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Study on Plasma Synthesis of Oxide Nano-Particles

Abstract

Plasma Processing Group started in April 2003 and has aimed to synthesize functional materials by
controlling the chemical reaction field through highly controlled plasma technology. Based on the development of
plasma generation methods and numerical analysis, we have worked on the functionalization of nano-structured
ceramic materials, such as the plasma synthesis of nano-scale particles of titanium oxide and diamond, the
development of zinc oxide UV emitting materials with the help of plasma hydrogen doping, and the synthesis of
oxide thin films by a pulse-modulated sputtering method. This report summarizes the research activities conducted

in the-three-years-research term from April 2003 to March 2006.

Fe- and Eu-doped TiO, nanocrystals were synthesized via Ar/O, thermal plasma oxidation of liquid precursor
mists. The use of mists ensured atomic level mixing of the elements and high supersaturation of the evaporated
species upon plasma oxidation, which favored nanocrystal formation upon condensation. High concentration of
Fe-doping, up to atomic ratio of R - =0.2, was attained without any precipitation of other phases. In Eu** doped
TiO, nanocrystals, enhanced (visible with naked eyes) pure red emission was observed from the nanocrystallites.
(Chapter 2)

Pulse-modulated RF induction thermal plasma, which was developed in our group, was numerically
characterized under transient nonequilibrium conditions. The results showed that the effects of changes in input
power on the thermal nonequilibrium and the jonization nonequilibrium are most noticeable at the early stages of
pulse on and off. (Chapter 3)

Growth of crystallized TiO, films on unheated plastic substrates was realized by originally developed dual
magnetron sputtering apparatus. This thin film growth method drastically reduced the crystallization temperature
of TiO, films. The low temperature crystallization of TiO, realized photo catalytic films on plastic substrates.
(Chapter 4)

Nanocrystalline diamond particles with 200-500 nm in diameter have been preparedin a 13.56 MHz low
pressure inductively coupled CH,/CO/H, plasma. Electron energy loss spectroscopy revealed that sp*-bonded
carbons are identified around the 20-50 nm subgrains of nanocrystalline diamond particles. (Chapter 5)

An artificial graphite powder, mesocarbon microbeads (MCMB), powder, was treated in reactive thermal
plasma atmospheres. The plasma-treatment led to the improvement of charge/discharge characteristics as anode of
lithium-ion rechargeable battery. (Chapter 6)

Titanium trichloride solution, which is not moisture sensitive and easily manipulatable, was used as a staring
material for TiO2 preparation. Phase pure anatase, brookite, and rutile nanocrystallites were obtained under mild

hydrothermal conditions. (Chapter 7)
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Fig.2.1 Generation of RF induction thermal plasma.
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2.2.1. Introduction

TiO, finds various aspects of usage in modern
sciences and technologies. It remains one of the most
promising photocatalysts up to date due to it higher
efficiency, better stability, non-toxicity and availability.
Considering its high transparency in the visible
electromagnetic spectrum, TiO, is also being regarded
as a good host lattice for rare-earth (RE) ions (such as
Eu*) for applications in optoelectronic devices. As a
photocatalyst, one major disadvantage of TiO, is that it
can only be activated by irradiation with ultraviolet (UV)
light, owing to its relatively wide bandgap (~3.2 eV). As
the UV light accounts for only ~5% of the solar energy
compared to visible light (~45%), any shift in its optical



response from UV to the visible spectral range will have
a remarkable positive effect on the practical application
of the material. There seem two general approaches
to achieve visible light responses of TiO,: substituting
the Ti sites of TiO, lattice with metal cations,” mainly
transition metals like Fe**, and doping TiO, with
nonmetallic elements, typically nitrogen®. The synthesis
of Fe-doped TiO, has been achieved by wet chemicél
routes, but either post annealing that exclusively results
in phase segregation is necessary or the Fe/Ti ratio in
the resultant powders significantly deviates from that
of the starting solution. N-doping is generally made
by annealing pure TiO, powders under N-containing
atmospheres (usually NH,), but has drawbacks of
non-uniform dopant distribution, as the nitriding reaction
starts at particle surfaces. As for the TiO/RE system,
sol-gel, hydrothermal, and reverse micelle techniques
have been employed for its synthesis.*> Effective doping,
however, is still rather difficult to achieve in many cases,
since the guest and host ions have different ionic sizes
and especially different chemical properties, which
frequently lead to sequential precipitation. As a result,
the RE ions might be simply absorbed on the surfaces
of the semiconductor particles, and hence the observed
emissions are not due to the energy transferred from the
host lattice but due to the direct absorptions by the RE
activators themselves.

RF thermal plasma proves to be a powerful tool
for synthesizing well-dispersed nanoparticles of good
crystallinity within a very short period of time. Its
extremely high processing temperature (up to 1.5x10* K),
superfast quenching rate (~10%% K/s) at the plasma tail,
and its thermal non-equilibrium effects provide a unique
reaction field for solid solution formation. We have also
used atomized liquid precursors to feed the plasmas,
which ensures instantaneous reactions of the liquid
precursor with the plasma field and hence high-degree
supersaturation of the evaporated species, favoring
nanoparticle formation upon gas phase condensation. We
demonstrate here the successful synthesis of Fe-,® N-,7
and Eu*-doped® TiO, nanocrystals via Ar/O, thermal
plasma oxidation of liquid precursors containing titanium

tetra-n-butoxide and the dopant elements. The unique

microstructures and novel functional properties of the

products are also investigated.

2.2.2. Experimental

Fundamental conditions for the synthesis of
nanocrystals are as follows: plate power, 25kW, central
gas, 30L/min of Ar; sheath gas, 90L/min of mixtures
of Ar and Oz; atomization gas, SL/min of Ar; chamber
pressure, 06.7kPa; precursor feeding rate, 3.5-4.0g/min.
The titanium source is tetra-n-butoxide (TTBO) in
all the cases. The liquid precursor for Fe-doped TiO,
nanoparticles are organic solutions containing TTBO
and ferrocene (Fe/Ti=0-20at%) and stabilized with
diethanolamine (DEA, DEA/TTBO=1:1 in molar
ratio); The liquid precursor for N-doped TiO, is organic
solutions containing TTBO and DEA (DEA/TTBO=4
in molar ratio). DEA is employed here not only as a
stabilizer for TTBO but also as the nitrogen source.
On the other hand, the precursor for Eu-doped TiO, is
a mixture of two solutions: (1) DEA-chelated TTBO
(DEA/TTBO=4 in molar ratio) and (2) citric acid
chelated Eu(NO,), aqueous solution (citric acid/Eu=2:1

in molar ratio).

2.2.3. Results and discussion
2.2.3.1. Fe-doped TiO,. Chemical analysis confirmed
that the prescribed Fe/Ti molar ratios (R) in the precursor
solutions have been kept to the final powders. XRD
analysis (Fig.2.3) revealed that the resultant nanopowders
exclusively contain anatase and rutile. At dopant
concentrations up to R=5at%, the XRD patterns show
normal peaks with symmetric shapes (Fig.2.3). Fe-doping
dramatically promotes rutile formation, due to the
oxygen vacancies created for charge compensation upon
substituting Fe* for Ti** sites. Metastable anatase instead
of thermodynamically stable rutile is formed as the major
phase in the undoped sample, which is consistent with
our predictions obtained through theoretical calculations
based upon classical nucleation theory, that is, anatase
preferentially nucleates from deeply undercooled TiO,
melts while rutile from less deeply undercooled ones .
In the heavily doped samples (R=10 and 20at%),
the diffraction peaks expect for (101), (111), and (002)
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exhibit asymmetry, which was enhanced with increasing
R (Fig.2.4). The asymmetric peaks, with (110) in
particular, are significantly broadened and weakened,
which reflects misalighnment of the slabs in such a way
that the d-spacing was not well defined in the [110]
direction. Raman spectroscopy (Fig.2.5) indicates that the
anatase E, mode at 146.2 cm! shits right wards while the
rutile Eg mode at 448.1 cm! left wards with increasing
R up to 2at%, which indicates increasing amounts of
oxygen vacancies in the crystal structure of TiO,. At
higher R values, the E, mode of rutile keeps constant at
~402.5 cm’!, suggesting that the oxygen vacancy level in
the rutile structure has reached its maximum.

TEM observations indicate that the surplus oxygen
vacancies in the samples with R above 2at% cluster to
form extended defect structure like crystallographic shear
plane (Fig.2.6).

Iron doping lowers the energies for both indirect

+—— Eg (anatase) Eg (rutile)

Intensity

200 500 700
Raman Shift (cm'l)

Fig.2.5 Raman spectra of the Fe-doped TiO, samples
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Fig.2.6 TEM image showing the clustering of oxygen vacancies

and direct transitions of TiO, (Fig.2.7), suggesting
their potential use as photocatalysts under visible light
illuminations.

Further analysis shows that all the Fe-doped
nanopowders are paramagnetic at room temperature
(Fig.2.8), which provides direct evidence that even as
high as 20at% of Fe can be completely doped into TiO,
via RF thermal plasma processing.
2.2.3.2. N-doped TiO,. For the N-doped TiO, samples,
XRD analysis shows that they contain only anatase and
rutile, and again, metastable anatase was formed as the
major phase (>70 wt%), irrespective of the oxygen input
rates in the plasma sheath. The anatase content tends to
increase at a higher O, flow rate (Fig.2.9), which might be
understood from the facts that (1) the increased addition
of diatomic oxygen gas causes deeper undercooling of

the TiO, melt at the plasma tail and therefore favors
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anatase nucleation®”, and (2) a higher O, input reduces
oxygen deficiencies in the TiO, gas clusters, beneficial
to anatase formation upon gas phase condensation.'®!V
The nitrogen concentration tends to increase along with
the anatase content (Fig.2.9), implying that nitrogen is
readily doped into the anatase lattice. The powders show
weak dependence on the O, input in the plasma sheath,

and have average crystallite sizes of ~40 nm and specific
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Fig.2.9 Anatase (filled square) and N (filled circle) contents of
the powders, as a function of the O, input in the plasma sheath

surface areas of ~30-50 m*g. Fig.2.10 shows typical
morphologies (SEM) of the plasma generated N-doped
TiO, powders. Though particles having diameters bigger
than 100 nm are present, most of the crystallites have
sizes around 35 nm and are largely dispersed. These two
distinctly different types of particle morphologies may

arise from the different trajectories of the precursor mists

Fig.2.10 SEM micrograph showing morphology of the
N-doped TiO, powder synthesized with 10L/min of O, input

N-doped TiO,
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Fig.2.11 UV-Vis spectra of P25 and N-doped TiO,
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Fig.2.12 Bleaching of 100uM methyl orange solution



in the hot zone of the thermal plasma.

Figure.2.11 shows UV-Vis spectrum of the TiO,
powder synthesized with 10 L/min of O, input in the
plasma sheath, compared with that of the Degussa
P25 powder. The P25 powder has a bandgap of ~3.04
eV, while the N-doped powder exhibits a narrowed
one of ~3.00 eV, showing bandgap narrowing of the
N-doped TiO,. the N-doped TiO, powders exhibit higher
efficiencies than Degussa P25, a model photocatalyst,
in the bleaching of methyl orange solution (100umol/L)
under visible light (>400 nm) irradiation (Fig.2.12).
2.2.3.3. Eu-doped TiO, luminescent nanocrystals.
Eu-doped TiO, nanopowders with Eu/Ti up to 5at% have
been made via 50Ar/400, thermal plasma oxidation of
liquid precursor mists, and their physical properties were
investigated. XRD analysis (Fig.2.13) indicates that the

solubility of Eu* in the TiO, lattice is limited to about
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Fig.2.13 XRD patterns of Eu-doped TiO, nanopowders. A, R,
and P denote anatase, rutile, and pyrochlore, respectively.
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Fig.2.14 phase constituents and crystallite sizes of the resultant
powders.

0.5at%, above which Eu,Ti,O, pyrochlore was formed
in the final products, mainly owing to the large size
discrepancy (Ti*:0.0605nm, Eu*:0.0947nm).

Further analysis indicates that the crystallize sizes
of anatase and rutile stay in the ranges 30-36nm and
64-83nm, respectively. Rutile content of the nanopowder,
however, increases steadily at a higher Eu addition, due
to the creation o f oxygen vacancies in the TiO, gas
clusters by substitutional Eu** doping (Fig.2.14).

Figure.2.15 shows UV-Vis diffuse reflectance
spectra of the TiO,:Eu** nanopowders compared with
pure TiO, and Eu,Ti,0O, synthesized similarly. The pure
TiO, sample exhibits an onset of absorption at 405 nm,
corresponding to a bandgap of 3.06 eV. In addition to
the absorption in the UV region, the pyrochlore powder
shows additional absorptions at 395, 416, 467, and 538

5.0at%Eu-Tio,

0.5a1%Eu-TiO,

Absorbance (a. u.)

0.05at%Eu-TiO,
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| . 1 . . 1 i
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Fig.2.15 UV-Vis diffuse reflectance spectra of the plasma
generated powders.
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Fig.2.16 Excitation and emission spectra of the nanopowders.



nm, which are assignable to the intra-configurational 4f
—> 4f transitions of Euw** ions. These absorptions were not
observed in the TiO,:Eu** nanopowders mainly due to the
weakness of the peaks.

Figure.2.16(a) demonstrates excitation spectrum
of the 0.5at% Eu** doped TiO, nanopowder, measured
by monitoring the 617 nm emission from the D, — 'F,
transition of Eu** ions. The three peaks at 416, 467, and
538 nm, which show features similar to those observed in
the UV-Vis spectrum of Eu,Ti,O

2
’F,,—°D,"F,, —°D, and 'F, — °D, transitions of the

can be assigned to the

Eu’tions, respectively. The broad peak at 360 nm, whose
position coincides well with the absorption band of pure
TiO, (Fig.2.15), indicates that Eu** ions can be effectively
excited through the TiO, host lattice (notice that the
right-hand tail of the 360 nm peak overlaps the left-hand
tail of the 416 nm peak). When excited at 467 nm, a
wavelength longer than the absorption edge of TiO, (405
nm), the Eu**-doped nanopowder exhibits characteristic
emissions in the range 550-750 nm (Fig.2.16(c)), which
are associated with the electronic transitions from
the excited °D, level to 7FJ. (=1, 2, 3,4) levels of Eu*
activators arising from the absorption by the Eu®* ions
themselves. Excited at a wavelength (360 nm) shorter
than the absorption edge of TiO, (Fig.2.16(d)), the Eu?
doped powder shows luminescence from both the TiO,
host and the Eu®* ions, but the Eu* emission is clearly
stronger that that from the host lattice (Fig.2.16(b))
and than that under 467 nm excitation (Fig.2.16(c)),
suggesting an efficient nonradiative energy transfer from
the TiO, host to Eu** ions.

Luminescence behavior of the TiO,:Eu** powders
was also studied with 325nm He-Cd laser excitation,
and the results are shown in Fig. 17. It is the *°D, —
'F, transition that gives a sharp red color when a 325
nm He-Cd laser beam impinged upon sample surfaces.
The Eu*-doped samples exhibit emissions clearly
different from those of Eu,0, and Eu,Ti,0,, in terms of
peak positions and peak shapes, which provides direct
evidence that the emissions from TiO,:Eu*" arise from
the Eu** ions doped into the TiO, lattice and not from
separated Eu,O, or Eu,Ti,O, particles.

Figure.2.18 displays relative luminescence
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Fig.2.17 Emission spectra of the TiO,:Eu nanopowders
under 325 nm He-Cd laser excitation compared with those of
Eu,Ti,0,and Eu,0,.

intensity of the nanopowders, as a function of the Eu**
concentration in the precursor solution. The PL intensity
(monitored as the 617 nm emission) increases sharply
and almost linearly with increasing the Eu®* content up
to 0.5at% and then levels off. Such a phenomenon is
primary due to the formation of Eu,Ti,O, pyrochlore
arising from the limited solubility of Eu** in the TiO,
lattice. Further improvement in the luminescence
intensity might be achieved by properly increasing the

Eu’** content in the TiO, lattice.

2.2.4. Conclusions

Doping of TiO, with both metallic and non-metallic
elements was achieved by Ar/O, thermal plasma
oxidation of liquid precursor mists. For Fe-doped TiO,,
we identified for the first time the existence of saturation
of oxygen vacancies and the formation of extended
defect structures when the Fe** content in the TiO,
lattice exceeds about 2at%. N-doping was confirmed
in the plasma generated TiO, powders, and due to their
lowered band gap, the powders show higher efficiency
than p25 in the bleaching of methyl orange solutions
under visible light irradiations. As for the Eu-doped TiO,
powders, efficient non-radiative energy transfer from the
host lattice to Eu** activators, which was rarely observed
in the wet-chemically synthesized powders of the same

system, was confirmed by combined studies of UV-Vis,
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Fig.2.18 Relative intensities of the 617 nm emission, as a
function of the Eu** addition in the precursor solution.

excitation and PL spectroscopy, and as a result bright
red emissions were observed from the powders either by
directly exciting the Eu** ions with light of energy lower
than the band gap of TiO, or by directly exciting the TiO,

host lattice.
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3.2 MBERITOERICHHETBZIOVAE
A RE 2475 X< DR

3.2.1. Introduction

Synthesis and processing of materials have been
attracting a great deal of attention as it enters the
high-tech era of 21% century. The emphasis will be
placed on the development of new materials by using
promising technique routes which will conserve energy,
be more productive, and be environment-friendly. Plasma
technology is becoming an important role in achieving
these goals in the field of materials processing.

