starting from hematite,
ferrimagnetic Fe,O3 NP (mean diameter: 22.4 nm) were
obtained (Fig. 2a). In a nearly anoxic condensation atmo-
sphere (argon) maghemite (y-Fe,O3) formed as the main
phase of the nanopowder. This powder is characterized
by a high saturation magnetization (Mg =72.2 Am? kg-!).
Its coercive field is H = 11.3 kA m-!. Increasing the oxy-
gen content of the condensation atmosphere resulted in
the increasing formation of the e-Fe,O3 polymorph as
additional phase 7. Simultaneously the saturation mag-
netization of the nanopowders decreases while their co-
ercive field increases. This is due to the growing e-Fe,O3
fraction. The e-Fe,O3 polymorph has a comparatively
small saturation magnetization ranging from 15 Am?2 kg-1
to 23 Am?2 kg-! that depends on its size and morphology
and a giant coercive field of Hc = 1.6 MA m-! 8. Using
pure oxygen as condensation gas finally yielded an iron
oxide nanopowder that contains 57 wt% y-Fe,O3 and
43 wt% e-Fe,Oj3. This nanopowder’s saturation magne-
tization and coercive field are Mg = 37.8 Am?2 kg-! and
Hc=16.6 kA m-1, respectively.

The co-vaporization of «-Fe,O3 and SiO, yielded su-
perparamagnetic composite NP comprising y-Fe,Oj5
and amorphous silica (am-SiO,). The intraparticle dis-
tribution of these phases and thus the NP’s morpholo-
gy depends on the mixing ratio of the raw powders. A
raw powder mixture containing a small proportion of «-
Fe,O3 (33 wt%) yielded Fe,O3 nanocrystallites (mean
size: 6.5 nm) embedded in a spherical nanoscale glass

100 nm .
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matrix of am-SiO, (Fe,O;@Si0, NP, mean diameter:
30.3 nm, Fig. 2b). A high proportion of a-Fe,O3 (80 wt%)
in the raw mixture yielded nanoscale Janus particles
(Fe;05|Si0, NP, mean diameter: 26.5 nm, Fig. 2c) com-
posed of one polycrystalline superparamagnetic Fe,O5
hemisphere and one hemisphere of am-SiO,. Both, the
am-Si10, matrix and the am-SiO, hemisphere of the Janus
particles represent reactive interfaces that are highly suit-
able for the chemical bonding of functionalizing ligands
via silanization %10,

Al,O3-ZrO, dispersion NP. In ceramic process tech-
nologies the utilization of NP with their high specific
surface area allows reduced sintering temperatures owing
to increased sintering activity. NP also facilitate reduced
grain sizes and in consequence a significant increase of
the ceramics’ strength. Dispersion ceramics consisting of
Al,O3 (alumina) and ZrO, (zirconia) combine the high
strength of alumina and high fracture toughness of zirco-
nia 11. This reinforcing effect can be increased by using
NP comprising an intraparticle dispersion of both phas-
es 12, Thus, NP of an Al,O;-ZrO, dispersion were syn-
thesized as potential starting material for the development
of new load-bearing ceramics for, e.g. total joint prosthe-
ses 13. Alumina-toughened-zirconia (ATZ) dispersion ce-
ramic NP had already been successfully produced with
the CoLAVA method starting from a raw powder mix-
ture of mainly ZrO, with Al,O3 2. Here, the formation
of zirconia-toughened-alumina (ZTA) NP by laser co-va-
porization of tetragonal ZrO, (t-ZrO,) and «-Al,O3 in
inverse mixing ratio was investigated. The LAVA process
yielded spherical, merely softly agglomerated NP (Fig. 3a)
with a mean diameter of about 30 nm. High-resolution
TEM micrographs show areas with differently oriented
lattice fringes within a single ZTA NP, indicating its poly-
crystalline nature (Fig. 3b). The XRD analysis of the ob-
tained nanopowder reveals the presence of transition alu-
mina phases (cubic y-, n-, and orthorhombic -Al,O3) as
main fraction and tetragonal ZrO, as minor phase (Fig. 4).
EDX line scans through the centers and the peripheral
zones of exemplary NP suggest a radially varying distri-
bution of the ZrO, and Al,O; phases. The surface layer
of the particles consists of Al,O3 while in the inner parts
Al,05 and ZrO, coexist.

Fig.2: TEM micrographs of iron-oxide-based magnetic NP prepared by means of (Co)LAVA: a) pure ferrimagnetic Fe,O3 NP, b) super-
paramagnetic Fe,03@S:0, composite NP, and ¢) superparamagnetic Fe,03|Si0, Janus NP.
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5nm

