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Study on Environmental Oxide Materials
- (ruthenium, titanium) based compounds -

This report summarized the results of Environmental Oxide Materials Group during April, 1999 to March
2003. The research was focused on the evaluation and search of the new useful functions relating to the photo

response, ion conductivity, or catalytic property, mainly in (ruthenium-titanium) based compounds.

- The immiscibility in the binary components ( Ti * and Ru **with very close ion fadii Ywas discussed from
a view of crystal chemistry to derive the importance of the bond angle (O-M-O) consideration.

+ A method of kinetic analysis of crystallization processes in amorphous oxides was proposed. This method
characterize unambiguously the crystallization process and are used in the kinetic diagram. This diagram helps to
visualize the complexity of the crystallization process and provides a useful tool for the determination of the most
suitable kinetic model.

* The use of emanation thermal analysis in the microstructure characterisation of environmental oxide materials
and their precursors was reviewed. Mathematical modelling and evaluation of the ETA results characterising
thermal behaviour of porous titania films is presented.

« Iron family transition metal ions were implanted into polycrystalline films of anatase. The positions of light
absorption edges of the films depended on the type of transition metal ions. In this respect, Mn ions induced the
widest change from UV to visible light range.

+ The photoluminescence (PL) was observed with a broad luminescence band centered at about 2.3 eV for the
excellent epitaxial structure of anatase film. A DLTS measurement was precisely performed for this anatase film.
The activation energy and the large capture cross section of the two deep levels were estimated on the spectrum.
The frequently quoted “self-trapping” model of the PL of anatase samples should be re-considered, because of
the Stokes shift value of the PL (0.9¢V) and the ultra fast charge transfer analysis using femto-second laser pulses.

+ It was shown by means of a NMR study, that Na;xRusOy is useful for electrode of Na battery, and the H
substituted one may be a good proton conductor below nearly 500K.

* RuO;, MRuO; (M: Sr, Ba La), La 35Ru;0;3, NaRuyOo, Naj RusOg, TiO,, M,TicOq3 (M: Na, K, Rb) and
KxGaysx Ti16.x0s6 (x=1.2) were prepared for the heat capacity measurement from 300 to 820K. The normalized Cp
difference between Ru- and Ti-oxides may be mainly attributed to the lower Debye temperatures and larger
anharmonic terms of the former compounds. The large anharmonic terms may be relating to the prominent
contribution of 4d electrons and unique characteristics in Ru-based oxides. Thermal diffusivity and mechanical
properties of RuO, thin films were evaluated by femto-second TRG method.

+ It was found that a position-controlled high-speed hydrophilic to hydrophobic transition is possible on single
crystalline anatase-TiO, surfaces applying a new * wet rubbing’ method

*The new synthetic methods have been developed for producing ruthenium perovskites LaRuO; and
LassRusOy; of large surface areas. It was revealed that these materials, which are sustainable up to 950
°C at least, exhibits the excellent catalytic properties for the reduction of NOx and the oxidation of
methane and soot at the low temperatures, and the promising candidates for environmental catalysts.
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Fig.2.2.1. Unit-cell diagram of stishovite crystal structure. The
shared and unshared edges are 2.2903A and 2.66554,
respectively. The apical and equatorial Si-O distances are
1.8087A and 1.75724, respectively. Data are from Ref, 22.
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Fig.2.2.3. Variation of the O-M-O angle of SiO2 and RuO2 at
high pressure. Data are fromRef. 5 and 6
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high pressure. Data are from Ref. 6 and 7.
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Fig.2.3.1. Variation of cell volume with M cation radius for

the clinopyroxenes MSiO3.Data are from Syono et al.(1971).
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the InAIMO4. Data are from Kimizuka et al.(1990).
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Fig.2.3.7. Variation of a(A) dimension plotted against the
chemical composition for Mg(Ga,In)204 and Zn(Ga,In)204
spinels. Data for Mg(Ga,In)204 are from Moriga et al.(1999).
Data for Zn(Ga,In)204 at 1 atm and 6GPa are from Kimizuka
et al.(1990) and Ohashi et al.(in prep.), respectively.
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Fig.2.3.9. Variation of cell volume with M cation radius for
the AgM(PO3)3. Data are from Avebuch-Pouchot and
Durif(1983).
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2.2 KINETIC STUDY OF NANO-
CRYSTALLIZATION IN AMORPHOUS
OXIDES

Introduction

Oxide ceramics are one of the promising
materials for advanced technologies. They can be
fabricated by sintering nano-crystalline powders
prepared by thermal treatment of amorphous
oxides. There are two main reasons for studying
kinetics of this crystallization process. One reason
is the practical importance of the ability to predict
kinetic behavior. A good knowledge of crystal
growth kinetics is extremely important in order to
prepare ceramic material with defined properties.
Another reason is related to an understanding of
underlying mechanism corresponding to the
kinetic process. In the first case we can find a
suitable mathematical description for most
crystallization processes and, therefore, we may be
able to optimize the crystallization in order to
obtain final material with well defined properties.
In the second case, however, things are more
complicated and the exploration the crystallization
mechanism is an uneasy task where a careful study
including several complementary experimental
techniques and morphological observation is
needed.