Radio frequency (rf) inductively coupled thermal
plasma is characterized by its high energy density
(>10 000 K), large volume (30~50 mm), high quench
rate (105~10° K/s), short processing time (10°~10' ms),
high concentrations of chemically reactive species
(10*'~10* m™), and contamination-free (electrodeless).
These features make it possible to facilitate some
kinds of materials processing requiring extreme
thermal and chemical conditions which are difficult

to be realized using conventional ways. RF thermal

plasma has been used in a wide variety of spectrums in
materials processing ranging from synthesis of nanosize
powders, deposition of thin films, surface modification
of particulate materials, and spraying coatings '*. In
most industrial applications, rf plasma torches are
operated in continuous mode, i.e., their power levels
are fixed throughout the operation. In order to increase
the application potential of rf plasmas in materials
processing, pulse-modulated inductively coupled plasmas
(PM-ICPs) under high-pressure and high electric power
conditions have been developed by the cooperation
between our group and the group in the University of
Kanazawa **. The difference between the higher- and
lower-power levels during the pulsed-power operation
is large enough to change the equilibrium state in the
plasmas. PM-ICPs are expected to offer a unique heat
source with controllable concentrations of chemically
reactive species and thermodynamic nonequilibrium for
advanced materials processing *¥. Ar-H, PM-ICP has
been found to be a promising tool for hydrogenation of
ZnO to improve its ultraviolet emission efficiency *'V, as
shown in Fig.3.1.

Recently, experimental and theoretical studies have
been carried out to shed light on some new phenomena
arising from such pulsed-power plasmas '>'%. We
have analyzed the main mechanism responsible for
the time-dependent behavior of PM-ICPs by detecting

the atomic emission intensities and by evaluating the
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Fig.3.1 PL spectra of polycrystalline ZnO before (d) and after
hydrogenation (a—c). Inset shows relative sample position in the
reactor 10,



characteristic times of the particle transport processes.
We have further determined the controlled operating
ranges of the PM-ICPs under various operating
conditions. On the other hand, we have conducted
numerical analyses of the response of energy and
momentum transfer in the PM-ICPs, as well as the effect
of plasma turbulence on the transient behavior of the
PM-ICPs. Furthermore, we investigated the transient
behavior of thermal nonequilibrium in an Ar PM-ICP
using a two-temperature model, showed how the electron
and heavy particle temperatures changed with the input

power.

3.2.2. Controlled generation of PM-ICPs

Ar-H, and Ar-N, nonequilibrium thermal plasmas
were generated under well-controlled pulse-modulated
power conditions using a voltage-control-type power
source. The overshoot and undershoot of the coil current
were considerably reduced by using an exponentially
rising control signal '». Spectroscopic measurements of
the radiation intensity of the Ar atomic spectral line (751.5
nm) indicated that the transient behavior of the plasma
temperatures and the emission spectra were dependent on
the operating conditions and the position in the plasma
torch.

Analysis of the various transport processes of
the plasmas enabled us to elucidate the transient
behavior of the time-variation plasmas. It shows that
the response time of the plasmas to the changes in
input power was attributed to the particle transport
processes. Theoretical analyses using an energy
transfer model for rf plasmas '>'9 indicated that
the on-delay time was mainly determined by the
transition from a recombination-dominated process
to an ionization-overwhelming one. The on-delay
time decreased with increasing shimmer current level
(SCL) because of the higher electron temperatures, and
consequently the higher ionization frequencies at higher
SCLs, as illustrated in Fig.3.2. The rise time was largely
influenced by the characteristic time of ionization,
which was estimated to be 0.2-1.1 ms and was in line
with the measured rise times (0.56-0.84 ms for the
Ar-H, plasma, 0.69-1.09 ms for the Ar-N, plasma).

Although the emission started to increase earlier when
the SCL was higher, its rise time was also affected by
the exponentially rising control signal which had a time
constant of 0.94 ms. The total on-delay and rise times,
however, decreased with increasing SCL. As the plasma
temperature increased, the plasma began to adjust its size
and volume through radial convection, and this process
determined the relaxation time needed to reach the new.
quasi-equilibrium. The decay time at the pulse-off stage
was principally controlled by the recombination process,
which had an estimated characteristic time of more than
1.4 ms and was in agreement with the experimental
results (1.36-1.78 ms for Ar—Hz, 1.03-1.53 ms for Ar
~N,). The recombination rate decreased quickly with
the temperature, resulting in longer fall times at smaller
SCLs. The off-delay time, however, did not change much
with the SCL because the plasma powers at the instance
of pulse-off were at the same level for various SCLs.

It was observed that the plasmas became unstable
and eventually diminished when the SCL was decreased
to certain critical values. To control the generation of
PM-ICPs, we experimentally determined the ranges of
operating parameters— including the shimmer current
level and the pulse-on and pulse-off times.

The ranges of pulse-on and pulse-off times within
which well-controlled Ar-H, and Ar-N, plasmas could be
generated at 17 kW and 100 kPa are shown in Fig.3.3.
When SCL=60%, a 2-ms pulse-on time was too short for

the Ar-H, plasma to be heated sufficiently at the higher
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Fig.3.2 Characteristic times of Ar-H, PM-ICP for pulse on/off
times of 10/5 ms with higher power level of 17 kW.
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Fig.3.3 Controlled generation ranges of the Ar-H, and Ar-N,
PM-ICPs.

power level, and the plasma could only be sustained
within a pulse-off time of 4.2 ms. The critical pulse-off
time increased to about 10 ms when the pulse-on time
was increased to 5 ms, and it could not be further
increased because after 5 ms the plasma properties
were already stabilized. The operating range became
smaller when the SCL was decreased: When the SCL
was reduced to 48% the critical pulse-off time could not
exceed 7 ms due to that the plasma was too cold to be
recovered at the lower power levels. The critical SCLs
for the Ar-H, and Ar-N, plasmas were determined. The
Ar-H, plasma could be operated until the SCL went
down to 48% at 17 kW and 100 kPa. This was equivalent
to a power level of about 4 kW, a power too low for the
plasma to operate continuously. The critical SCL for
Ar-N, plasma could be reduced even further: It was only
40% and the low power level was less than 3 kW. The
shaded areas in Fig.3.3 illustrate the ranges of pulse-on
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Fig.3.4 Time-dependent behavior of plasma temperature under

step-like power change from 7.3 to 15.3 kW. The maximum
temperature contour is 11000 K with a decrement of 1000 K.

and pulse-off times within which the Ar-H, plasma could

run stably without interruption at SCLs of 60% and 48%.

3.2.3. Transient behavior of turbulent rf plasma

A Renormalization Group (RNG) k-¢ turbulence
model ' was employed to investigate the role of
turbulence in the transient behavior of the radio
frequency induction plasma discharge. Transient
responses of energy, momentum and turbulence to
step-like and pulsed power changes in an Ar-H, plasma
with a hydrogen volumetric concentration of 10.9%, and
a total gas flow rate of 104.0 slpm were studied. From
the predicted results, we found that the plasma energy,
momentum and turbulence responded differently to
the changes in input power. A qualitative comparison
made between the predicted temperatures and the
images taken with a high-speed camera under the same
operating conditions suggested that the turbulence model
predicts the transient responses of plasma volume and
temperature more accurately than the laminar model
does ',

Figure.3.4 indicates that the plasma temperature
responded to the power change almost instantaneously.
The plasma temperature and volume changed
considerably in the first 5 ms. After that, their variations
mainly occurred in the upstream and near-wall regions.
The evolution of the axial velocity was quite similar to
that of the temperature, indicating that the energy and

momentum shared similar transport mechanisms in the
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Fig.3.5 Time-dependent behavior of relative turbulent viscosity
under step-like power change from 7.3 to 15.3 kW. The
maximum contour value is 45 with a decrement of 5.



transient plasma. Fig.3.5 shows that, in the first 5 ms, the
relative turbulent intensity only changed slightly in the
fringes of the plasma, however in the triangle zone of the
upstream and near the torch wall, the turbulence still could
hardly ‘feel’ the change in power. The major variation
in the turbulence took place after the power had been
changed for more than 5 ms. The time for the turbulence
to respond to the power change was apparently longer
than those of the energy and momentum. As pointed out
by Mostaghimi et al., for a rf plasma torch, the relaxation
of the energy was determined primarily by radial
convection ¥, The relaxation of plasma velocity, strongly
associated with the temperature, was also determined
by radial convection. Although it can be shown that
the relaxation of turbulence was also governed by
convection, however both its characteristic length and
velocity were different from those of the energy and
momentum, owing to the fact that the major change in
the turbulence occurred in the recirculation zone. The
relaxation time for turbulence was determined by the
time taken by the fluid particles traveling from the coil
region to the recirculation region. The characteristic
length and velocity were about L=50-100 mm, and U=1
~10 m/s, resulting in a turbulence relaxation time of 5—

100 ms.

3.2.4. Transient nonequilibrium phenomena in Ar
PM-ICP

A time-dependent two-temperature model is
developed to simulate the behavior of an argon radio

frequency plasma under transient nonequilibrium
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Fig.3.6 Time-dependent behavior of the degree of
nonequilibrium [(T-T,)/T ] after pulse on.

conditions, with emphasis to understand the temporal
and spatial evolution of the nonequilibrium phenomena
in pulsed power plasmas '¥.

The results show that the effects of changes in input
power on the thermal nonequilibrium and the ionization
nonequilibrium were most prominent at the early stages
of pulse-on and -off. Fig.3.6 illustrates the temporal and
spatial behavior of the degree of nonequilibrium in the
plasma torch after pulse on. In the central region of the
torch (r<5 mm), the degree of nonequilibrium remained
quite small (varying by just a few percent) throughout
the pulsation, suggesting that the equilibrium was hardly
affected by the pulse-modulated operation and the
plasma was in quasi-local thermal equilibrium in this
region. However, the nonequilibrium situation on the
outer side of the torch was significantly influenced. The
profile of the degree of nonequilibrium varied noticeably
in the first 0.5 ms at the early stages of pulse-off and
-on. It took about 1 ms for the degree of nonequilibrium
to reach its stable values. The temporal evolution of the
ionization nonequilibrium did not keep pace with that
of the thermal nonequilibrium, resulting in a slower
and smoother relaxation process of the electron number
density, as in Fig.3.7. In the first 0.1 ms after the pulse-on
and -off, the variation in the electron number density
was hardly seen owing to the longer time scales of the
electron generation and transport. The electron number
density had a noticeable overshoot at about 2 ms after the
pulse-on, indicating that the plasma deviated significantly
from ionization equilibrium and more chemically reactive

species were generated in the PM-ICP. These features are

0 10 20 0 10 20 0 10 20 0 10 20 0 10 20

Fig.3.7 Time-dependent behavior of the electron density after
pulse on. The maximum contour value is 8x10*' m? with a
decrement of 1x10% m,



very attractive to some materials processing. The effects
of operating conditions on the transient behavior of the
nonequilibrium situations under pulsed power conditions
were also examined. It indicated that, for materials
processing, a pulse duration between 2 and 10 ms was
adequate for rf plasmas operated in pulse-modulated

modes.
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Fig.4.1 The picture and the schematic diagram of the sputtering
apparatus.
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Fig.4.2 The picture of the crystallized TiO, film grown on a
PET film.

Fig.4.3 The NIMS LOGO obtained by the photocatalytic
reaction of the crystallized TiO, film grown on a PET film.

ZAETZ B ORE L EE Z as-grown TiH 5
=dicid, BE SOt RRE. ZO5EERKEF
DHEARIRE E LT 300 CL ENKEEINTER,
TR BRERDEEFIRICB N TIZ 150°CHIZ D
MHEPE LA L 75 X F v 7 iR Bk &1L
UCEmBER 263282 KT 5 2 &IFF
FRETH oz,

Fig4.2 [T PET 85 7 « )L L RICHEMBLTIERR L
R LB T & CEROEEEZ/RT, HIIFTH
LRI R<, BRI > THMmO THEELICL
WD, N—Rd—54 > JELTOHEHABREET
»H5,

Fig.4.3 12" L7z D3 £ PET #lE 7 « )L A RIT
HMBLTIERR U 72 b Z LT & > I D S fil
BHEMEZE A WTRE ENS B 2E - MR TS
POIX—=7TH%, 0.1 B/ Uy bLOREEE

KBEHICa—T7 1 2T EER L. T OIRETEN
MZRRE L, SRR & 281 4 > DE TG
WWERONY—2Z2FEk LY Figd3IiZHBWTH
LZLBHEND T IOFSIET A7 IT R D EIE
MEZESH. T—TF 1 > TR K B Il RS
FRE Lo 72853 Th 5,

2RO TR NOVICTF I U E&BERY—F v b
BEEHL. N HR—FF—RZBNTHEANILZX
) 3kW+3kW THIR 2 R L 7z, Z DFH
BE L L THE 20 ~ 40 F J A— NVEES O Bk
ENEHT S5, REROFHIIETINVI T %
0.5Pa, [USHEEFRIA Z DBEFEIIZ )N F D) > T D
WET—RNII P M E—-RERD, S5
WRISEZR Ny Z U VT MERBIND LD TITX
IFENEHFNCEZS— L, BEMEEEBRL T
WBEEIGEFOELZINNVTIZE>TT 14— R
INw 7 il & R L e,

FHMIZIZ PET 7 1 )b L& W, pRIERE O EE AR N
BUIFEBL T, ANy YRIEFRIZT S X0
5OEHFEDEEICLDEROBEIIREICLF
L. 10 ~ 20 7B D RRER TR A CTEMR ORI
80 ~ 120CIT LA T %, ERDEEFIRICTEBNT
B DEEFEETESNDDIZIERED BT
& UETH oI, AFETHAEL HiiEZH NS
Z &IT XD, PET BHiE O it BYil B O i BH N C s i
fEL7=ZbT & > #EEEED Z ENARRICE S

Vi

4.4 PBHOIZ

AT KD MEBNAREE HDH0IEFFEL
HIOKEREI AR T I AF v 7 EREANZ#BAL
F & AEREERERT 2ES NNz, A E X
=7y I, EBOKABASAI—FT 1>
THROANw I TEBANRBTSZLITXD,
TN T o) T e R RO BT A DER
DHIFTE, BMBENBHIAD -V JIEE
DfEREES I X b OKIBHIRICD/RN 2, £/
T AF 7 EOMEHNTR U T H Il 2 4 5
TBHZENUERIZRD0, VT —Z 2T
RREFR ST IRTF v IMBIEERT 5 Z &30
BEIC/R D, ZIMBIRET 2RO DI
fahns,



References
1) P. Frach, K. Goedicke, C. Gottfried, H. Bartzsch: Surf.
Coat. Tech., 142, (2001) 628.

2) S. Ohno, D. Sato, M. Kon, Y. Sato, M. Yoshikawa, P. Frach
and Y. Shigesato: Jpn. J. Appl. Phys., 43, (2004) 8234.

3) S. Nishimoto. B. Ohtani, H. Kajiwara, T. Kagiya: J. Chem.
Soc., Faraday Trans., 179, (1983) 2685.