Fig.3: a) TEM micrograph and b) high-resolution TEM micro-
graph of Al,03-ZrO, (ZTA) NP prepared by means of CoLAVA.
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nanopowder.
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ZrO, and Al,Oj3 exist in separate phases during the
vapor condensation and subsequent crystallization in
the CoLAVA process. ZrO, has a significantly higher
evaporation temperature (b.p. 4300 °C) than Al,O5 (b.p.
2980 °C). Therefore, ZrO, condenses at first. The formed
ZrO, droplets act as condensation nuclei initially for fur-
ther ZrO, and below 2980 °C also for Al,O3 (Fig.5).
Within this temperature range both components mix ow-
ing to thermal flows within the melt droplets. Upon cool-
ing below its melting temperature, ZrO, (m.p. 2680 °C)
begins to crystallize. At the same time, the still liquid
Al,Oj3 phase accumulates on the surface of the emerging
ZrO, crystallites. From here, there are two possibilities
for the further course of NP formation. Firstly, starting
from one condensation nucleus a particle can grow by
further addition of condensing Al,O; (Fig.5: model A).
This would result in NP comprising a single zirconia core
in an alumina shell. Secondly, several condensation nuclei
collide and join forming a single particle (Fig. 5: model B).
Cooling below a temperature of 2050 °C, Al,Oj5 starts
crystallizing at the interface to the ZrO, nuclei. Now,
there are again two ways crystallization can proceed: It
simultaneously starts at many of the included ZrO, nuclei
and proceeds until the whole particle is crystallized (Fig. 5:
model B1). It is also conceivable that the crystallization
emanates from one or only afew of the ZrO, nuclei (Fig. 5:
model B2). In this case, the remaining liquid Al,O3 with
embedded ZrO, crystallites is displaced by the crystalliz-
ing phase into the outer region of the particle. Both models
B1 and B2 finally result in polycrystalline NP. But model
B2 is favored by the intraparticle distribution of Al and Zr
determined by the EDX line scans.

Eu-doped solid solution SrAl,O, NP. Nanophospho-
rs are of increasing importance for applications as markers
in biological and medical imaging. Doped with lanthanide
ions, ceramic NP provide a promising alternative to organ-
ic dyes for fluorescence biolabeling. Thus, photolumines-
cent strontium aluminate NP-doped with europium ions
(Eu:SrAl,O4 NP) 14-18 were prepared as a representative
of doped solid solution NP.

The co-vaporized educts SrO and «-Al,O3 react dur-
ing their gas phase condensation forming amorphous
spherical NP with diameters ranging from 10 nm to
80 nm (Fig. 6a). This is independent of the presence of
the Eu,O; dopant. Without dopant, the as-prepared
nanopowders revealed no distinct photoluminescence
maximum (Fig. 7). The nanopowder as-prepared from the
powder mixture containing Eu,O3 exhibits a red emis-
sion at Agy, = 625 nm (Fig.7) corresponding to a photon
energy of E o = 1.98 eV. This is due to the Eu3* ions 13
incorporated in the glass matrix. This emission reaches
its maximum at an excitation wavelength of 1., = 394 nm
(Ephot =3.15¢eV).
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Fig. 5: Schematic representation of possible pathways for the for-
mation of morphologic different Al,O3-ZrO, dispersion NP dur-
ing the gas phase condensation.

Thermal treatment of the as-prepared doped nanopow-
der at reductive conditions and increasing temperatures
results in an increasing formation of the SrAl,O, spinel
phase. At an annealing temperature of 1100 °C crys-
talline but slightly sintered NP were obtained (Fig. 6b).
These particles contain more than 90 wt% of the SrAl,O,
spinel with minor proportions of Sr3Al,O¢ and SrCOj;.
The presence of SrCOj is due to the usage of air as the
CoLAVA process gas. This nanopowder reveals a strong
green emission (Fig. 7) centered at A, = 525 nm (Eppo =
2.36 ¢V) with its intensity maximum at A, = 364 nm
(Ephot = 3-40 eV). This emission originates from Eu2+
ions incorporated into the crystal lattice of SrAl,O4 17
The red emission resulting from Eu3* ions is no longer
observable. This suggests that at the applied annealing
conditions all Eu3* from the Eu,O3 dopant has been re-
duced to EuZ+ 18,
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Fig. 6 : TEM micrographs of the europium-doped nanopowders: a)
as-prepared and b) after thermal treatment at 1100 °C and reductive
conditions.
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Fig.7: Photoluminescence emission spectra of the as-prepared
SrAl,O,4 nanopowder without europium as well as of the europi-
um-doped nanopowders as-prepared and after annealing at 1100 °C
and reductive conditions.
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V. Conclusions

CO, laser vaporization provides an excellent alternative
for the preparation of functional ceramic nanopowders.
Starting materials are widely available coarse ceramic raw
powders. The obtained NP are chemically pure, mere-
ly softly agglomerated, and have a monomodal narrow
size distribution. Depending on their composition they
are spherically shaped or faceted. If mixtures of ceramic
powders are applied as starting materials NP with differ-
ent phase compositions and morphologies are accessible
from a one-step process:
1)  nanocrystallitesembedded ina nanoscale glass matrix
(e.g. y—Fe203—SiOZ),
i) NP comprising an intra-particle dispersion of phases
(e.g. Al,O3-ZrO,), and
iii) pure (e.g. SrAl,O,) or doped solid solution NP (e.g.
Eu2+:SrAl,Oy).

This allows the design of novel functional composite NP
for applications in e.g. optics, electronics, biomedicine,
and catalysis as well as for technical ceramics with out-
standing mechanical properties.
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