During the last 8 years the kinetics of the
crystallization process in amorphous oxides has
been studied extensively in our laboratory by DSC,
especially for ZrO, [1,2], ZrO,-Y,05 system [3],
RuO, [2,4], and TiO,-RuO; system [5]. The aim of
this paper is to analyze the limits of applicability
of the Johnson-Mehl-Avrami model for the
description a complex crystallization process in
amorphous  zirconia under non-isothermal
conditions.

Theoretical part

The crystallization rate of amorphous
material can be expressed as a differential change
of the fractional conversion o (0 £ o £ 1) with
time (do/dt). A general rate is then written in
differential form as:

(da’dt)=K(T)- f(@) )

By integrating Eq.(1), the following equation is
obtained:

% da

¢(@=]25

@ = ’J'K(T)dt )

where K(T) is a temperature dependent rate
constant and f(ct) is an algebraic expression of the
kinetic model.

The crystallization kinetics of amorphous
material is usually described in the form of
nucleation-growth kinetic model (JMA) that have
been formulated by Johnson and Mehl {6] and
Avrami [7] (see Table 1). It should be noted that
the JMA model is valid in isothermal conditions
for homogeneous nucleation or heterogeneous
nucleation at randomly dispersed second-phase
particles. The growth rate of the new phase should
be controlled only by temperature, being
independent of time [8], and anisotropy of the
growing crystals should be low [9]. It has been
shown that the validity of the JMA model can be
extended in non-isothermal conditions if the entire
nucleation process takes place during the early
stages of the crystallization and becomes
negligible afterward [8,10]. The crystallization
rate is then defined by temperature only and does
not depend on the previous thermal history. The
situation is even more complicated in
crystallization processes where the crystallites are
spatially constrained, they exhibit irregular shapes,
polydispersity, preferred orientations, etc. [2]
Under such circumstances, it is reasonable to
expect some deviations from the JMA model.
This idea led to formulation of empirical kinetic
model containing the smallest possible number of
kinetic exponents, so that there is yet some
flexibility sufficient to describe real data as closely
as possible. It can be shown that these
requirements are fulfilled in the case of two-
parameter Autocatalytic model (AC) [11-13] (see
Table 1).

Table1 The kinetic models

Model f{ar)
Nuclez(iﬁ\c/)lrzigrowth m(1- a){— ln(l— a)]l—l/m
Autocatalytic Mf1_ WV
(AC) a”(1-a)

It is well known that the kinetic
parameters of K(T) and f(ar) function are mutually
correlated. Therefore, it seems to be hardly
posssible to determine the kinetic model and all
kinetic parameters by non-linear regression
analysis of experimental data. For this reason it is



The shape and symmetry of the kinetic
curve defined by Eq.(1) strongly depends on
experimental conditions. However, the function
f(a)) should be invariant in this respect. It can
easily be separated from K(T) function. In
isothermal conditions the function flo) is
proportional to the crystallization rate (do/dt):

f(@) < (da/dt) ©)

In non-isothermal conditions the temperature

dependence of the rate constant should be assumed.

It is frequently written in a simple Arrhenius form:
K(T)= A.exp(-E,/RT), where A, is the
preexponential factor and E, is the apparent
activation energy. Thus, in non-isothermal
conditions the function f(o) is proportional to the
crystallization rate and the Arrhenius exponential
term:

f(@)« (da/dt)-exp(E, / RT) @)

The shape of the f(a) function is very useful,
though it does not provide an unambiguous
determination of kinetic model [14]. This can be
done in combination with another function defined
as f(a).g(a) and obtained by combining Egs.(1)
and (2). In isothermal conditions such function can
be written as:

f(@) g(@)<(da/dt)-t (5)

In non-isothermal conditions, assuming Arrhenius
rate constant the temperature integral in Eq.(2) is
proportional to ~ K(T)-T% therefore, the function
f(o).g(or) can be written as follows [15,16]:

f(@)-g(a) < (da/dt)-T? (6)

The maxima of the f{a) and f(a).g(o) function are
characteristic features that can be used for the
kinetic model determination. This is shown in
Fig.1 where the typical maxima for the JMA and
AC model are given. This type of plot is called
here the kinetic diagram. It is evident that the
maximum of the f(a).g(o) function for the JIMA
model is constant being equal to 0.632 while the
maximum of the f(a) function depends on the
value of kinetic exponent m being equal to
l-exp(m™-1) as shown by the solid line. The
maxima for the AC model strongly depend on the
kinetic exponents M and N as shown by broken
lines. The whole area of the kinetic diagram can
be covered by the suitable combination of M and
N parameters provided that the maximum of the
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f(a).g(a) maximum

f(a) is lower than for the fla).g(a) function. This
condition can be considered to be a theoretical
limit for any kinetic model (dash-dot line in Fig.1).