4) BRI (BEEES 2004-152921 %, A5 7 B,



5.1 1ZU®IZ

LG AR EE (CVD) Ly F o TITRE
INBHBTIAR IO TL KE (<1
Torr). KEfE (>¢ 124 2F), BOomEE O
102 cm?®) I XvaRDENTNS YD, TNH
DERZEBET S SIAVEEL TERICETY
17 0obhordkig (ECR) 7o XIHHFE I, 5]
EFTNTAY O ERE TS X<, RS
TIARPIRBEINIERBHENTONTE . —
. REFEGES TS5 A< (ICP) b EAEESN T,
LN BUE TEEEEEHTEL /I AVEES
L THHZEDREHRIIZFENED SN Tn5 39,
FRETI., BEEEZT WERBANCHNES
RESOTIXTEER U, 270 ARy hHE
BTTOovX 7S IR 075X BEEE
N, FEHITIHFENED 5N TN D %,

—F., TIXRCVDILLBT 1 VEL REMIZ
AWnshsd 7o X<ld, BHE 10~ 100 Tor DY
Ao 0ETI A RORKEMEOR TS X<
MN—RETH B, ECR 7o X< HME— 0.1 Torr LA
TTOIAIVYEL RERICANSENTNSIZTE
7218, Bozeman HIE 9 ICP ZHWT 4 Torr TD S
AVYESRERZRELTNSH, 0.1 Tor LFD
WHYBLKEICP TOF A VES ROFHEIZDN
TIIESR & WERANTHRE U TLSR 112, Teii 510k
LMEFIMBHZDOHTY, GHRFE - FEEH+
SHELINTWRNONRIRTH 5, /> T. 7O
YT TIAD—DE L THEYER{EEICP I
KBFMYVES ROGRFIEEHLL. RERGD
BE(EENS &3 $RkOF1 VTS REROE
FINAZMEOBANS DO TEETH S &
EZ o,

5.2 FIVVAINIALAYECREF S
UAZ N P=T7Y T
RERTFOPHENORDIIATEL RIZ

90-100GPa D& EEM & 0.02-0.03 O{EER{RE -

THEREEEE TS, £ FUEREDR—-E>

TJWRXOEZCp BFERIIORE, A TVE

REFEREG T IAIILDF I VIRV ITAVEY G

RE2ERE. €73 v 7 A, FHEEKFIZI—T 1
SUTBIEINELD T, INSDENZEEE A
MUEId—TF 1 TR ETFT /N AMEIAND
ISHMNEBETH B, INFETHIYES RO
WBEICEBT A SASREY, x40 75 XY
CVD® TIThN T E/Z., TOMBREI L m DA —
& —TRED MM K E N DITEBREN R E
<o, Eh b RoP—-FHEEsSNaho
Teo BRIT. TERDRMREGM: &3 E T2 D fHE THE SR
Bom A —F—0F S I YRINITAVES RN
BRTEDIENHENER D, HERIEZE nm
F—F—IZH L= ) 7RI NI AT ES Rl
T, BWEEHRFL YT VERELTO
BEAEMREL R0 6 REAFHE TROWERGRKE
ERTHIENTES,

nm 7 — & — 2 HIH X - BN & e BRI A
L. 3XRTHGENT S ZEICED, @BETIL &
SITRWEYE - HEEEE - BEERFEE RIS
ENTES, ZOHEMOFRITLDF /71U R
ZNETAYES R kDN DB % R
LR, BRI, (LFER, BEIRRERED
RENAREE RS, umA—F =05 nmA—F—
DR E, I BRI TRICEEE S O i,
RMITYRHPDF VAT INERRT DI &
RO, BHICEEEREPREEEE 2 BB I W
B FIOURINL DT YT NS S
PRREINTVWE D, F ) 7UXZNILYESR
WREINDBEHEES /7Y ZAZIVE, om il
HEIN-BEEDF ) 71U XY IVEEREERRKIC
KO, R - BEREEOEMAEE, BEXFEDR
B, T EN S REDILAEERIT K S EAMEEN
REEENZ BT B,

RETIE, REICP-CVDIZLBF /7 U )
A VED BOEREEETEZ FLIRR 20
JEHRTEICDOWTHHEBEIZL Ea—T 5,

5.3 TJI9AYCVDITXBF I Z7URYI
YL VYESROAR
TIOXTCVDIC LB T/ VU AZINITALAYEY



ROGRICETAMEICBVWTIE. X127 0TS
AR CVD Wb —RIICHWEN TS, F/
JURINTATYES ROGREHEEL T, EE
DEFERI I VEY REGRT SHEX D bE CH,
BETHREI®S 5L &, Gruen 5232 L
7ZH, DRODICAr FORHART I A HTHE
SRBHHEOND D, WTHOFIEIIBWTD
BRENFZF I TVAINTATVES R K
B % 5572 72 WAL S nm 70 S 201 nm D ks SR
TH >3, FiT. Butler 5IZEMRATLIE & U T/KRFK
WON—REEHBE IR DT /I TVTES
RpiFARMTT DI EITED 102 H, cm? 2 #
ADEFEBREZETC, EX100mmMN5 5um D
HGEENEO G RRICERIN U, fiied TEN = S RE R
(2.5-12W/cmK) %2Rk L 7z 2D,
INETRIA 70T XATLUMNCE, dc 7
FATE, B4R B, T PRI
YT ff TSI BZDNF ) 7RI INT A
YEROBRICHAWSENTE .

5.4 KEFEHKASIATCVDICLST
) 7Y R IVIAYED ROERE G
Fig.5.1 i /R 9K E ICP-CVD > A T A 1912 |2 H

WTIE, BERIC 3mIEM N Y > 7 F 1T 13.56

MHz. 1 kW OEEKENZHMT 5 £ITXD

Sheathed T.C.
Heater

Growth chamber

[ ] [ ]
] L

Substrate Holder
—»Pump

=, A

|

<+ —>Water

I

Quartz tube” O
o R.F. Power
Teflon tube— (13.56 MHz)

Gas inlet~ |
- <Water

Gas

o

Fig.5.1 Schematic diagram of the low pressure ICP-CVD
system.

Fig.5.2(a) SEM image of nanocrystalline diamond particles, (b)
high-resolution TEM image of an outer part of nanocrystalline
diamond particle, and (c) enlargement of the left-hand side of

(b).
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Fig.5.3 Raman spectra of nanocrystalline diamond particles
with different excitation wavelength: (a) 514.5 nm, (b) 325 nm,
and (c) 244 nm.
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Fig.5.4 EEL spectrum corresponding to Fig.5.2(b). a, a,, b,
and c indicate the four energy windows; 272-277 eV, 277-282
eV, 282-287 eV, and 287-292 eV, respectively.
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Table 5.1 Some properties of nanocrystalline diamond films.>

Properties SCD/MCD NCD Potential application
Electric properties

Band gap (eV) 5.5 2-5.5 electric devices

Electron affinity negative negative

Onset of field 160 3-4 field emission display

emission (V/um)

Resistivity (Qcm) >10° >10°

Optical properties

Transmission UV to far IR 78-84% transmittance optical coatings

beyond 700 nm
Refractive index 241 2.27-2.35 IR windows
@ 633 nm
Mechanical properties
Hardness (GPa) ~ 100 >90 wear resistant, protective

Young’s modulus (GPa) 1054 ~ 1000 coatings
Coefficient of friction <0.1 0.1-0.01 MEMS/NEMS

Structural properties

Bonding character 100% sp*-C >90%sp’-C

Grain size (nm) - 2-100

Surface roughness (nm) - 2-50
Thermal conductivity 20 12

(W/cm K)

Fig.5.6 High-resolution TEM image of “Diamond Nanoballs”.
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Fig.6.1 Cross-sections of plasma-synthesized carbon powders
from phenoric resin (Bars in figures correspond to 500nm).
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Fig.6.2 Surface morphology in MCMB particles; (a) original powder, (b) Ar-H,-SF, plasma-treated powder.



Charge/discharge efficiency
= (Discharge capacit

Charge/discharge efficiency, %

Plasma- Ar-H,-CO,
Non- treated
treated

Variation of charge/discharge efficiency

Fig.6.3 Change of charge/discharge efficiency for various
plasma compositions and post-plasma treatment.

WWEEBELTWD ZEAURBEN/Z, I5IT. KHE
B FREANDOKEZ DO ZHHT 5 I LIk,
HINBAE - RO EBKLF/FEORM
(Fig.6.3). BFEERE DS TER I NS RTER
HFICRERT 2Z2EDWRBELREN B ENLD,

References

1) Fuids, EEUREA, AIERE, ESER, MEETIK,
STEEN, HAEFERE, 2002, 27.

2) FULILEE, HEREA, FHEEIE, SEE, ERTERR,
e~ 50U 7 )b, 8, 37(2001).

3) M. Kurihara, S. Maruyama, K. Oh’e and T. Ishigaki, Chem.
Lett., 27, 715(1998).

4) H. Tanaka, T. Osawa, Y. Moriyoshi, M. Kurihara, S.
Maruyama, T. Ishigaki and H. Kanda, Thin Solid Films,
435, 205 (2003).

5) H. Tanaka, T. Osawa, Y. Moriyoshi, M. Kurihara, S.
Maruyama, and T. Ishigaki, Thin Solid Films, 457,
209(2004).

6) I.-Y. Xu, H. Tanaka, M. Kurihara, S. Maruyama, Y.
Moriyoshi, and T. Ishigaki, J. Power Sources, 133,
260(2004).

7) H. Tanaka, J.-Y. Xu, M. Kurihara, S. Maruyama, N. Ohashi,
Y. Moriyoshi, T. Ishigaki, Carbon, 42, 3229(2004).



BTE WRIOCAZRALEZBEFY > F i8Rk

TiO, has three naturally occurring crystalline
modifications: anatase, brookite, and rutile. All the three
crystal structures are built up of TiO, octahedra, but in
different ways. In rutile (tetragonal), two opposing edges
of each octahedron are shared to form linear chains along
the [001] direction, and the TiO, chains are linked to
each other via corner connection. Anatase (tetragonal)
has no corner sharing, but has four edges shared per
octahedron. In brookite (orthorhombic), on the other
hand, the octahedra share 3 edges and also corners.”

Anatase and rutile are the common polymorphs
of synthetic TiO, while brookite is the most difficult to
obtain in its pure form. Actually brookite was reported
to be a high-pressure phase and was classically obtained
from aqueous or organic media as large crystals via
hydrothermal treatment at high temperature (such as
300°C). Even under such hydrothermal conditions,
particular amounts of alkaline ions seem indispensable.>?
The properties of TiO, are closely related to its crystal
structure, which makes phase selective synthesis one of
the most important issues in the practical application of
the material.

Previous work on TiO, synthesis almost exclusively
started with titanium (IV) compounds, namely
tetrachloride (TiCl,) and alkoxides, which are highly
sensitive to atmospheric moisture and therefore requires
special precautions. We have used titanium trichloride
(TiCl,) solution, which is not moisture sensitive and
easily manipulatable, as a staring material for TiO,
preparation, and phase pure anatase, brookite, and rutile
nanocrystallites were obtained under mild hydrothermal
conditions (180°C, up to 3h).

The synthesis of TiO, from Ti(IIl) salts requires
oxidation reactions, and the oxidants used here are
ammonium peroxodisulfate ((NH,),S,0,), hydrogen
peroxide (H,0,), perchloric acid (HCIO,) and nitric
acid (HNO,). In all the cases, the TiClB/oxidant molar
ratio was kept at 1, while total volume of the reaction

system was set at 80 mL. Whenever necessary,

ammonia water or urea was used as a pH adjustor.
The hydrothermal treatment was performed without
stirring at 180°C for 3 h. Two categories of results were
obtained with this redox-hydrothermal strategy: (1) only
the anatase polymorph was obtained with ammonium
peroxodisulfate as the oxidant, irrespective of solution
pH and concentration of the titanium trichloride solution,
(2) almost identical results were obtained when hydrogen
peroxide, perchloric acid, and nitric acid were employed
as the oxidants. In this case, anatase, brookite, and rutile
can all be obtained in their phase pure form, through
carefully controlling the reaction kinetics by varying the
solution pH and reactant concentration.

Figure.7.1 shows TEM morphologies of the anatase
particles obtained with (NH,),S,O, as the oxidant.
Spherical-shaped particles with worm-hole structures
were formed under a high TiCl, concentration of 0.9
mol/L (pH<0, Fig.7.1a). The particles were composed
of nanocrystallites sized up to ~4 nm. The powder has
a high specific surface area of 297m?%g. With decreased
TiCl, concentration, more discrete but bigger (though
<10nm) anatase nanocrystallites were formed (0.15
mol/L, pH=0.75, Fig.7.1b, specific surface area:
134m?*/g). The redox reaction between Ti* and S,0,*
ions generates Ti** and SO,*. Ti** undergoes strong
hydrolysis in an aqueous solution to form [Ti(OH) X

v’”(HZO)67»},]4'*‘”0' (X: a complexing ligand, m: valence

@) )

Fig.7.1 Morphologies of the anatase particles (TEM)



of X) species due to its high charge/radius ratio. TiO,

nanoparticles are formed via olation and oxolation of the

further hydrolyzed species. SO,* plays at least two roles
here: (1) strongly complexing the hydrolyzed titanium
species (due to its high minus charge). Its big ligand

field was believed to alter the orientation of [Ti(OH) X

'”(H20)6_X_y]4'*"”’y, favoring anatase formation, (2) strongly

absorbed onto surfaces of the positively charged TiO,

particles, retarding the particle growth via mass diffusion

and hence yielding finer crystallites at higher SO, *

concentrations (Fig.7.1a).

Figure.7.2 shows typical morphologies of the
anatase, rutile, and brookite nanocrystals obtained with
H,O, as the oxidant. Notice the distinctly different
particle shapes: rounded for anatase, rod-like for rutile,
while plate-like for brookite. Further analysis indicates
that the rutile nanorods are grown along the [001]
direction (c-axis). A thorough investigation has been
made to elaborate the correlations between processing
parameters and phase structure of the final products. It
was identified that anatase is easily formed under high
[TiCl,] and high pH conditions, rutile under highly acidic
conditions, while brookite intermediate [TiCl,] and pH
conditions. The Phase selection of TiO, polymorphs
largely depends upon reaction kinetics, which is
influenced by processing parameters, that is, the solution
pH and [TiCl,] here.

From the view point of TiO, crystal structure,
as mentioned earlier, anatase has 4 edges shared per
octahedron, brookite has 3, while rutile 2. The formation
of one edge sharing requires two dehydration reactions
among the [Ti(OH)XXym(HZO)6_X_y]4""”—" species, while
one corner sharing needs only one dehydration reaction.
Based upon these facts, the effects of solution pH and
[TiCL,] are discussed as follows:

* the effects of pH (fixed [Ti’*])

(1) The higher the pH, the more OH in [Ti (OH)XX)Y’"(HZO)
67/(_),]4‘*"’”3', and therefore more chance of edge sharing,
favoring anatase. Oppositely, lower pH favors rutile.
Brookite is midway in crystal structure between
anatase and rutile, which needs intermediate pH to
stabilize.

(2) under high pH conditions, rapid aggregation of

oo
\/{110]

N.325nm

Fig.7.2 Morphologies of the anatase (a), rutile (b,c,d) and
brookite (d, e) nanocrystallites. Synthesis conditions are (a):
[TiC1,]=0.0625 mol/L, pH=9.0; (b): [TiCl,]=0.9 mol/L, pH<0;
(0): [TiCl1,]=0.0625 mol/L, pH=0.44; (e): [TiCl,]=0.0625 mol/L,
pH=1.32. The powders of (a), (b), (c), and (e) have specific
surface areas of 187, 47, 67, and 84m?/g, respectively. (d) and (f)
are lattice images of (c) and (e), respectively.

[Ti(OH)XXy"’(HZO) 6~H]“‘"""J' favors metastable anatase;
very slow hydrolysis (under low pH) favors stable
rutile, which might be formed via dissolution/recr-
ystallization or direct precipitation. In this context,
intermediate reaction rate (under intermediate pH)

stabilizes the brookite polymorph.



Intensity (a. u.)

20 (degree)

Fig.7.3 XRD patterns of the as-made brookite powder and that
annealed in air at 500°C for 2 h.

Fig.7.4 SEM (a) and TEM (b) micrographs showing
morphologies of the brookite particles obtained via reacting a
mixed solution of TiCl, and urea in open air.

« the effects of [Ti*'] (fixed pH)

Higher [Ti’*] promotes the rapid aggregation of
[Ti(OH)XXy'"(HZ0)6_”,]4"‘""”, enhancing anatase formation.
Under extremely low [Ti’'], the growth/nucleation ratio
of crystals will decrease. Anatase is more stable at sizes
<11 nm,” and hence brookite crystals below this critical
size of ~11 nm might transform to anatase. Therefore the
brookite phase tends to form under intermediate [Ti**]
conditions.

The speculation, that is, it is the reaction kinetics
and not pressure is crucial to brookite formation, was
supported by our experimental results obtained under
ambient pressure. By reacting in open air a mixed
solution of TiCl, (0.015mol/L) and urea (0.5mol/L)
at 90°C for 2 h, phase pure brookite (Fig.7.3) of high
particle uniformity was obtained directly (Fig.7.4a).%
Here the atmospheric oxygen serves as the oxidant for

Ti** ions. Again, the primary brookite nanocrystallites

exhibit a plate-like morphology (Fig.7.4b). The brookite
phase was found stable against annealing up to about
500°C, and above which a direct transition to rutile

occurs.”
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J. Appl. Phys., 93(5), 3120-3122 (2003)
Sp? bonding distributions in nanocrystalline diamond particles by electron energy loss
spectroscopy
K. Okada, K. Kimoto, S. Komatsu and S. Matsumoto
Advanced Materials Laboratory, National Institute for Materials Science

Nanocrystalline diamond particles with 200 500 nm in diameter have been preparedin a 13.56 MHz
low pressure inductively coupled CH /CO/H, plasma. The chemical bonding map was investigated by
electron energy loss spectroscopy (EELS). The EEL spectrum shows a peak at 290eV due to O states
and the energy loss near-edge structure is similar to that of diamond. A slight peak appears at ~285
eV corresponding to x” states. The mapping of sp” states by " peak reveals that sp>-bonded carbons
are identified around the 20-50 nm subgrains of nanocrystalline diamond particles at approximately
1 nm resolution.

Chem. Phys. Lett., 367(5-6), 561-565 (2003)
Core-shell micron-scale composites of titanium oxide and carbide formed through controlled
thermal-plasma oxidation
Y.-L. Li and T. Ishigaki

Advanced Materials Laboratory, National Institute for Materials Science

Core—shell structured micron-scale spheres of titanium oxide and carbide were prepared by the
controlled in-flight oxidation of a powder of irregularly shaped titanium-carbide particles in an argon
—oxygen thermal plasma. Mono-dispersed core~shell particles with rutile shells and TiC cores were
formed by an intermediate-rate input of oxygen to the plasma gas. The partial oxidation of the TiC
particles in the liquid phase was accompanied by spheroidization of the surface oxide melt, thus
giving rise to a core-shell composite under rapid quenching. TiO,~TiC core—shell composites have
potential as new materials for roles such as light-scattering media, photo-catalysts, and electro-rheor
ogicalfluids.

Mater. Sci. Eng. A, 345(1-2), 301-308 (2003)
Incongruent vaporization of titanium carbide in thermal plasma
Y.-L. Li and T. Ishigaki
Advanced Materials Laboratory, National Institute for Materials

Vaporization of TiC at the plasma high temperatures (4000-10 000 K) has been investigated by
structural and compositional characterizations of the vapor-condensed products formed by Ar-H, and
Ar-He heating followed by a thermodynamic calculation. An incongruent vaporization of TiC with
preferential vaporization of titanium has been observed at higher temperatures, which is contrary
to the behavior at lower temperatures observed previously. X-ray diffraction and chemical analysis
revealed a significant reduction of carbon and correspondingly, a decrease of lattice parameters in the
vapor-condensed product with respect to the starting TiC materials. The vapor-condensed products
have a composmon of TiC_ (x=0.38-0.58) and the lattice parameters are in range of a =4.28420-
4.30780 A, depending on processmg conditions. A calculation of equilibrium vaporlzatlon using
Langmuir model shows that TiC vaporizes incongruently to Ti at high temperatures between 3150
and 4700 K, in agreement with the present experimental observations.



