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Figure 8. Luminescence properties (excitation wavelength 325 nm) of core/shell

nanoparticles with ceramic cores made from various precursors. (a) HfO,-core/organic
shell nanoparticles with different shells (b) Al,Os/anthracene/PMMA nanoparticles.

()

(b)

Table 8. Luminescence properties of various core/shell nanoparticles made from halides or

organometallic precursors [199].

Core/Shell Precursor Spectrum type Peak positions (nm)
ALOs;/PMMA AICl; Excimer 418.5 (very broad)
ZrO,/PMMA ZrCly Excimer 445 (very broad)
ZrO,/PMMA Zr(0OC4Hy)4 Excimer 408.5 (broad)
HfO,/PMMA HfCl, Excimer 445 (very broad)

Anthracene (reference) Molecule 423 (M), 444; 470; 496, 533
Al,O3/Anthracene/PMMA AlCl, Excimer 580.5 (very broad)
ZrO,/Anthracene/PMMA ZrCly Excimer 552 (very broad)
HfO,/Anthracene/PMMA HfCl, Excimer 546 (very broad)

Al O3/Anthracene/PMMA AlBr; Excimer 576 (very broad)

Al O3/Anthracene/PMMA Alls Molecule 404 (S); 419 (M), 445.5; 470.5;
Al,Os/Anthracene/PMMA Al(OC4Hy); Molecule 377, 405 (S); 418.5 (M); 443, 471
ZrO,/Anthracene/PMMA Zr(OC4Hy)4 Molecule 405 (S); 418.5 (M); 443; 471.5
HfO,/Anthracene/PMMA Hf(OC4Hy),4 Molecule 405 (S); 419 (M); 443; 471

(S) denotes a shoulder, and (M) denotes the maximum.

Luminescence of PMMA coated particles is characterized by a broad excimer peak. It is generated

in the interface of ceramic-polymer by the carbonyl of the |(C=0)-O- bonding of the polymer to the

oxide nanoparticle [197]. The luminescence maxima are positioned at significant different wavelengths

than the maxima of anthracene-coated nanoparticles made from chloride or bromide precursor. Particles

synthesized from iodide or butoxide precursor exhibit modified anthracene molecule spectra. The

molecule spectra of aromatic ring molecules are generated by delocalized electrons in m-conjugated

molecules. lodine, although being a halide, obviously does not quench anthracene fluorescence.

Halide-free core/shell nanoparticles exhibit luminescence spectra resembling to that of anthracene

with some significant differences concerning the intensity ratio and the position of maxima. They

resemble molecule spectra of anthracene, exhibiting a slight shoulder around 405 nm, a peak maximum
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appearing at 418-419 nm, and further peaks at 443 to 445 nm, and 471 nm. The most remarkable
difference to the pure anthracene spectrum is the difference in the intensity ratios of the peaks. In
contrast, core/shell nanoparticles made from chlorides even with different oxide cores show excimer-like
spectra with broad maxima around 545 to 550 nm. It is well known that elements of the halogen group,
especially chlorine, may be quenchers of fluorescence for anthracene (page 238 in [229]).

Furthermore, luminescence spectra can be influenced by the degree of organic coating. This was
shown by Vollath and Szab¢6 for pyrene as dye [198]. The spectra are changing from excitonic spectra
to molecule spectra with decreasing dye coverage. For pyrene this is explained with the ability of some
fluorophores to form complexes with themselves (page 9 in [229]). The suitable combination of core
precursor, type and amount of organic dye molecules and additional polymer protecting coating does
allow a specified particle design with tailored luminescence properties.

Bifunctional nanoparticles finally can be synthesized in microwave plasma by the combination of a
magnetic core (e.g., Fe;Os3), a luminescent coating (dyes as e.g., anthracene, pyrene, perylene,
coumarine), and an additional protecting polymer layer. The luminescence spectrum of
Fe,03/Pyrene/PMMA nanoparticles suspended in H,O is characterized by the molecule spectrum of
pyrene. The magnetic properties are typical for isolated nanoparticles: they exhibit
superparamagnetism. A hysteresis is not observed. Similar observations with respect of combined
properties have been shown by Vollath and Szabo [74], and by Vollath [202] for anthracene-containing
Fe,0; particles.