0.6 4

f(a) maximum

Fig.1 The kinetic diagram showing the differences between
the kinetic models. The broken lines correspond to the
different values of kinetic exponents of the AC model.
Points connected by the solid line represent the JMA
model. The kinetic exponents M,N and m are indicated by
numbers.

The method of kinetic analysis outlined
above has a general validity and it can be used for
any type of kinetic data and for most of the f{a)
functions. The kinetic diagram is especially
effective in the case of a systems that exhibit a
complex behavior. Such behavior is observed for
example in the case of the crystallization kinetics
in amorphous oxides [1-5]. In the following
sections we will show the applicability of this
method to the crystallization of amorphous and
partially crystalline zirconia.

Experimental part

An amorphous zirconia was prepared by
precipitating a 0.1M stirred aqueous solution of
ZrOCL.8H,0 with a 1M solution of ammonia
added slowly at room temperature. The
precipitated hydrated zirconia was washed, filtered
and vacuum dried at R.T.

This partially dried amorphous powder
(residual water content 13.7 %) was used to DSC
measurements of crystallization kinetics in a dry
nitrogen flow. Non-isothermal DSC curves were
obtained in the range of 30-500°C at heating rates
2, 5, 10, 15 and 20 K.min". The crystallization
rate at a given temperature (dov/dt); is proportional
to the heat flow measured at the same temperature
¢;, normalized per sample mass:

(da/dt), = ¢,/ AH, )



Heat flow (W.g™)

where AH; corresponds to the enthalpy change
associated with the crystallization process. It was
found to be 175 + 5 J.g™ for as-prepared ZrO,. The
fractional conversion o can be easily obtained by
partial integration of DSC crystallization peak:

T
1 i
o =——\|¢-dT ®)
" AH, T;[
Crystalline phase identification was

performed by using X-ray diffraction (XRD). The
morphology of amorphous and partially
crystallized samples was examined by SEM and
HRTEM.

Results and discussion

Fig.2 shows the DSC curves for as-prepared
amorphous sample (A) and partially crystallized
samples (B-G) of amorphous zirconia powder
obtained under non-isothermal conditions (heating
rate: 20 K.min'). Partially crystallized samples
were prepared by annealing of as-prepared
zirconia powder at different temperatures for 1
hour (see Table 2). There is a distinct shift of the
crystallization peak to lower temperatures with
increasing crystallinity of the sample. This is
probably due to the fact that the nucleation process
is supressed in partially crystalline samples and
thus the =zirconia nanocrystals grow from
preexisting nuclei [1].

20 K.min™

T
480

=
460

420 440
Temperature (°C)

T
400

Fig.2 DSC curves of amorphous sample (A) and partially
crystallized ZrO, samples (B-G). The thermal treatment is
shown in Table 2.

Another feature of DSC data shown in Fig.2 is a
substantial change of the crystallization peak
symmetry that affects considerably both the f(a)
and f{a).g(ar) function.
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Table 2 Partially crystallized zirconia samples prepared
by annealing at T}, for 1h

Sample | T, (°C) | Partial crystallinity

A - -

B 340 8%
C 360 19%
D 365 22%
E 367 25%
F 370 42%
G 375 66 %

These functions calculated using Egs.(4) and (6)
are shown in Fig.3. The apparent activation energy
was found to be 26411 kJ-mol” for sample A,
and 234+4 kJ-mol™ for sample F [1].

F A

0.8+

0.6 4

f(a)

0.4 4

0.21

0.0 T v T T T
0.0 02 0.4 0.6 08 1.0

0.8

o
o
1

o
K
L

f(o).g(e)

0.2

0.0 T v T T T
00 0.2 04 0.6 0.8 1.0

Fig.3 The f(a) and fa)g(e) plots corresponding to
amorphous zirconia sample (A) and partially crystallized
sample (F).