4)
J. Mater.Res. 18(5), 1149-1156 (2003)
Monodispersed Sc,0, precursor particles via homogeneous precipitation: Synthesis, thermal
decomposition, and the effects of supporting anions on powder properties
J.-G. Li, T. Ikegami, T. Mori and Y. Yajima
Advanced Materials Laboratory, National Institute for Materials Science

Monodispersed Sc,0O, precursor particles were synthesized by the urea-based homogeneous
precipitation method, with an investigation into the effects of supporting anions (NO,’, CI', and
SO,*) on powder properties. Characterizations of the powders were achieved by elemental analysis,
x-ray diffractometry, Fourier transform infrared, differential thermal analysis/thermogravimetry,
high-resolution scanning electron microscopy, and the Brunauer— mmett—Teller method. Unlike
other rare earths, Sc** does not precipitate as basic carbonate but instead forms hydrated 7 -ScOOH
from either nitrate or chloride solution. Particles of the hydrated ¥ —-ScOOH are pumpkin-shaped
(approximately 1.0 um) and are made up of thin-platelike crystallites emanating from a common
axis. The presence of complexing SO,* changes the reaction chemistry toward Sc,O, powders,
leading to basic sulfate [Sc(OH), (S0O,),, * H,O] precursor particles having hexagonal morphology
(approximately 10 pm in diameter and 0.5 pm in thickness). The hydrated 7 -ScOOH directly
converts to Sc203 by calcination at 400 °C or above, while the basic sulfate transforms to oxide
at temperatures =900 °C via an amorphous state and a Sc,(SO,), intermediate. The effect of SO,*
on powder morphologies and reaction chemistry is discussed. Nanocrystalline Sc,0, powders
comprising monodispersed particles were obtained via thermal decomposition of the precursors.

5)
J. Appl. Phys.93(10), 6386-6392 (2003)
Passivation of active recombination centers in ZnO by hydrogen doping
N. Ohashi, T. Ishigaki, N. Okada, H. Taguchi, I. Sakaguchi, S. Hishita, T. Sekiguchi, and H. Haneda

Advanced Materials Laboratory, National Institute for Materials Science

The effect of hydrogen doping on luminescence properties of ZnO was investigated. Hydrogen
was incorporated in the ZnO crystal by irradiation with an inductively coupled plasma (ICP), in
particular, the pulse modulated mode operation of ICP, and the luminescence spectra and hydrogen
concentration of the resultant samples were analyzed. A hydrogenated region of 20-100 nm was
formed at the sample surface by the irradiation and the concentration of hydrogen was 10'7-10%cm™.
Hydrogen doping improved the ultraviolet emission efficiency of all the samples, and the degree of
improvement depended on the initial state (impurity concentration) of the original samples. The most
significant improvements were recorded for the sample lightly contaminated with Cu, Al, and Li.
The correlation between impurity concentration and hydrogen doping effects is discussed from the
viewpoint of charge transfer between hydrogen and the other impurities.

6)
J. Am. Ceram. Soc., 86(9), 1493-1499 (2003)
Wet-chemical routes leading to scandia nanopowders
J.-G. Li, T. Ikegami, T. Mori and Y. Yajima
Advanced Materials Laboratory, National Institute for Materials Science

Two wet-chemical routes have been used to synthesize Sc,O, nanopowders from nitrate solutions
employing ammonia water (AW) and ammonium hydrogen carbonate (AHC) as the precipitants. The
precursors and the resultant oxides are characterized by elemental analysis, X-ray diffractometry,
differential thermal analysis/thermogravimetry, high-resolution scanning electron microscopy,
and Brunauer-Emmett-Teller analysis. Crystalline 7 -ScOOH-nH,O (n= 0.5) is the only phase
obtained by the AW method. This phase dehydrates to Sc,0, at ~400°C, yielding hard aggregated
nanocrystalline Sc,0, powders. Three types of precursors have been synthesized by the AHC
method, depending on the AHC/Sc*" molar ratio (R): amorphous basic carbonate [Sc(OH)CO,-H,0]



at R= 3, crystalline double carbonate [(NH,)Sc(CO,),-H,0] at R= 4, and a mixture of the two phases
at 3 <R< 4. Among these precursors, only the basic carbonate shows spherical particle morphology,
ultrafine particle size (~50 nm), and weak agglomeration. Sc,0, nanopowders (~28 nm) with high
surface area (~49 m*/g) have been prepared by calcining the basic carbonate at 700°C for 2 h.

7)
J. Appl. Phys., 93(12), 8867-8875 (2003)
Nonequilibrated situations of pulse modulated Ar-H, and Ar-N, thermal plasmas at atmospheric
pressure
K. C. Paul!, T. Ishigaki%, J. Mostaghimi® and T. Sakuta*

'Ushio Inc., R and D Center, Gotenba Laboratory, 2National Institute for Materials Science, *Department of Mechanical
and Industrial Engineering, University of Toronto, *Electrical and Computer Engineering, Faculty of Engineering,
Kanazawa University

Atmospheric pressure inductively coupled thermal plasmas with pulsing mode are generated for
104 slpm standard liters per minute total flow rate of Ar-H, and Ar-N, mixtures (Ar 94% molar
concentration) inside a torch of 55 mm inner diameter. The inverter-type power source of 22 kW
maximum output supplied coil current of 1 MHz fundamental frequency at 17.3 kW level, and the coil
current is modulated by an external pulsed signal to produce the desired pulse modulated plasmas.
Spectroscopic measurements are carried out for the temporal radiation intensity and coil current
intensity. In addition, a time-dependent, two-dimensional model, which works with coil current
input, is solved by using the same coil current profile measured in the experiment. Experimental and
theoretical results for 67% duty factor with 10 ms on-time are compared. The theoretical predictions
are found comparable with the experimental findings although the theoretical time-dependent
response is seen slower, especially over the time just after on-pulsation. An estimation of electron
temperature helps to describe this discrepancy fairly adequately. Experimentally the shimmer current
level is found to vary with gas composition as well as with on- and off-time of pulsing signal. Both
the experimental and theoretical findings suggest that plasma responds slowly at any axial positions
below midcoil compared to that at midcoil level.

8)
J. Mater. Res. 18(5), 1239-1246 (2003)
Low-temperature preparation of dense 10 mol %-Y ,0,-doped CeO, ceramics using powders
synthesized via carbonate coprecipitation
Y. Wang!, T. Mori!, J.-G. Li?, T. Ikegami?, and Y. Yajima®
'Eco-materials Research Center, National Institute for Materials Science, *Advanced Materials Laboratory, National
Institute for Materials Science

A carbonate coprecipitation method was used for the facile synthesis of highly reactive 10
mol%-Y,0,-doped CeO, (20YDC) nanopowders, employing nitrates as the starting salts and
ammonium hydrogen carbonate (AHC) as the precipitant. The AHC/RE* (RE = Ce + Y) molar ratio
(R) and the reaction temperature (7) significantly affect the final yield and precursor properties,
including chemical composition and particle morphology. Suitable processing conditions are 7 =
60 °C and R = 2.5 to 10, under which precipitation is complete, and the resultant precursors show
ultrafine particle size, spherical particle shape, and good dispersion. The thus-processed precursors
are basic carbonates with an approximate formula of Ce Y ,(OH)CO, - 2H,0, which directly yield
oxide solid solutions upon thermal decomposition at a very low temperature of approximately 400 °C.
The 20YDC solid-solution powders calcined at 700 °C show excellent reactivity and were densified
to >99% of theoretical via pressureless sintering at a very low temperature of 950 °C for 6 h.



9)
J. Mater. Res., 18(8), 1816-1822 (2003)
Fabrication of transparent Sc,0, ceramics with powders thermally pyrolyzed from sulfate
J.-G. Li, T. Ikegami and T. Mori
Advanced Materials Laboratory, National Institute for Materials Science

Scandia (S¢,0,) is a ceramic material that shows interesting thermal and optical properties, but
is difficult to grow as single crystals. As an alternative, in this work we fabricated polycrystalline
Sc,O, transparent ceramics via vacuum sintering, using powders thermally pyrolyzed at 1200 °
C from a scandium sulfate salt, Sc,(SO,), - 7.8H,0, that we prepared. Characterization of the
powders was achieved by differential thermal analysis/thermogravimetry, x-ray diffractometry,
Brunauer-Emmett-Teller analysis, and field-emission scanning electron microscopy. Sintering
behaviors of the Sc,0, powders were studied in air via dilatometry. The sulfate salt transforms
to oxide at temperatures =1000 °C, and the best pyrolysis temperature for transparent ceramics
fabrication is 1200 °C, at which the resultant Sc,0O, powder is good in dispersion, ultrafine in particle
size (~80 nm), and almost free from residual sulfur. Transparent ceramics were fabricated from this
powder via vacuum sintering at 1625 °C or above. The ceramics sintered at 1700 °C for 4 h exhibit
an in-line transmittance of approximately 56-58% in the visible light region at a sample thickness of
1.0 mm.

10)
J. Electrochem. Soc., 150(6), A665-A673 (2003)
Electrolytic properties and nanostructural features in the La,0,-CeO, system
T. Mori!, J. Drennan?, Y. Wang!, J.-H. Leé?, J.-G. Li* and T. Ikegami*
'Ecomaterials Center, National Institute for Materials Science, *Centre for Microscopy and Microanalysis, The
University of Queensland, *School of Materials Science and Engineering, Seoul National University, ‘Advanced
Materials Laboratory, National Institute for Materials Science

Doped ceria (CeO,) compounds are fluorite-type oxides which show oxide ionic conductivity higher
than yttria-stabilized zirconia in oxidizing atmosphere. As a consequence of this, considerable
interest has been shown in applications of these materials for low or intermediate temperature
operation of solid-oxide fuel cells (SOFCs). In this study, the effective index was suggested to
maximize the ionic conductivity in La,0,-CeO, based oxides. The index considers the fluorite
structure, and combines the expected oxygen vacancy level with the ionic radius mismatch between
host and dopant cations. Using this approach, the ionic conductivity of this system has been
optimized and tested under operating conditions of SOFCs. La Ce,_ O, ,(x =0.125, 0.15, 0.175, and
0.20), (La,St, )y ,75Ce0 50, 5 (x = 0.1, 0.2, and 0.4), and (La,_Sr ,Ba), . .Ce ., 0, ;(x=10.03, 0.05,
and 0.07) were prepared and characterized as the specimens with low, intermediate, and high index,
respectively. The ionic conductivity was increased withincreasing suggested index. The transmission
electron microscopy analysis suggested that partial substitution of alkaline earth elements in place of
Lainto Ce site contributes to a decrease of microdomain size and an improvement of conductivity.
(La,,Sr,,Ba Ce .,.O with high index and small microdomains exhibited the highest
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conductivity, wide ionic domain, and good performance in SOFCs.

11)
Sci. Technol. Advan. Mater., 4, 213-220 (2003)
Influence of nano-structural feature on electrolytic properties in Y, O, doped CeO, system
T. Moril, J. Drennan?, Y. Wang!, G. Auchterlonie?, J.-G. Li* and A. Yago?
'Ecomaterials Center, National Institute for Materials Science, *Centre for Microscopy and Microanalysis, The
University of Queensland, *Advanced Materials Laboratory, National Institute for Materials Science

Doped ceria (CeO,) compounds are fluorite type oxides which show oxide ionic conductivity higher

than yttria stabilized zirconia, in oxidizing atmosphere. As a consequence of this, considerable
interest has been shown in application of these materials for ‘low temperature operation (500-



650 °C)’ of solid oxide fuel cells (SOFCs). In this study, Y Ce, O, , (x=0.05, 0.1, 0.15, 0.2 and
0.25) fine powders were prepared using a carbonate co-precipitation method. The relationship
between electrolytic properties and nano-structural features in the sintered bodies was examined.
The micro-structures of Y, .Ce .0, o5 Y 5C8) 450, 505 and Y, Ce . O, (.- as representative three
specimens have been investigated in more detail with transmission electron microscopy (TEM). The
big diffuse scattering was observed in the background of electron diffraction pattern recorded from
Y, .Ce O . andY,  Ce O __sintered bodies. This means that the coherent micro-domain with
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ordered structure is in the micro-structure. While Y, ,.Ce . O, .. sintered body with low conductivity

and high activation energy has big micro—domaingfsthe micro-domain size in Y .Ce O . with
high conductivity and low activation energy was much smaller than that of Y ,.Ce ..O, ... TEM
observation gives us message that the size of coherent micro-domain with ordered structure
would closely relate to the electrolytic properties such as conductivity and activation energy in the
specimens. It was concluded that a control of micro-domain size in nano-scale in Y,0, doped CeO,

system was a key for development of high quality solid electrolyte in fuel cell application.

12)
Sci. Technol. Advan. Mater., 4, 229-238 (2003)
Low-temperature fabrication and electrical property of 10 mol% Sm,0,-doped CeO, ceramics
Y. Wang!, T. Moril, J.-G. Li* and Y. Yajima®

'Eco-materials Research Center, National Institute for Materials Science, 2Advanced Materials Laboratory, National

Institute for Materials Science

Ten mol% Sm,0,-doped CeO, solid-solution (20SDC) powders have been synthesized via
carbonate coprecipitation using ammonium hydrogen carbonate (AHC) and urea as the precipitants,
respectively. Characterizations were achieved by elemental analysis, X-ray diffractometry,
differential thermal analysis/thermogravimetry, and FESEM. An amorphous hydroxyl carbonate
precursor (Ce,Sm)(OH)CO,- 2H,0 having nanosized (~10 nm) spherical particles was formed with
AHC, while a mixture of crystalline (Ce,Sm),(CO,),(OH),- H,0O and (Ce,Sm),0(CO,), H,O phases
exhibiting irregular particle morphologies was obtained with urea. Both the precursors convert to
oxide solid solutions without any phase detected corresponding to Sm,O, during calcination. The
oxide powder processed via the AHC method can be sintered to >99% of the theoretical at a low
temperature of 1200 °C, due to the good dispersion and ultrafine size (~15 nm) of the particles,
while that from the urea method can only reach ~67.2% dense at the same temperature. Electrical
conductivity of the densified ceramic was measured in air in the range 400-700 °C by the DC
three-point method, and an activation energy of ~60.5 kJ/mol was derived from the experimental
data.

13)
J. Am. Ceram. Soc., 86(6), 915-921 (2003)

10-mol%-Gd,0,-doped CeO, solid solutions via carbonate coprecipitation: A comparative study
J.-G. Li, T. Ikegami, Y. Wang and T. Mori

Advanced Materials Laboratory, National Institute for Materials Science

10mol% Gd,0,-doped CeO, solid solutions (20GDC) have been synthesized via carbonate
coprecipitation using ammonium bicarbonate (AHC) and urea as the precipitants. The precursors
and the resultant oxide powders were characterized via chemical analysis, X-ray diffractometry
(XRD), Brunauer-Emmett—Teller (BET) analysis, and high-resolution scanning electron microscopy
(HRSEM). Sinterabilities of the 20GDC oxides in air were studied by constant-rate-of-heating (CRH)
sintering and the conventional ramp-and-holding sintering methods. The precursor processed by
both methods is hydroxyl carbonate but shows quite different particle morphologies in the two cases.
Highly sinterable 20GDC oxides that can be densified to >99% of the theoretical at 1050°C within 4
h have been obtained via the AHC method.



14)
Thin Solid Films, 442, 32-35 (2003)
Pulse mode effects on crystallization temperature of titanium dioxide films in pulse magnetron
sputtering
T. Miyagi'?, M. Kamei!, T. Ogawa'?, T. Mitsuhashi!, A. Yamazaki'* and T. Sato?
!Advanced Materials Laboratory, National Institute for Materials Science, ZDepartment of Resource and Environmental
Engineering, School of Science and Engineering, Waseda University, *Department of Applied Physics and
Physico-Informatics, Faculty of Science and Technology, Keio-Gijuku University

Pulse mode effects on the crystallization temperature and photocatalytic properties of TiO, films
were investigated. TiO, films were deposited on silica glass substrates using a pulse magnetron
sputtering apparatus in the unipolar and the bipolar pulse modes. X-Ray diffraction showed that in
the bipolar pulse mode the rutile phase TiO, film grew at lower substrate temperature compared with
the unipolar pulse mode. The photocatalytic activities obtained from the photoreduction of Ag ions
at the surface of TiO, films indicated that the anatase phase TiO, films grown in the bipolar pulse
mode had higher photocatalytic activity compared with those grown in the unipolar pulse mode.
This suggests that the bipolar pulse mode is an effective technique to achieve higher photocatalytic
activity of TiO, film.