5.2.3. Sn-Based Nanocomposites for Li-Ion Battery Application

The growing demand of high capacity Li-ion batteries for automotive or stationary energy
applications creates a need for new and improved electrode materials. Nanomaterials based on tin
possess a very promising potential as anode material in Li-ion batteries because they exhibit in
principle much higher theoretical specific capacities (e.g., SnO, ca. 780 mA h g' [240], Sn ca.
994 mA h g ' [241]) than currently used carbon anodes (372 mA h g ' [241]). Bulk SnO, anode
material, however, shows very poor long-term cycle stability due to internal stress caused by the large
volume change (>200%) during the alloying process from Li and Sn to Lis4Sn resulting in cracks and
loss of active material. Similar observations are made for Sn bulk material. Nanoporous materials
could resolve this issue because they feature local free space to compensate this volume change. One
possibility to address this issue is the use of nanocomposites consisting of core/shell nanoparticles with
an active core, e.g., Sn or SnO,, and a stabilizing shell, e.g., carbon, which acts as a scaffold between
the core particles. The conducting phase is added without slurry process in situ during the particle
synthesis process. This concept was proven to work, using microwave plasma particles deposited
directly on substrates [60,100,122,214,242,243].
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Table 9. Evolution of Li-ion battery performance through targeted synthesis of
nanocomposites using microwave plasma synthesis.

Specific capacity [mA h g™']

Material/precursor/gas 2nd eycle After 50 cycles After 100 cycles  References/comments
(% of 2nd cycle)
SnO,/C core/shell .
SnCL/CyoH 5 706 238 173 (24.5%) bggg’bx:r;yif;eﬁy
A1/20%0,
SnO,(C,H,) composite .
Sn(é4H9)4p 1186 468 404 (34.1%) L2441 improved battery
Ar20%0, assembly
SnO,(C,H,) composite [244]; vinylene
Sn(C4Ho)4 1137 640 558 (49.1%) carbonate (VC)
Ar/20%0, addition into electrolyte
Sn(0)-C,H,
Sn(C4Ho), 1132 799 750 (66.3%) [244]
Ar
Sn(0)-C.H .
Sn(Catly)s 1553 918 783 (504%) 214244l VCaddition
Ar into electrolyte

In this targeted material development task, the synthesis parameters, mainly the precursor in use,
the selected reactive, respectively plasma gas and the microwave power are the key elements for the
successful improvement of long-term properties. As explained in Section 4.3.1, and shown by
reactions (3-5), a broad variety of material compositions can be realized. It was shown, that increasing
the microwave power yields in “cleaner” SnO, particles with less precursor residual [60]. Increasing
the content of conducting phase (e.g., hydrocarbons) improved the long-term behavior of the anode
materials [60]. The use of Ar as plasma gas (according to reaction 6) yields an even better battery
performance. This is due to the high amount of carbonaceous phase and its relatively high hydrogen/carbon
ratio [214]. Hydrocarbons are known to exhibit very high specific capacities [245-248]. The results are
shown in Table 9. It can be seen, that improving battery performance is not only a question of
materials properties; also electrode assembly and the selected electrolyte play an important role.

6. Summary

Microwave plasma synthesis of particulate matter can be regarded as a subset of diverse plasma
reactions, which themselves can be considered as a subset of gas phase reactions. Although several
groups are working world-wide successfully in the field of synthesizing all kind of nanomaterials using
microwave plasma synthesis methods, a real implementation of laboratory equipment into an industrial
process with significant production rates seems not observable to the authors best knowledge. The
physico-chemical processes of particle formation in microwave plasmas are not fully understood so far
and hinders to some extent up-scaling to industrial relevant production output. One additional bottle
neck is the collection of particles with sizes < 5 nm.



Inorganics 2014, 2 492

Nevertheless, the scientific relevance is given, as synthesized particles may be very small (often
with sizes below 5nm), particle size distributions are narrow, and particles with size-dependent
properties, featuring real “nano-effects”, can be synthesized. Literature reveals a broad palette of
different materials such as oxides, nitrides, carbides, chalcogenides, carbon materials, metals,
composites, and doped particles. Additionally, synthesis of core/shell nanoparticles is possible
comprising combined material properties. The process parameters can be used to influence the
resulting product, respectively, its properties.

Exemplarily, superparamagnetic, nanosized Fe,O3 particles, different ceramic core/organic shell
nanoparticles, and Sn-based composites have been discussed with respect to their properties and
application potential.
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