15)
Thin Solid Films, 435(1/2), 205-210 (2003)
Improvement of electrochemical properties of MCMB powders through reactive ICP
modification
H. Tanaka! , T. Osawa! , Y. Moriyoshi! , M. Kurihara? , S. Maruyama? , T. Ishigaki® , H. Kanda®
'Department of Materials Science, Hosei University, *Research and Development Center, TDK Corporation, *Advanced
Materials Laboratory, National Institute for Materials Science

Mesocarbon microbeads (MCMB) powders were treated in Ar-H, , Ar-N, , Ar-H,-CO, , and
Ar-N,-CO, RF inductively coupled plasmas (ICP). Plasma treatment modified the surface
morphology, structure, and chemical composition of the powders. The surface of the Ar-N
plasma-treated particles was covered with a fine condensate, while the surface of Ar-N,-CO, plasma
treated particles became rough and had no condensate. The discharge capacity and first charge/
discharge efficiency of the plasma-treated MCMB powders was higher than those of the original
one. Plasma modification of MCMB gave rise to an improvement of the electrochemical properties
making it suitable for use as the anode of a lithium-ion rechargeable battery.

16)
Thin Solid Films, 435(1/2), 252-258 (2003)
Effect of additives on photocatalytic activity of titanium dioxide powders synthesized by thermal
plasma
S.-M. Oh'%, S.-S. Kim!, J.-E. Lee! , T. Ishigaki? , D.-W. Park’
'Inha University, Department of Chemical Engineering, 2Advanced Materials Laboratory, National Institute for Materials
Science

TiO, nanopowder was synthesized from titanium tetrachloride in a thermal plasma reactor. To
improve photocatalytic activity, silicon tetrachloride and iron (III) acetylacetonate were added to the
plasma reactor. The photocatalytic activity of prepared pure TiO, (T-powder), Si-doped TiO, (ST)
and Fe-doped TiO, (FT) powder was evaluated by photodegradation of acetaldehyde. Decomposition
efficiency of T-powder under UV-light was increased with the content of anatase. A small amount
of Si-dopant improved the photocatalytic activity, while excessive Si-dopant over 2% decreased
the photocatalytic activity of ST-powder because of the reduction of active sites on the catalyst.
FT-powder was tested for the photocatalytic activity under visible light and UV-light. Decomposition
efficiency increased with the addition of Fe-dopant because of suppression of electron-holes
recombination. However, excessive Fe-dopant by over 15% inhibited the crystallization of anatase



and acted as recombination center, leading to decrease the decomposition efficiency.

17)
Appl. Phys. Lett.,83(9), 17821784 (2003)
Superior Schottky electrode of RuO, for deep level transient spectroscopy on anatase TiO,
T. Miyagi, M. Kamei, T. Mitsuhashi, and A. Yamazaki

Advanced Materials Laboratory, National Institute for Materials Science

Ananatase TiO, film was epitaxially grown on a conductive Nb-doped single-crystalline SrTiO, (100)
substrate by métalorganic chemical vapor deposition. RuO, Schottky electrode was fabricated on the
epitaxial anatase film by reactive dc magnetron sputteriné. The dark I-V and capacitance—voltage
characteristics indicated the good rectification and thermal stability of the RuO,/anatase junction.
This RuO /anatase junction enables the stable measurements of deep level transient spectroscopy in
the high-témperature region and is a promising Schottky electrode to examine the origins of deep
levelsin the band gap of anatase.

18)
J. Am. Ceram. Soc., 86(9), 1456-1463 (2003)
Phase formation and microstructure of titanium oxides and composites produced by thermal
plasma oxidation of titanium carbide
T. Ishigaki*!, Y.-L. Li! and E. Kataoka®

'Advanced Materials Laboratory, National Institute for Materials Science, 2Showa Carbot Supermetals K. K.

The phase formation and microstructure of titanium oxides and composites produced by Ar—
O, thermal plasma oxidation of titanium carbide powders were investigated in detail by X-ray
diffraction (XRD) and transmission electron microscopy (TEM). Relationships between the phase
compositions and microstructures of the oxides were established by combined structural and phase
analyses, in correlation with synthesis conditions and phase formation mechanisms. It is revealed
that vapor condensation favored the formation of anatase, which existed as smaller particles,
while liquid/solid oxidation favored the formation of rutile, which appeared as larger particles or
composites. A higher oxygen input in the plasma gases (Ar + O,) enhanced the formation of anatase
due to impeded oxidation and evaporation. A small amount of Ti,0, and Ti,O, was detected in the
larger particles coexisting with rutile or TiC. These suboxides were formed as intermediates in solid
oxidation of TiC or precipitated from the Ti-C-O melt during cooling. Furthermore, extensive cracks,
dislocations and stresses were observed in the monolithic rutile and composites, in association with
the rapid quenching in this high-temperature in-flight oxidation process

19)
Jpn. J. Appl. Phys., Part I, 42,7025-7028 (2003)
Comparative study of TiO, anatase epitaxial thin films grown by magnetron sputtering and
metalorganic chemical vapor deposition
M. Kamei,! T. Miyagi,"? T. Ogawa,'* T. Mitsuhashi,! A. Yamazaki,'* and T. Sato®

'Advanced Materials Laboratory, National Institute for Materials Science, Department of Resource and Environmental
Engineering, School of Science and Engineering, Waseda University, *Department of Applied Physics and
Physico-Informatics, Faculty of Science and Technology, Keio-Gijuku University

Thin films of TiO, anatase structure were heteroepitaxially grown on SrTiO,(001) single crystalline
substrates by direct current magnetron sputtering (DCSP) and metalorganic chemical vapor
deposition (MOCVD). The DCSP-grown films always showed larger lattice constants than those
of the MOCVD-grown films. The RBS measurements revealed a difference in the depth profiles
of the misfit dislocations in the films, which was considered to be the origin of the larger lattice
constants in the DCSP-grown films. A striking difference was also present in the photoluminescence



characteristics in MOCVD-grown films and DCSP-grown films; the photoluminescence peak
originating from the self-trapping excitons observed in MOCVD-films disappeared in DCSP-films.

20)
J. Vacuum Sci.Technol. A, 21(6), 1988-1992 (2003)
Ion energy distributions and the density of CH, radicals in a low pressure inductively coupled
CH,/H, plasma used for nanocrystalline diamond deposition
K. Okada, S. Komatsu and S. Matsumoto
Advanced Materials Laboratory, National Institute for Materials Science

Ion energy distributions (IEDs) and the density of CH, radicals (n)in a 13.56 MHz radio frequency
(rf) low pressure inductively coupled CH,/H, plasma used for nanocrystalline diamond deposition
have been investigated with a quadrupole mass spectrometer. The energy distributions of positive
ions were measured in a CH,/H, plasma with 50 mTorr of the gas pressure at 500 W of the plasma
input power, and were compared with those of an Ar plasma. We have found that the IEDs of Ar,
CH,*, and C,H,* have a nearly monoenergetic peak, and ahump due to a small degree of capacitive
couphng The plasma potentials obtained from the peaks are consistent with the previously reported
values measured with a Langmuir probe. On the other hand, the IEDs of H*, H,*, and H,* have a clear
asymmetric double peak due to the modulation of rf driven glow discharge. The » monotonously
increases with increasing pressure. The » indicates that CH, radicals are main precursors for the growth
of nanocrystalline diamond. The estimated sticking coefﬁc1ent of the CH, radical is comparable with
the reported value.

21)
Key Eng. Mater, 253, 255-262 (2003)
Synthesis of intra-particulate composite of TiO,-TiC by thermal plasma oxidation of titanium
carbide
T. Ishigaki and Y.-L. Li

Advanced Materials Laboratory, National Institute for Materials Science

TiO,-TiC composite particles have been synthesized by a controlled oxidation of TiC powders in
an oxygen-argon thermal plasma. The composite particles generated by this process are featured
by a core-shell structure consisting of TiC inclusions and rutile shells, appearing as mono-disperse
spherical particles. Local pores or hollow structures are present in the particles, and may be
generated by the evolution of CO/CO, gases at the oxygen front. The composite particles were
formed by a liquid oxidation reaction that started at the particle surface with the oxidation front
moving inwards the particles until the particles were quenched. The formation of the composite
structure can be feasibly controlled by the oxygen input in the plasma sheath gases at a moderate
oxygen flow rate. Because of the important functional properties of titanium oxide, such as the high
photo-electronic conductivity and photo-catalysis activity, its composite with the refractory titanium
carbide, which has a high thermal conductivity and high hardness, may generate new properties in
this novel composite.

22)
Electrochemistry, T1(12), 1078-1080 (2003)
Influence of post-processing atmosphere on electrochemical properties of thermal plasma treated
graphite particles
M. Kurihara!, S. Maruyama’, H. Tanaka? Y. Moriyoshi* and T. Ishigaki®
'R&D Center, TDK Corporation,’Department of Materials Science, Hosei University, *Advanced Materials Laboratory,
National Institute for Materials Science

A kind of artificial graphite particles, so called as mesocarbon microbeads (MCMB) particles was



treated in Ar-H, plasma atmosphere to create the functional surface, and to improve electrochemical
properties of graphite particles. The electrochemical properties of plasma-treated MCMB particles
and the influence of post-processing atmosphere on electrochemical properties were investigated as
anode of lithium-ion rechargeable battery. The modification of surface morphology and structure
by H, plasma treatment, and the protection of adsorbing species on the surface by controlling
post-processing atmosphere of dry Ar lead to the improvement of the first charge/discharge
efficiency and the reversible capacity.

23)
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Mesocarbon microbeads (MCMB) powders, a kind of synthesized graphite powder, are treated in
induction thermal plasmas of high temperature exceeding 10,000K and various reactive atmospheres.
The plasma-treated powders are compared with mechanical-milled powders in a ball mill. The
plasma-treatment and the mechanical-milling do not give rise to the further graphitization. The
surface morphology of plasma-treated powders varies depending on plasma treatment atmospheres.
The crystallinity difference in the surface region is revealed by Raman spectroscopy. Electrochemical
measurements as anode for lithium-ion rechargeable battery are performed in non-aqueous
solvents containing 1 M LiClO,. Discharge capacity of the plasma-treated powders is larger than
that of original MCMB powder. Especially, the first discharge/charge efficiency of the MCMB
powders treated in the atmosphere containing CO, is higher than that of original MCMB powder.
The mechanical-milled powder with the same surface area as plasma-treated powder possesses
the lowered first discharge/charge efficiency and discharge capacity. The thermal decomposition
reaction of lithiated graphite anodes is also investigated by differential scanning calorimetry (DSC).
In DSC, the heat generation, which is associated with the formation of solid electrolyte interphase
(SEI), depends on surface area of MCMB powders.

24)
Thin Solid Films, 457 (1), 186-191(2004)
Preparation of pure rutile and anatase TiO, nanopowders using RF thermal plasma
S.-M. Oh and T. Ishigaki*

Advanced Materials Laboratory, National Institute for Materials Science

We synthesized pure rutile and anatase nanopowders using in-flight oxidation of titanium nitride
powder in an r.f. thermal plasma reactor. The mechanism of the in-flight oxidation of TiN powder
was elucidated, and the effects of oxygen and hydrogen input concentrations on phase composition
and morphology were investigated. The characteristics of the synthesized powder were evaluated
using X-ray diffraction, optical microscopy, scanning electron microscopy and Raman scattering
spectroscopy. The phase composition depended mainly on the ambient oxygen concentration. At high
oxygen concentrations, the anatase content increased to over 93%. Introducing hydrogen promoted
the formation of oxygen-deficient rutile nanopowder, and pure rutile nanopowder averaging 50 nm
in diameter was produced with excess hydrogen. The synthesized powder had good photocatalytic
activity in the decomposition of aqueous methylene blue under visible light.



25)
Thin Solid Films, 457(1), 209-216 (2004)
Improvement of the anode performance of graphite particles through surface modification in RF
thermal plasma
H. Tanaka'?, T. Osawa'?, Y. Moriyoshi?, M. Kurihara®, S. Maruyama?® and T. Ishigaki®
'Advanced Materials Laboratory, National Institute for Materials Science, 2Department of Materials Science, Hosei
University, *Device and Development Center, TDK Corp.

Mesocarbon microbeads (MCMB) powders, which are known to be highly crystallized carbon
materials and have a mean particle size of 11 ym, were treated in RF thermal plasma. Through the
plasma treatment, the surface morphology, structure, and chemical composition of the powder were
modified. The plasma-induced modification made the surface of MCMB particles disordered, and
gave rise to an improvement in the thermal stability and electrochemical properties of the powders,
such as the discharge capacity and first charge/discharge efficiency. It also made the powders
suitable for further use as an anode in lithium-ion rechargeable batteries. Powders obtained without
air exposure showed further improvement in anode performance.

26)
J. Power Sources, 133 (2), 260-262 (2004)
Influence of active surface on electrochemical properties of mesocarbon microbeads powders
J. Xu! H. Tanaka'?, M. Kurihara®, S. Maruyama?®, Y. Moriyoshi? and T. Ishigaki!
! National Institute for Materials Science, Advanced Materials Laboratory, 2 Department of Materials Science, Hosei
University, * Device Development Center, TDK Corporation

Mesocarbon microbeads (MCMB) powders were treated in Ar-H,~SF radio frequency inductively
coupled thermal plasma. The structure, chemical composition and related electrochemical property
changes have been studied. The results demonstrated that the active surface area has a great influence
on the electrochemical properties of MCMB powder, and the specific irreversible capacity loss
decays non-linearly with the increase of active surface area.

27)
J. Appl. Phys., 96(1), 118-126 (2004)
Modeling of an induction plasma under transient turbulent flow conditions
R. Ye!, T. Ishigaki' and M. I. Boulos®
!National Institute for Materials Science, Advanced Materials Laboratory, 2Department of Chemical Engineering,
University of Sherbrooke

A renormalization group (RNG) k- turbulence model was employed to investigate the role
of turbulence for the transient behavior of the radio frequency induction plasma discharge.
Time-dependent conservation equations for the plasma and turbulence under local thermal
equilibrium (LTE) conditions were solved numerically in two-dimensional, axisymmetric
coordinates. Responses of energy, momentum, and turbulence to steplike and pulsed power changes
in an Ar-H, plasma with a hydrogen volume concentration of 10.9%, and a total gas flow rate of
104.0 slpm were studied. The corresponding Reynolds number at the inlet of the discharge cavity
was 2667. The turbulence model was validated qualitatively by comparing the predicted results
with experimental observations under pulsed power conditions. It is found the transient behavior
of the plasma energy and momentum are mainly governed by radial convection, while that of the
turbulence is primarily determined by axial convection. These gave rise to a 5-10 ms delay in the
response of the turbulence lagging behind the temperature field, for sudden power changes, under
current operating conditions. A comparison between the results predicted using the RNG k-¢
turbulence model and those obtained using the laminar model indicates the presence of turbulence
leads to a longer relaxation time of plasma. Under pulsed power conditions, the plasma temperature
responds to power changes almost instantaneously, and it is always in a transient state. In contrast,
variation in the relative turbulent viscosity is insignificantand it is concluded that the turbulence is in



aquasisteady state when the period of a pulse is between 10 and 15 ms. By comparing the predicted
results with images obtained using a high-speed camera (0.67 ms/frame) under the same operating
conditions, we found that the turbulence model predicted a more accurate transient behavior in terms
of plasma volume and temperature than the laminar model does.

28)
J. Electrochem. Soc. 151(8), H169-H173 (2004)
Effect of postdeposition annealing on luminescence from zinc oxide patterns prepared by the
electroless deposition process
N. Saito', H. Haneda!, T. Sekiguchi?, T. Ishigaki', and K. Koumoto®
'Advanced Materials Laboratory, National Institute for Materials Science, Nanomaterials Laboratory, National Institute
for Materials Science, *Graduate School of Engineering, Nagoya University

ZnO micropatterns were synthesized site-selectively on self-assembled monolayer templates in an
aqueous solution of zinc nitrate and dimethylamine-borane at 55°C by an electroless deposition
process. The effects of postdeposition annealing on the luminescence properties were investigated.
For the as-grown samples, broad visible-light emission (500-800 nm) was mainly observed. When
the sample was annealed above 150°C, the intensity of the visible light luminescence decreases and
the ultraviolet exciton emission (377 nm) was exhibited. The UV intensity peaked at 300°C. The
change of the luminescence coincided with the decrease in the amount of H,O in ZnO, which was
analyzed using thermal desorption spectroscopy and infrared spectroscopy. Patterned monochromatic
UV cathodoluminescence imaging was demonstrated for microlines of the ZnO pattern for the
sample annealed at 300°C.

29)
J. Phys. Chem B.,108(40), 15536-15542 (2004)
Controlled one-step synthesis of nanocrystalline anatase and rutile TiO, powders by in-flight
thermal plasma oxidation
Y.-L. Li and T. Ishigaki

Advanced Materials Laboratory, National Institute for Materials Science

Highly crystallized TiO, nanocrystallites (10-50 nm in size) with controlled phase structures
(anatase and rutile) were synthesized using a one-step process. Flying TiC micrometer-size powder
was oxidized in Ar-O, and Ar-H,-CO, plasmas with various configurations used for injecting
oxygen into the reaction system. The oxide nanocrystallites formed were characterized by X-ray
diffractometry, Raman spectroscopy, and high-resolution transmission electron microscopy. The
TiO, nanocrystallites formed in the Ar-O, plasma consisted of isolated single-crystal particles of
anatase with spherical shapes and rutile grains crystallized in a hexagonal morphology. The fraction
of anatase increased greatly with the oxygen flow rate in the Ar-O, plasma. On the other hand,
oxidation of the carbide in the Ar-H,-CO, plasma gave exclusively pure rutile nanocrystallites,
regardless of the CO, concentration. Injecting oxygen at the plasma tail greatly reduced the size
of the nanocrystallites. These results suggest that both the size and the phase compositions of
nanocrystalline TiO, can be controlled using this thermal plasma oxidation process.



30)
Solid State Ionics, 172(1-4), 231-233 (2004)
Influence of Ar-H,-SF, plasma on the surface structure and electrochemical properties of
mesocarbon microbeads
J.-Y. Xu', H. Tanaka?, M. Kurihara?, S. Maruyama?®, Y. Moriyoshi? and T. Ishigaki!
'Advanced Materials Laboratory, National Institute for Materials Science, *Department of Materials Science, Hosei
University, *Device Development Center, TDK Corp.

The influence of Ar-H,-SF, plasma on the surface structure and electrochemical properties of
mesocarbon microbeads (MCMB) was studied by treating MCMB with Ar-H,-SF, radio-frequency
inductively coupled thermal plasma. The results demonstrated that the plasma-induced surface
modifications depend on the plasma conditions, especially the plasma pressure, and that the
electrochemical properties of plasma-treated MCMB depend on the rate of SF, flow.

31
Plasma Chem. Plasma Process., 24(4), 555-571 (2004)
In-flight spheroidization of alumina powders in Ar-H, and Ar-N, induction plasmas
R. Ye'2 T. Ishigaki?, J. Jurewicz!, P. Proulx' and M. 1. Boulos'
'Department of Chemical Engineering, University of Sherbrooke, 2Advanced Materials Laboratory, National Institute
for Materials Science

In-flight spheroidization of alumina powders in Ar-H, (H,~7.6%, vol/vol) and Ar-N, (N,-13.0%,
vol/vol) RF induction plasmas was investigated numerically and experimentally. The mathematical
model for the plasma flows incorporates the k-¢ turbulence model, and that for particles is the
Particle-Source-in-Cell (PSI-Cell) model. Experimental results demonstrate that spheroidized
alumina particles are produced in both Ar-H, and Ar-N, RF plasmas, with different particle size
distributions and crystal phases. Agreement between the predicted and measured particle size
distributions is satisfactory under high particle feed rate conditions, while the results obtained for the
Ar-H, plasma are better than those for the Ar-N, plasma. The discrepancy occurring in low feed rate
conditions suggests that particle evaporation is an important factor affecting the plasma-particle heat
transfer.

32)
Carbon, 42(15), 3229-3235 (2004)
Anomalous improvement of the electrochemical properties of mesocarbon microbeads by
Ar-H,-SF thermal plasma treatment
H. Tanaka'?, J.-Y. Xu!, M. Kurihara?, S. Maruyama?, N. Ohashi!, Y. Moriyoshi® and
T. Ishigaki’

'Advanced Materials Laboratory, National Institute for Materials Science, Device Development Center, TDK Corp.,
*Department of Materials Chemistry, Hosei University

Highly graphitized mesocarbon microbead (MCMB) powders, which consist of spherical artificial
graphite particles, were treated in Ar-H2-SF6 radio-frequency inductively coupled thermal plasma.
The results of X-ray diffractometry, scanning electron microscopy, Fourier transform infrared
spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy, and element analysis showed
that the plasma treatment greatly affected the surface structure and chemical composition of the
MCMB powders. Sulfur and fluorine could be incorporated into the particle by treating them with
plasma containing SF6, and this plasma modification improved the electrochemical properties of
the powders. A lithium-ion rechargeable cell with a negative electrode of plasma-treated powder
had a discharge capacity as much as 13% greater than that of a cell with a negative electrode of
untreated powder, while its irreversible capacity loss (ICL) was as much as 9% less. The specific
ICL calculated by dividing the ICL by surface area decreased as the BET surface area increased.
Furthermore, a new plateau near 2V was added to the discharge curve by treating the MCMB powder
with SF6 plasma but not by treating it with Ar-H,, Ar-N,, ArH -CO,, or ArN,-CO, plasmas. The



incorporation of sulfur and fluorine should be a key factor for the improvement of negative electrode
characteristics.
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Oxide carbide composites have excellent mechanical properties. However, the composites have
not been so extensively applied to industrial use because of the difficulty in pressureless sintering
of them. In our work, improvement of pressureless sintering of ZrC-Al,O, composites is shown.
Heating of bare green compact in an argon atmosphere gives a relatively low density of sintered
bodies. The charge of lattice constant of the ZrC phase, and chemical composition of sintered
bodies indicate the incorporation of oxygen into ZrC during firing. The oxygen-containing phase is
chemically denoted as ZrC(O), in which oxygen atoms are dissolved into the ZrC of the NaCl type
crystal structure. The incorporation is related to alumina evaporation during firing, that hinderes
densification. We examine preserving of particle size of ZrC powder during mixing and the alumina
encapsulation of specimens during firing to prevent evaporation of specimens and proceed the
sintering. Addition of MgO leads to further improvement of sintered density, i.e., the relative density
of ZrC25-A1,0, 75 vol% composite exceeded 98%. We discuss the pressureless sintering behavior
of ZrC(0)-AlLO, composites comparing it with that of TiC(O)-ALO, composites as we previously
reported.

34)
Trans. Mater. Res. Soc. Jpn.,29(8), 3395-3398 (2004)
Influence of Water Adsorption on Electrochemical Performance of Plasma Modified MCMB
Powders
H. Tanaka'?, Y. Moriyoshi’, M. Kurihara?, S. Maruyama? and T. Ishigaki?
'Hosei University, Department of Materials Science, 2TDK Corp,. R&D Center, *National Institute for Materials
Science, Advanced Materials Laboratory

Mesocarbon Microbeads (MCMB) powders, which are known to be highly crystallized carbon
materials and have a mean particle size of 11um, were treated in RF thermal plasmas. Through the
plasma treatment, the surface morphology, structure, and chemical composition of the powder were
modified. The plasma-induced modification made the surface of MCMB particles disordered, i.e.
the improvements in the thermal stability and electrochemical properties of the powders, such as
the discharge capacity and first discharge/charge efficiency as an anode in lithium-ion rechargeable
batteries. Powder obtained without air exposure showed further improvement in electrochemical
performance as anode materials.

35)
Trans. Mater. Res. Soc. Jpn., 29(8), 3415-3418 (2004)
Titanium dioxide nano-particles through thermal plasma oxidation of titanium nitride powders
T. Ishigaki', S.-M. Oh'?and D.-W. Park?
'Advanced Materials Laboratory, National Institute for Materials Science, ? Department of Chemical Engineering,
Inha University

Titanium dioxide nano-particles were synthesized by in-flight oxidation of micron-scale titanium

nitride powders using inductive thermal plasma. The reaction was carried out initially by surface
oxidation of titanium nitride, leading to core-shell composites with oxidized shells and titanium



nitride cores, followed by the gas phase synthesis of nano-sized titanium dioxide from vaporized
species. At deficient oxygen content, the black colored shell was mainly made up of rutile and
nano-sized powders solidified from vapor species co-existing with anatase and rutile. With an
increasing oxygen flow rate, the micron sized composites were rapidly oxidized, simultaneously
enhancing vaporization and size reduction. Spherical anatase crystals were obtained under excessive
oxygen input conditions.

36)
Jpn. J. Appl. Phys. Part 1, 43(2), 775-776 (2004)
Photocatalytic property and deep levels of Nb-doped anatase TiO, film grown by metalorganic
chemical vapor depostion
T. Miyagi,'* M. Kamei,' I. Sakaguchi,’ T. Mitsuhashi' and A. Yamazaki'?
'Advanced Materials Laboratory, National Institute for Materials Science, 2Department of Resource and Environmental
Engineering, School of Science and Engineering, Waseda University

A Nb-doped anatase TiO, (Nb: 5 at%) film was grown ona SrTiO,(001) substrate by metalorganic
chemical vapor deposition. Deep level transient spectroscopy analysis revealed that this film
possessed two kinds of deep levels due to the Nb ions, which were found to exist at 0.32 eV and 0.67
eV below the bottom of the conduction band. The photocatalytic activity of this film was low compared
with that of the undoped anatase film, suggesting that the deep levels acted as recombination centers
of photoexcited electron-hole pairs.

37)
Chem. Phys. Lett., 390, 399-402 (2004)
Charge separation at the rutile / anatase interface: a dominant factor of photocatalytic activity
T. Miyagi'?, M. Kamei', T. Mitsuhashi', T. Ishigaki! and A. Yamazaki'?
'Advanced Materials Laboratory, National Institute for Materials Science, *Department of Resource and Environmental
Engineering, School of Science and Engineering, Waseda University

Epitaxial and polycrystalline anatase .Ims were grown by pulse-powered magnetron sputtering. The
photoreduction of Ag ions showed the di.erence in the distribution of the photocatalytic active sites
in these .Ims. The polycrystalline anatase .Im was covered with an Ag layer. In contrast, discrete
Ag particles were interspatially deposited on the epitaxial anatase .lm. Evaluation of the epitaxial
Im by micro-Raman spectrometry revealed that the rutile coexisted at only the site where the Ag
particle was precipitated. These results suggest that the rutile/anatase interface is the active site for
photocatalysis and is one of the dominant factors of the photocatalytic activity.

38)
Trans. Maater. Res. Soc. Jpn., 29(8), 3423-3425 (2004)
Comparative study of TiO, anatase epitaxial and polycrystalline thin films grown by magnetron
sputtering
M. Kamei,'* T. Miyagi,'? T. Ogawa,® T. Mitsuhashi,’* A. Yamazaki,' T. Sato*and T. Ishigaki'

'Advanced Materials Laboratory, National Institute for Materials Science, *Department of Resource and Environmental
Engineering, School of Science and Engineering, Waseda University, * School of Engineering, The University of Tokyo,
Faculty of Science and Technology, Keio-Gijuku University

Comparative study of Epitaxial and polycrystalline anatase TiO, films grown by magnetron
sputtering has been performed in order to clarify the photocatalytic behavior of anatase material.
Only the polycrystalline anatase film showed a well-defined photocatalytic activity and the epitaxial
films (<001> and <204> oriented) hardly showed photocatalytic behavior despite the better
crystalline quality compared with that of the polycrystalline film. It was revealed that the anisotropy
in the effective mass and the surface roughness could be excluded from the major factor for



determining photocatalytic activity in this system. Since the major discrepancy between the epitaxial
films and polycrystalline films is the existence of the grain boundaries, further study focusing
on the grain boundary effects should be performed for the elucidation of the dominant factor for
photocatalytic activity in this system.

39)
Trans. Mater. Res. Soc. Jpn., 29(8), 3427-3430 (2004)
Preparation of nanocrystalline diamond in a low pressure inductivity coupled plasma
K. Okada, K. Kimoto, S. Komatsu and S. Matsumoto
Advanced Materials Laboratory, National Institute for Materials Science

A 13.56 MHz low pressure inductivity coupled CH,/CO/H, plasma has been applied to prepare
nanocrystalline diamond particles with several hundred nm in diameter. The low loss region of
electron energy loss spectra exhibits a bulk plasmon peak at 33 eV and a surface plasmon peak at
23 eV. The plasma diagnostics with a Langmuir probe reveals that the electron impact dissociation
of CO brings about the decrease in electron density leading to the simultaneous increase in electron
temperature and plasma potential.

40)
J. Phys. Chem. B, 108(1), 205-211 (2004)
Condensation of sp*-bonded boron nitride through a highly nonequilibrium fluid state
S. Komatsu!, K. Kurashima', Y. Shimizu?, Y. Moriyoshi®, M. Shiratani* and K. Okada'

'Advanced Materials laboratory, National Institute for Materials Science, *National Institute for Advanced Industrial
Science and Technology, Tsukuba Centrall, *College of Engineering, Department of Materials Science, *Hosei
University, Department of Electronics, Graduate School of Information Science and Electrical Engineering, Kyushu
University

Exceptionally highly crystalline sp’-bonded boron nitride showing Kikuchi lines in transmission
electron diffraction was formed by pulsed laser vaporization deposition assisted with synchronously
pulsated reactive plasma. Transmission electron microscopic observations indicated that a fluid-state
precursor material was generated by the high-power nanosecond laser at 193 nm. Other sp* and
sp*-hybridized nanostructures with exceptionally wide variations in density, reflecting the original
large density fluctuations, suggested that the precursor material was formed in the vicinity of the
thermodynamic critical point (CP). These results as well as the exceptionally fast growth rates
indicated a new mode of crystal growth, namely, the direct condensation of nonequilibrium-phase
crystals from the fluid state near the CP.

41)
J. Phys. Chem. B, 108(17), 5182-5184 (2004)
Electron field emission from self-organized micro-emitters of sp*>-bonded 5H boron nitride with
very high current density at low electric field
S. Komatsu!, A. Okudo?, D. Kazami?, D. Golberg!, Y.-B. Li!, Y. Moriyoshi?*, M. Shiratani® and
K. Okada’

'Advanced Materials Laboratory, National Institute for Materials Science, *College of Engineering, Department of
Materials Science, Hosei University, *Department of Electronics, Graduate School of Information Science and Electrical
Engineering

Electron field emission with high current density ~0.9 A/cm? at a low electric field of 8.6 V/um was
achieved by self-organized cone-shaped emitters with dimensions on the order of ~10 pm made
of sp?-bonded 5H boron nitride, which was grown by plasma-assisted chemical vapor deposition
with the assistance of 193 nm laser irradiation of the surface. The work function of this material
proved to be ~5 eV, whereas the geometrical field enhancement factor amounts to ~10° cm!. The



known robustness of sp*-bonded BN with its excellent electron emission characteristics and the
self-organization of emitter shaped structures may provide new applications for electron emitting
devices.

42)
J. Mater. Res. 19(3), 733-736 (2004)
Solution-based processing of Sc,0, nanopowders yielding transparent ceramics
J.-G. Li, T. Ikegami and T. Mori
Advanced Materials Laboratory, National Institute for Materials Science

A basic sulfate precursor [Sc(OH)SO,*2H,0] for well-sinterable Sc,0, powders was precipitated
from mixed solutions of scandium nitrate [Sc(NO,),] and ammonium sulfate [(NH,),SO,] at
room temperature and which was subsequently converted to Sc,0, via dehydroxylization and
desulfurization at temperatures =900 °C. With the reactive powders synthesized in this work,
polycrystalline Sc¢,0, ceramics showing high inline transmittances of approximately 70% in the
visible wavelength region (corresponding to ~90% of the theoretical value of single crystals) have
been fabricated via vacuum sintering at a relatively low temperature of 1700 °C.

43)
Acta Materialia, 52(8), 2221-2228 (2004)
Low temperature processing of dense samarium-doped CeO, ceramics: sintering and grain
growth behaviors
J.-G. Li', T. Ikegami'® and T. Mor#

!Advanced Materials Laboratory, National Institute for Materials Science, 2Ecomaterials Research Center, National
Institute for Materials Science

Samarium-doped CeO, is a leading electrolyte for applications in solid oxide fuel cells (SOFCs),
which requires a typical sintering temperature of 1400 1600 °C. By synthesizing reactive powders
via carbonate precipitation, fully dense CeQ, ceramics doped with 0 20 at.% of samarium have been
fabricated in this work via pressureless sintering at a significantly lowered temperature of 1000 °C.
The resultant ceramics show ultrafine grain sizes of ~0.15-0.75 um, depending upon the dopant
concentration. Sintering studies indicated that samarium doping retards both densification and grain
growth but increases the rate ratios of the two in the intermediate stage of sintering. Subsequent
investigations on the grain growth in the fully densified ceramics also showed the suppressing effects
of dopant, which tend to saturate at 10 at.% of samarium. The activation energy for grain growth
increased from ~186 to ~254 kJ/mol by raising the samarium concentration from 5 to 20 at.%.

44)
J. Am. Ceram. Soc., 87(3), 517-519 (2004)
Morphology change of undoped and sulfate-ion-doped yttria powders during firing
T. Ikegami,! J.-G. Li!, L. Sakaguchi' and K. Hirota?
'Advanced Materials Laboratory, National Institute for Materials Science, *Department of Molecular Science and
Technology, Doshisha University

Morphologic changes that occurred during firing in undoped and sulfate-ion-doped yttria powders
were examined in the present study. Clear scanning electron microscopy (SEM) images of uncoated
insulators were achieved and charging of electrons was avoided by observing small samples,
throughout which most of the electrons of the incident beam penetrated. SEM observation and firing
of the samples were repeated several times. Searching the observed areas or particles started at low
magnification, with the aid of photographs taken earlier. The sulfate-ion dopant inhibited volume
diffusion and/or grain-boundary diffusion, and then particle growth of the sulfate-ion-doped yttria
proceeded by surface diffusion or evaporation—condensation along with pore growth, which resulted



in collapse of the agglomerates of primary particles. Although most of the other particles exhibited
slight pore growth along with particle growth at temperatures as low as 800°C, a hardening of the
agglomerated particles, because of pore elimination by volume diffusion and/or grain-boundary
diffusion, occurred at temperatures >850°C

45)
J. Ceram. Soc. Jpn., 112(5), S41-S45 (2004)
Low-temperature synthesis of 10 mol% Gd,0,-doped CeO, ceramics and its characterization
Y. Wang!, T. Mori!, J. Drennan?, J.-G. Li* and Y. Yajima®
Eco-materials Research Center, National Institute for Materials Science, ? Centre for Microscopy and Microanalysis,
The University of Qeensland, ? Advanced Materials Laboratory, National Institute for Materials Science

10 mol% Gd,0,-doped CeQ, solid-solution (20GDC) powders have been synthesized via carbonate
coprecipitation using nitrates as the starting salts and ammonium hydrogen carbonate (AHC) as the
precipitant. Characterizations were achieved by elemental analysis, XRD, DTA/TG, and FESEM.
The thus-processed precursor is an amorphous hydroxyl carbonate with an approximate formula of
Ce,,Gd,,(OH)(CO,) 2H,0, which directly yield oxide solid-solutions upon thermal decomposition
at a very low temperature of approximately 430°C without any phase detected corresponding to
Gd,0,. The 20GDC oxide powder calcined at 700°C shows excellent reactivity and were densified to
>99% of the theoretical via pressureless sintering at a low temperature of 1150°C for 6 h. Electrical
conductivity of the densified ceramic was measured in air in the range 400-700°C by the DC
three-point method, and an activation energy of ~60.92 kl/mol was derived from the experimental
data.

46)
J. Ceram. Soc. Jpn., 112(5), S642-S648 (2004)
Influence of nano-structural feature on electrolytic properties of Gd doped CeO, solid
electrolytes
T. Mori!, J. Drennan?, Y. Wang!, G. Auchterlonie? and J.-G. Li*
"Ecomaterials Center, National Institute for Materials Science, *Centre for Microscopy and Microanalysis, The
University of Queensland, *Advanced Materials Laboratory, National Institute for Materials Science

Doped ceria (CeO,) compounds are fluorite type oxides which show oxide ionic conductivity
higher than yttria stabilized zirconia, in oxidizing atmosphere. As a consequence of this,
considerable interest has been shown in application of these materials for ‘low (500°-650°C)’
or ‘intermediate (650°-800°C)‘ temperature operation of solid oxide fuel cells (SOFCs). In this
study, the authors prepared Gd Ce, O, , (x=0.1, 0.15, 0.21, and 0.25) and Gd/Sr co-doped CeO,
[(Gd,(S1,,), 175C€0 5250, 505] SPECIMENS using carbonate co-precipitation method, in order to examine
the influence of nano-structural feature on electrolytic properties in the sintered bodies. And the
relationship between the microstructural feature in nano-scale and the conducting property in
those electrolytes were examined. A diffuse scatter was observed in the background of selected
area electron diffraction pattern recorded from all sintered bodies. In addition, all specimens had
extra spots in the selected area electron diffraction patterns recorded from sintered bodies. The
diffuse scatter means that coherent micro-domain with ordered structure is in the lattice. Extra
spots indicate the growth of micro-domain. From the comparison of calculated electron diffraction
patterns between fluorite structure and b-type rare earth structure, it is concluded that the structure
of micro-domain is distorted b-type rare earth structure or b-type related structure. From the
observation of high-resolution transmission electron microscope (HR-TEM), it is concluded that
the conducting property in Gd doped CeO, and Gd/Sr co-doped systems was strongly influenced by
the size of micro-domain with ordered structure. The conductivity in Gd, Ce, O, ., sintered body
with big micro-domain was lower than that in (Gd,Sr .), ,,Ce, .0, ,, sintered body with small
micro-domain. Therefore, the author concluded that domain control is a key for development of
doped CeO, electrolytes.



47)
J. Am. Ceram. Soc., 87(6), 1008-1013 (2004)
Sc¢,0, nanopowders via hydroxyl precipitation: effects of sulfate ions on powder properties
J.-G. Li,' T. Ikegami,! T. Mori,? and Y. Yajima,’
'Advanced Materials Laboratory, National Institute for Materials Science, ?Eco-material Research Center, National
Institute for Materials Science

Hydroxyl-type Sc,0, precursors have been synthesized via precipitation at 80°C with
hexamethylenetetramine as the precipitant. The effects of starting salts (scandium nitrate and
sulfate) on powder properties are investigated. Characterizations of the powders are achieved by
elemental analysis, X-ray diffractometry (XRD), differential thermal analysis/thermogravimetry
(DTA/TG), high-resolution scanning electron microscopy (HRSEM), and Brunauer-Emmett-Teller
(BET) analysis. Hard-aggregated precursors (7 -ScOOH-0.6H,0) are formed with scandium nitrate,
which convert to Sc,0, at temperatures =400°C, yielding nanocrystalline oxides of low surface
area. The use of sulfate leads to a loosely agglomerated basic sulfate powder having an approximate
composition of Sc(OH), (SO,),,'H,0. The powder transforms to Sc,0, via dehydroxylization and
desulfurization at temperatures up to 1000°C. Well-dispersed Sc,0O, nanopowders (~64.3 nm) of high
purity have been obtained by calcining the basic sulfate at 1000°C for 4 h. The effects of SO, >on
powder properties are discussed.

48)
J. Am. Ceram. Soc., 87(7), 1358-1361 (2004)
Monodispersed spherical particles of brookite-type TiO,: synthesis, characterization, and
photocatalytic property
J.-G. Li, C.-C. Tang, D. Li, H. Haneda and T. Ishigaki

Advanced Materials Laboratory, National Institute for Materials Science

Phase-pure brookite of high crystallinity, which was classically obtained via hydrothermal treatment,
has been synthesized under ambient pressure at 70°C via reacting a mixed solution of urea and
titanium (III) chloride (instead of the widely used titanium (IV) compounds). The resultant particles
are monodispersed spheres (~154 nm) composed of brookite nanocrystals (~25 nm), which are
stable in terms of phase purity and morphology up to ~500°C, above which a direct transition to
rutile occurred. The as-made powder has a high specific surface area of ~41.2 m?%g, which rapidly
decreased to ~9.7 m?*g after transforming to rutile at 700°C. The brookite powder shows good
catalytic property for the decomposition of acetaldehyde under UV radiation.

49)
Acta Materialia, 52(17), 5143-5150 (2004)
Brookite — rutile phase transformation of TiO, studied with monodispersed particles
J.-G. Lirand T. Ishigaki
Advanced Materials Laboratory, National Institute for Materials Science

TiO, is a polymorphic material (anatase, brookite, and rutile) of current interest for a variety of
tech}xological applications. Though the anatase — rutile transformation has been studied extensively,
the brookite transition has rarely been addressed up to date due to the difficulties encountered
in obtaining phase-pure brookite. The brookite — rutile transformation has been studied in this
work using monodispersed quasi-spherical particles (~154 nm, composed of phase-pure brookite
nanocrystals of ~25 nm) as a starting material. The transition mainly proceeds within the individual
particles in the temperature range 500 600 °C, without the positive detection of the anatase
polymorph. The transformation kinetics are best expressed by the “contracting spherical interface”
model in the studied temperature range, from which an apparent activation energy of 143.4 + 1.2
kJ/mol was derived. The rate parameter for the phase transition may be expressed as k=1.28 X
10%xp(-17248 + 144/T)st.



50)
Appl. Phys. A 80(4), 777-781 (2005)
Effects of rf bias voltage and H, flow rate on the growth of cubic boron nitride films by chemical
vaper deposition
J. Yu, S. Matsumoto and K. Okada
Advanced Materials Laboratory, National Institute for Materials Science

Cubic boron nitride (cBN) films were deposited by rf bias-assisted dc plasma-jet chemical
vapor deposition. Effects of H2 flow rate and bias voltage on the growth of the ¢cBN films were
investigated. High phase purity ¢cBN(over 90%) can be obtained in a wide range of H2 flow rates
of 5 10 sccm and bias voltages from -50 to ~100 V. Nearly phase pure ¢cBN films were deposited at
a H2 flow rate of 10 sccm voltages of —~60 V and —70 V. The deposited films were characterized by
Raman spectroscopy, Fourier-transform infrared spectroscopy, and glancing angle X-ray diffraction.
Raman peaks were observed for all the ¢cBN films, which indicate a good crystallinity of the films.

51)
J. Mater. Res., 20(2), 529-537 (2005)
Nanocrystalline TiO, powders synthesized by in-flight oxidation of TiN in thermal plasma:
Mechanisms of phase selection and particle morphology evolution
S.-M. Oh, J.-G. Li and T. Ishigaki

Advanced Materials Laboratory, National Institute for Materials Science

Titanium dioxide nanopowders were synthesized by in-flight oxidation of titanium nitride (TiN) in
radio-frequency (rf) induction thermal plasma. The powders were characterized by x-ray diffraction,
high-resolution transmission electron microscopy, field emission scanning electron microscopy,
Raman spectroscopy, and optical microscopy to reveal the mechanisms of phase selection and
particle morphology evolution. The reaction began with surface oxidation of TiN particles, leading
to the formation of core-shell composites with oxidized shells and TiN cores, followed by gas-phase
condensation of TiO, nanoparticles. Phase selection of the resultant TiO, powders was found to
largely depend on the oxidation potential of the thermal plasma rather than on the heat transfer
itself. Anatase content of the products increased steadily with increasing the O, input, and TiO,
nanoparticles (~50 nm) containing ~90% of anatase were obtained through O,/Ar plasma treatment.
Phase-pure rutile nanoparticles (~50 nm, on average) were also synthesized in H,/Ar plasma injected
with O, as the powder carrier gas.
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Sci. Technol. Advan. Mater., 6(2), 111-118, 2005
Controlling the synthesis of TaC nanopowders by injecting liquid precursor into RF induction
plasma
T. Ishigaki!, S.-M. Oh'?, J.-G. Li' and D.-W. Park?
'Advanced Materials Laboratory, National Institute for Materials Science, 2Department of Chemical Engineering, Inha
University

Thermal plasma processing has been used to synthesize nano-size powders through the condensation
of reactant species from a vapor phase. Further development of this synthesis method will require
the careful selection of an appropriate precursor and precise control of products species and their
particle sizes. Direct introduction of liquid mist into thermal plasma gives us a wider choice of
precursors than does vapor-phase precursor injection and lets us inject the precursors in larger
amounts. In the present work, nano-size tantalum carbide powder was prepared from a liquid
precursor, tantalum ethoxide Ta(OC,H,),, by using r.f. thermal plasma. The liquid precursor was
atomized to generate micron-sized mist droplets, and the mist was introduced into plasma. This
atomized precursor evaporated quickly in the high-temperature plasma flame, and nanoparticles
were formed as temperature decreased. The process was controlled by changing the hydrogen
addition, process pressure, carrier gas flow rate for mist injection, and quenching condition. Adding



hydrogen improved the powder quality by removing solid carbon, but excess hydrogen suppressed
the formation of tantalum carbide. The quenching conditions gave significant effects on the reduction
of particles size by two thirds and yielded average particle sizes as small as 8 nm.
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Controlled generation of pulse-modulated RF plasmas for materials processing
R. Ye!, T. Ishigaki'® and T. Sakuta?
! Advanced Materials Laboratory, National Institute for Materials Science, > Department of Electrical and Electronic
Engineering, Kanazawa University, * Author to whom any correspondence should be addressed.

Pulse-modulated radio frequency (RF) inductively coupled plasmas for materials processing
applications were generated using a voltage-control-type power source, and the operating ranges
for controlled generation were extended to sufficiently low shimmer power levels. When the plasma
was generated at atmospheric pressure and a high power level of 17 kW, the low power level
typically went down to about 4 kW for an Ar-H, plasma and 3 kW for an Ar-N, plasma, levels too
low to sustain the continuous plasmas. The overshoot and undershoot at the beginnings of power
change were reduced considerably by using an exponential voltage control signal. Spectroscopic
measurements of the radiation intensity of the Ar atomic spectral line (751.5 nm) showed that the
plasma temperatures varied with time and that the characteristic times of the plasmas depended on
the operating conditions and the position in the plasma generator. The characteristic times in the
discharge zone may be largely determined by the competition among ionization, recombination and
convection in the pulsed plasmas. The characteristic times estimated using an electron transportation
model are reasonably in line with those determined from measured emission intensities. The
difference between the plasma properties at the higher and lower power levels was large enough to
give rise to the nonequilibrium states at the instances of pulse-on and pulse-off, and to the increase
in the concentration of chemically active radical species. This offers a unique physico-chemical
condition for materials processing. The ranges of controlled generation were determined for the Ar—
H, and Ar-N, plasmas at pressures from 27 to 101 kPa.
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Strain-induced charge separation in the photocatalytic single crystalline anatase TiO, film
M. Kamei®, T. Miyagi® and T. Ishigaki!
' Advanced Materials Laboratory, National Institute for Materials Science, *Research Center, Asahi Glass Co. Ltd.

A single crystalline anatase TiO, film was grown on a LaAlO, substrate. Photocatalytic reduction
of Ag ions resulted in Ag precipitation on the surface of the film. The density and the morphology
of the Ag precipitation varied at the twin boundaries of the substrate. The anatase film should suffer
from the strain caused by this twinning and the strain distribution should be different in each twin
domains. Hence, this twin-domain dependent Ag precipitation is a possible clue for the electron—hole
charge separation centers induced by the stress concentration in the anatase film which act as active
sites for photocatalytic reaction.
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Reactive 10 mol% RE,O, (RE = Gd and Sm) doped CeO, nanopowders: Synthesis,
characterization, and low-temperature sintering into dense ceramics
J.-G. Li, Y. Wang?, T. Ikegami', T. Mori’ and T. Ishigaki'
'Advanced Materials Laboratory, National Institute for Materials Science, “Eco-materials Research Center, National
Institute for Materials Science

Nanoparticles of CeO, doped with 10 mol% of RE,O, (RE = Sm and Gd) have been synthesized
by the homogeneous precipitation method, employing nitrates as the starting salts and
hexamethylenetetramine as the precipitant. Characterizations of the powders were achieved by
elemental analysis, X-ray diffractometry (XRD), differential thermal analysis/thermogravimetry
(DTA/TG), field-emission scanning electron microscopy (FE-SEM), and Brunauer—-Emmett—Teller
(BET). Sinterability of the powders was studied in air via dilatometry and isothermal sintering. Lightly
hydrated crystalline solid solutions with the pre-determined stoichiometry were formed directly
during precipitation, as were shown by the above characterization techniques and a leaching test with
hydrochloric acid. The maximum doping level achieved by this synthetic procedure was found to be
~22 at.% for Sm** and ~24.4 at.% for Gd**. The best annealing temperature for the powders intended
for sintering is 400 °C, at which major dehydration has occurred without significant crystallite
growth and hard-aggregates formation. Fully dense ceramics (>99%) with ultrafine microstructures
(~117 134 nm) have been fabricated via pressureless sintering for 4 h at a low temperature of 1000 °C.
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Modeling of transient nonequilibrium phenomena in an inductively coupled plasma under pulsed
power conditions
R. Ye and T. Ishigaki
Advanced Materials Laboratory, National Institute for Materials Science

A time-dependent two-temperature model is developed to simulate the behavior of an argon radio
frequency plasma under transient nonequilibrium conditions, with emphasis to shed light on
the temporal and spatial evolution of the nonequilibrium phenomena occurring in pulsed power
plasmas. The results show that the effects of changes in input power on the thermal nonequilibrium
and the ionization nonequilibrium are most noticeable at the early stages of pulse on and off. The
observed deviation from thermal equilibrium during pulsation is more pronounced in the fringes
of the plasma and near the wall of the torch. In the central region, the influenceis less significant
and the plasma remains in a quasilocal thermal equilibrium state. The temporal evolution of the
ionization nonequilibrium does not keep pace with that of the thermal nonequilibrium, and the
relaxation process of the electron number density is slower and smoother. The effects of operating
conditions on the transient behavior of the nonequilibrium situations under pulsed power conditions
are also examined. It indicates that, for materials processing, a pulse duration between 2 and 10 ms is
adequate for rf plasmas operated in pulse-modulated mode
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Pyrogenic Iron(I1l)-Doped TiO, Nanopowders Synthesized in RF Thermal Plasma: Phase
Formation, Defect Structure, Band Gap, and Magnetic Properties
X. H. Wang!, J.-G. Li', H. Kamiyama'?, M. Katada® N. Ohashi', Y. Moriyoshi? and T. Ishigaki'
"Advanced Materials Laboratory, National Institute for Materials Science, ? Department of Materials Chemistry, Hosei
University, ® Graduate School of Science, Tokyo Metropolitan University

Iron(Il)-doped TiO, nanopowders, with controlled iron to titanium atomic ratios ( RFe/Ti) ranging

from nominal 0 to 20%, were synthesized using oxidative pyrolysis of liquid-feed metallorganic
precursors in a radiation-frequency (RF) thermal plasma. The valence of iron doped in the TiO,,



phase formation, defect structures, band gaps, and magnetic properties of the resultant nanopowders
were systematically investigated using Mo ssbauer spectroscopy, XRD, Raman spectroscopy,
TEM/HRTEM, UV-vis pectroscopy, and measurements of magnetic properties. The iron doped in
TiO, was trivalent (3+) in a high-spin state as determined by the isomer shift and quadrupole splitting
from the Mo"ssbauer spectra. No other phases except anatase and rutile TiO, were identified in the
resultant nanopowders. Interestingly, thermodynamically metastable anatase predominated in the
undoped TiO, nanopowders, which can be explained from a kinetic point of view based on classical
homogeneous nucleation theory. With iron doping, the formation of rutile was strongly promoted
because rutile is more tolerant than anatase to the defects such as oxygen vacancies resulting from
the substitution of Fe + for Ti + in TiO,. The concentration of oxygen vacancies reached a maximum
at RFe/T1) 2% above which excessive oxygen vacancies tended to concentrate. As a result of this
concentration, an extended defect like crystallographic shear (CS) structure was established. With
iron doping, red shift of the absorption edges occurred in addition to the d-d electron transition of
iron in the visible light region. The as- prepared iron-doped TiO, nanopowders were paramagnetic in
nature at room temperature.
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Synthesis and Characterization of Nano-Hetero-Structured Dy Doped CeO, Solid Electrolytes
Using a Combination of Spark Plasma Sintering and Conventional Sintering
T. Mori!, T. Kobayashi', Y. Wang', J. Drennan?, T. Nishimura?, J.-G. Li* and H. Kobayashi*

"Bcomaterials Center, National Institute for Materials Science, *Centre for Microscopy and Microanalysis, The
University of Queensland, *Advanced Materials Laboratory, National Institute for Materials Science, “Faculty of
Engineering, Saitama University

Doped ceria (CeO,) compounds are fluorite-type oxides that show oxide ionic conductivity higher
than yttria-stabilized zirconia in oxidizing atmosphere. As a consequence of this, considerable
interest has been shown in application of these materials for "low" (500°-650°C) temperature
operation of solid oxide fuel cells (SOFCs). To improve the conductivity in dysprosium (Dy) doped
CeO,, nano-size round shape particles were prepared using a coprecipitation method. The dense
sintered bodies with small grain sizes (<300 nm) were fabricated using a combined process of spark
plasma sintering (SPS) and conventional sintering (CS). Dy-doped CeOQ, sintered body with large
grains (1.1 um) had large micro-domains. The conductivity in the sintered body was low (-3.2 S/cm
at 500°C). On the other hand, the conductivity in the specimens obtained by the combined process
was considerably improved. The micro-domain size in the grain was minimized using the present
process. It is concluded that the enhancement of conductivity in dense specimens produced by the
combined process (SPS+CS) is attributable to the microstructural changes within the grains.
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Synthesis of Anatase-Type TiO, Nanocrystallites Via a Redox Route
J.-G. Li and T. Ishigaki

Advanced Materials Laboratory, National Institute for Materials Science

Anatase nanocrystallites showing high surface area (~62 m?*g) and good photocatalytic property
have been obtained by pyrolyzing at 600°C for 4 h an ammonium titanyl double sulfate precursor
(@-(NH)),TiO(S0,),) synthesized via a redox approach, that is, by oxidizing an aqueous solution of
titanium trichloride (TiCl,) with ammonium peroxodisulfate ((NH,),S,0,), followed by reacting with
ammonium sulfate (NH,),SO,).



60)
J. Euro. Ceram. Soc. 26 (4-5), 417-422 (2006)
Synthesis, characterization and sinterablity of 10 mol% Sm,O,-doped CeO, nanopowders via
carbonate precipitation
Y. Wang', T. Mori!, J.-G. Li%, Y. Yajima? and J. Drennan’
'Ecomaterials Center, National Institute for Materials Science, 2Advanced Materials Laboratory, National Institute for
Materials Science, *Centre for Microscopy and Microanalysis, The University of Qeensland

A carbonate coprecipitation method has been used for the facile synthesis of highly reactive 10 mol%
Sm,0,-doped CeO, (20SDC) nanopowders, employing nitrates as the starting salts and ammonium
hydrogen carbonate (AHC) as the precipitant. The AHC/RE* (RE = Ce + Sm) molar ratio (R) and
the reaction temperature (T) affect significantly the final yield and precursor properties, including
chemical composition and particle morphology. Suitable processing conditions are T = 60 °C and
R =5.0 10, under which precipitation is complete and the resultant precursors show ultrafine particle
size, spherical particle shape, and good dispersion. Thus, the processed precursors are rare-earth
carbonates with an approximate formula of Ce  Sm ,(CO,) ,21.8H,0, which directly yield oxide
solid-solutions upon thermal decomposition at a low temperature of ~440 °C. The 20SDC solid
solution powders calcined at 700 °C show excellent reactivity and have been densified to ~99% of
the theoretical via pressureless sintering at a very low temperature of 1200 °C for 4 h.
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TiO, nanopowders via radio-frequency thermal plasma oxidation of organic liquid precursors:
Synthesis and characterization
J.-G. L, H. Kamiyama'?, X.-H. Wang!, Y. Moriyoshi® and T. Ishigaki'
'Advanced Materials Laboratory, National Institute for Materials Science, *Department of Materials Science, Hosei
University, V

TiO, nanopowders have been synthesized via Ar/O, thermal plasma oxidation of titanium butoxide
(TBO) solutions stabilized with diethanolamine (DEA). Experiments were conducted by varying
the O, input in the plasma sheath (10 90 L/min) and the DEA/TBO molar ratio (R), while keeping
the plasma generation power at 25kW and the reactor pressure at 500 Torr. The resultant powders
are mixtures of the anatase and rutile polymorphs in the studied range, whose anatase content and
crystallite size exhibit weak dependence on the O, input at a fixed R. Increasing R decreases the
anatase content, signifying the role of CO gas, generated via oxidation of the organic precursor,
on the phase structure. FE-SEM and TEM analysis show that the resultant powders contain
majority of nanoparticles (<50 nm) and some large spheres (>100 nm), whose size and/or number
tends to decrease at a higher O, input, leading to gradually increased specific surface area.
Raman spectroscopy reveals no significant differences in the crystallite size and oxygen-vacancy
concentration of the nanocrystals by varying the O, input.
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Phase Structure and Luminescence Properties of Eu**-Doped TiO, Nanocrystals Synthesized by
Ar/O2 Radio Frequency Thermal Plasma Oxidation of Liquid Precursor Mists
J.-G. Li, X.-H. Wang, K. Watanabe and T. Ishigaki

Advanced Materials Laboratory, National Institute for Materials Science

Eu’*-doped TiO, luminescent nanocrystals have been synthesized in this work via Ar/O, thermal
plasma oxidizing mists of liquid precursors containing titanium tetra-n-butoxide and europium(III)
nitrate, with varied O, input in the plasma sheath (10-90 L/min) and Eu** addition in the precursor
solution (Eu/(Ti + Eu) ) 0-5 atom %). The resultant nanopowders are mixtures of the anatase
(30-36 nm) and rutile (64-83 nm) polymorphs in the studied range, but the rutile fraction increases
steadily at a higher Eu* addition, as revealed by X-ray diffraction (XRD) and Raman spectroscopy,



because of the creation of oxygen vacancies in the TiO, gas clusters by substitutional Eu* doping.
The amount of Eu** that can be doped into a TiO, lattice was limited up to 0.5 atom %, above
which Eu,Ti,0, pyrochlore was formed in the final products. High resolution transmission electron
microscopy (HRTEM) observation indicates that the particles are dense and have sizes ranging from
several nanometers up to 180 nm. Efficient nonradiative energy transfer from the TiO, host to Eu™*
ions, which was seldom reported in the wet-chemically derived nanoparticles or thin films of the
current system, was confirmed by combined studies of excitation, UV-vis (ultraviolet-visible), and
PL (photoluminescence) spectroscopy. As a consequence of this, bright red emissions were observed
from the plasma-generated nanopowders either by exciting the TiO, host with UV light shorter than
405 nm or by directly exciting Eu* at a wavelength beyond the absorption edge (405 nm) of TiO,.
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RF plasma processing of Er-doped TiO, luminescent nanoparticles
J.-G. Li!, X.-H. Wang!, H. Kamiyama', T. Ishigaki!, T. Sekiguchi?
'Advanced Materials Laboratory, National Institute for Materials Science, 2Nanomaterials Laboratory, National Institute
for Materials Science

The synthesis of Er-doped TiO, nanoparticles is made in this work by Ar/O, thermal plasma
oxidation of a liquid precursor containing titanium butoxide and erbium nitrate, with varying Er’*
addition and O, input. Characterizations of the powders are achieved by chemical analysis, XRD,
SEM, TEM, and EDS. The results show that the resultant powders are mixtures of anatase and
rutile, whose anatase content increases at a higher O, input or at a lower Er** addition. The crystallite
sizes of both anatase and rutile tend to decrease at a higher O, input, but anatase is always much
finer than rutile. Er** cations are hardly dissolved in the TiO, lattice but mainly formed Er,Ti,O,
pyrochlore, which tend to coexist with the rutile-rich larger (>60 nm) particles in the powder. The
synthesized particles show good cathodoluminescence at ~1530 nm due to ‘T ,, — *I ., transition of
the electronic structure of Er*.
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Growth mechanism for carbon nanotubes in a plasma evaporation process
T. Watanabe!, T. Notoya’, T. Ishigaki?, H. Kuwano?®, H. Tanaka® and Y. Moriyoshi®
'Department of Environmental Chemistry and Engineering, Tokyo Institute of Technology, *Advanced Materials
Laboratory, National Institute for Materials Science, *Department of Materials Chemistry, Hosei University

Carbon nanotubes (CNTs) were synthesized through raw-material evaporation and condensation
in RF thermal plasmas to investigate co-condensation process of the vapor mixture of carbon and
metals. Addition of 10 wt.%-Ni was the most effective for the CNT synthesis, while Co, Fe, Mo,
LaB6 had poor activity. These metal combinations presented synergy effect for the CNT formation.
The combinations of Ni—Co, Ni-Fe, and Ni-LaB6 provided more effective activity in the CNT
synthesis. Furthermore, the CNT growth mechanism from the vapor mixture of carbon and metals
was discussed. Heterogeneous condensation model and carbon-metal molten model were selected as
the CNT growth model.
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Influence of Ar-H,-SF, thermal plasma treatment of MCMB powders on the anode properties of
a lithium-ion rechargeable battery
H. Tanaka', M. Kurihara?, J. -Y. Xu', N. Ohashi', S. Maruyama?, Y. Moriyoshi® and T. Ishigaki!
tAdvanced Materials Laboratory, National Institute for Materials Science, ?Device Development Center, TDK Corp.,
SDepartment of Materials Science, Hosei University

The surface structure and the anode performance of lithium-ion rechargeable batteries, made with
MCMB and Ar-H,-SF, plasma-treated powders, have been studied under comparative conditions. The
treatment process, producing surface modification and the introduction of sulfur and fluorine into the
particles by the Ar-H,-SF, plasma, greatly improved the electrochemical properties of the powder. The
lithium-ion rechargeable cell with plasma-treated powder anode had a discharge capacity as much
as 13% greater than the untreated powder anode cell, while its irreversible capacity loss (ICL) was
as much as 14% less. The intended function of the incorporated sulfur and fluorine, and the surface

modification, were their contributions to anode properties improvement.
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Fe-doped TiO, nanopowders by oxidative pyrolysis of organometallic precursors in induction
thermal plasma: synthesis and structural characterization
X. H. Wang!, J.-G. Li!, H. Kamiyama? and T. Ishigaki’
'Advanced Materials Laboratory, National Institute for Materials Science, *Department of Materials Science, Hosei
University

Undoped and Fe-doped TiO, ultrafine powders with dopant concentration ranging from 0.05% up
to 20% (Fe/Ti atomic ratio), have been readily fabricated by induction thermal plasma processing
through the oxidative pyrolysis of organometallic precursors dissolved in ethanol in an attempt
to obtain high-performance photocatalyst. Energy dispersive spectroscopy (EDS) investigation
indicates that the Fe/Ti atomic ratios can be kept as in the solution precursors. The synthesized
powders consist of spherical particles with mean size of about 40 nanometers. No other phases
but anatase and rutile, are identified in the synthesized ultrafine powders. Iron doping remarkably
prompts the preference of TiO, phase formation for rutile to anatase, suggesting that iron ions are
prone to be doped in rutile structure. Upon iron doping, the absorption edge shifts to visible light
region as indicated by diffuse reflectance UV-vis spectra.
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Improved UV Emission of Zinc Oxide through Hyrogen Doping in Pulse-Modulated High-Power
ICcp
T. Ishigaki', N. Ohashi', H. Taguchi* R. Ye!, H. Haneda', and S. Ito?
'Advanced Materials Laboratory, National Institute for Materials Science, >Department of Pure and Applied Chemistry,
Tokyo University of Science

Pulse-modulated high-power inductively coupled plasma (PM-ICP) as a radical source of high
flux density was utilized to improve the UV emission efficiency of ZnO. The irradiation of
argon-hydrogen PM-ICP plasma gave the improvement of the UV emission at 380 nm. The
relationship between the treatment condition and the emission properties was examined with respect
to hydrogen dissolution. When treated in the tail plasma flame with adequate cooling, the specimen
showed the intense UV emission. The control of heat flux by mixing nitrogen gas to the hydrogen
containing plasma also had a favorable influence on the UV emission.
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Wavelength-Sensitive Photocatalytic Degradation of Methyl Orange in Aqueous Suspension over
Iron(IIl)-Doped TiO, Nanopowders under UV and Visible Light Irradiation
X. H. Wang}, J.-G. Li',H. Kamiyama?, Y. Moriyoshi?,and T. Ishigaki'
!Advanced Materials Laboratory, National Institute for Materials Science, *Department of Materials Chemistry, Hosei
University

Well-crystallized iron(IIl)-doped TiO, nanopowders with controlled Fe** doping concentration
and uniform dopant distribution, have been synthesized with plasma oxidative pyrolysis. The
photocatalytic reactivity of the synthesized TiO, nanopowders with a mean particle size of 50~
70 nm, was quantified in terms of the degradation rates of methyl orange (MO) in aqueous TiO,
suspension under UV (mainly 365 and 316 nm) and visible light irradiation (mainly 405 and
436 nm). The photodecomposition of MO over TiO, nanopowders followed a distinct two-stage
pseudo-first-order kinetics. Interestingly, the photocatalytic reactivity depends not only on the iron
doping concentration, but also on the wavelength of the irradiating light. Under UV irradiation,
nominally undoped TiO, had much higher reactivity than Fe’*-doped TiO,, suggesting that Fe**
doping (> 0.05 at%) in TiO, with a mean particle size of approximately 60 nm was detrimental
to the photocatalytic decomposition of methyl orange. Whereas, under visible light irradiation,
the Fe’*-doped TiO, with an intermediate iron doping concentration of ~1 at% had the highest
photocatalytic reactivity due to the narrowing of band gap so that it could effectively absorb the light
with longer wavelength. A strategy for improving the photocatalytic reactivity of Fe**-doped TiO,
used in the visible light region is also proposed.
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Synthesis of c-BN films by using a low-pressure inductively coupled BF ~He-N,-H, plasma
H. Yamamoto!, S. Matsumoto! K. Okada', J. Yu' and K. Hirakuri?
!Advanced Materials Laboratory, National Institute for Materials Science, *Faculty of Science and Engineering, Tokyo
Denki University

Cubic boron nitride (c-BN) films were synthesized by low-pressure inductively coupled
radio-frequency plasma (ICP) chemical vapor deposition (CVD) from a gas mixture of
borontrifluoride (BF,), nitrogen, hydrogen and helium. BN films containing 50-80% cubic phase
were obtained under 100 mTorr and at 7501050 °C of substrate temperature. Substrate bias voltage
required to obtain c-BN decreased down to — 20 V with increasing substrate temperature. The
adhesion was also improved at high substrate temperatures as compared with those obtained in the
B,H~Ar-N~H, gas system, probably because of the decrease of bombarding energy and chemical
effects of fluorine for selective deposition of c-BN.
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Controlled synthesis of alumina nanoparticles using inductively coupled thermal plasma with
enhanced quenching
R. Ye, J.-G. Li, and T. Ishigaki

Advanced Materials Laboratory, National Institute for Materials Science

Synthesis of alumina nanoparticles in an Ar~O, inductively coupled radio frequency (if) plasma
controlled by axial quench gas injection was investigated. The flow and temperature fields for
various quench gas flow rates in the plasma reactor, as well as the corresponding quench rates, were
predicted using a renormalization group (RNG) k-¢ turbulence model. Nanosize alumina particles
were synthesized from the vapor phase by oxidation of aluminum in the plasma. The collected
products were characterized by means of field emission scanning electron microscopy (FE-SEM),
dynamic light scattering (DLS), and BET surface area analysis. The dependences of particle size and



shape on the injection position and the flow rate of the quench gas were discussed.
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Crystallized TiO, film growth on unheated substrates by pulse-powered magnetron sputtering
M. Kamei and T. Ishigaki

Advanced Materials Laboratory, National Institute for Materials Science

Crystallized TiO, films were successfully grown in-situ without heating by bipolar-pulse sputtering
method at high deposition rates (~40nm/min). The optical emission study of the sputtering
plasma during growth revealed that the “pulse geometry” had a great influence on the electron/ion
temperature of the plasma. It was revealed that the crystallization and the accompanying
enhancement in the photocatalytic activity were not caused by the “temperature effect” but caused
by the “plasma effect”.
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Discovery of the Deep Level related to Hydrogen in Anatase TiO,
T. Miyagi'?, M. Kamei!, T. Mitsuhash! and A. Yamazaki'*
'Advanced Materials Laboratory), National Institute for Materials Science 2Department of Resource and Environmental
Engineering, School of Science and Engineering, Waseda University

Deep level transient spectroscopy was carried out to investigate the origin of deep level in the
band gap of anatase-TiO,. Epitaxial anatase-TiO, films were grown on SrTiO,(100) substrate by
metal-organic chemical vapor deposition (MOCVD) and reactive pulse magnetron sputtering (PMS).
The MOCVD-film had two deep levels located at 0.52 and 0.85 eV below the conduction band. On
the other hand, this 0.5¢V deep level was not observed in the PMS-film. However, by adding the
CH, or H, to the sputtering gas, this 0.5eV deep level was observed in the PMS-film. Moreover, the
peak of this deep level became definite with an increase in the concentration of additional hydrogen,
suggesting that the origin of this deep level was hydrogen.
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