It is evident that the maximum of the fo)g(a)
function for sample A is shifted to considerably
lover values of a than predicted for JMA model



f(o)g(o} maximum

o
o
1

@
=
il

o
i
:

(i.e. o < 0.632). Nevertheless, there is a shoulder
that appears close to this value. This rather
complicated shape of the f{a)g(c) function for the
sample A could be explained assuming that there
is non-negligible nucleation during the crystal
growth for a < 0.5. At higher conversion, however,
zirconia crystals are growing from a practically
constant number of nuclei. In contrast, the
behavior of partially crystallized sample is quite
different. The maximum position of the f{a)g(a)
function well corresponds to the prediction of for
the JMA model. Almost linearly shaped f{a)
function suggests that the kinetic exponent should
be close tom = 1.

A complex crystallization behavior of the
sample A and all partially crystallized =zirconia
samples B-G can be visualised in the kinetic
diagram shown in Fig.4.

m
1 1.5 2 345
T L T T T
F@® G JMA model |
®E 5
(]
N
@C ,,‘-(\6“\
s
L)
@B
.A‘/,/&“
0.2 . VA . : . \
0.0 0.2 04 0.6 0.8

f(c) maximum

Fig.4 The kinetic diagram for the crystallization of
amorphous and partially crystalline zirconia (see Table 2).

The basic part of the diagram is redrawn from
Fig.1. The area confined by by solid lines
corresponds to the JMA model. It is assumed that
the typical experimental inaccuracy in maxima of
the (o) and f{a)g(a) function is + 0.02. The total
area of the diagram corresponds to the AC model.
Therefore, the autocatalytic model is a plausible
mathematical description of all kinetic models
discussed.

It is evident that the amorphous sample A
exhibits fast self-accelerated crystallization and,
therefore, the corresponding point in the kinetic
diagram is located near the theoretical limit. This
self-acceleration process gradually slows down in
partially crystalline samples (< 25%) as the system
approaches the region where the JMA model can
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Heat flow (J.g")

be applied (= 42 %). The kinetic exponent m is
close to 1, which well corresponds to nearly linear
dependence of the f(a) function. This value of m
is expected in the case of the growth of very small
particles dispersed in amorphous matrix.

The HRTEM observations revealed that a
great number of randomly distributed tetragonal
zirconia nanocrystals (approx. 13 nm in size) are
formed after heat treatment of as prepared powder
[1]. Similar crystal size was estimated from the
corrected halfwidth of (011) XRD peak (1545 nm).
The Rietveld analysis of XRD data confirmed [17]
that the structure of crystalline phase is very
similar to high temperature of tetragonal ZrO, [18].

It is obvious that the non-isothermal
crystallization in amorphous amorphous zirconia
and partially crystalline samples (< 42%) reveals a
complex behavior that cannot be interpreted in
terms of the JMA nucleation-growth model. As
anticipated above the JMA model is valid under
non-isothermal  conditions only when the
nucleation process takes places during the early
stages of transformation, and it becomes negligible
during the grystal growth. This seems to be
consistent with the fact that the crystallization
process in partially crystallized sample F well
corresponds to the JMA model. In this case one
can expect that the nucleation process is over and
the crystals are growing from a practically
constant number of nuclei as has been anticipated
above. The difference of 37 kJ-mol” between the
value of E, for amorphous and partially crystalline
sample is probably associated with the fact that the
nucleation process is no longer operative for a
partially crystallized sample.

A
w20 K.min
3 -
2 -
14
2 L
o
04 -,'.vi.'?.'\'o(’.‘ :'A;AVA"‘_‘:ihx A 2
400 420 440 460 480

Temperature (°C)

Fig.5 Experimental DSC data (points) and calculated
curves (solid lines) for the AC model.




As we have pointed above, the complex
crystallization process in amorphous zirconia
(sample A) can be described well by the AC
model. This is shown in Fig. 5 where the non-
isothermal DSC data for amorphous sample are
compared with theoretical prediction. The curves
in Fig. 5 were calculated by using Eqgs.(1) and (7)
for kinetic parameters: M = 0.58 + 0.08, N = 1.35
+0.05, E, = 264 + 11 kimol”, In (A/s™") = 41.8 +
0.1 and AH, = 157 + 3 I.g"'. The same kinetic
model is applicable for partially crystallized
samples too. The kinetic exponents corresponding
to the best fit of experimental data are summarized
in Table 3.

Table 3 The kinetic exponents for the AC model
calculated for amorphous sample (A) and partially
crystallized zirconia samples (B-G).

Sample M N
A 0.58 +£0.08 1.36 £ 0.05
B 0.58 +0.06 1.23 £0.05
C 0.48 £0.06 1.15+£0.02
b 0.39+0.06 1.15+£0.02
E 0.10+0.10 1.10 £ 0.10
F 0.09 +0.04 1.14 £0.04
G 0.10+0.08 1.00 £ 0.10
1.0
o 0.8
L]
N
*§ 0.6 4
&3
c
g 0.4 -
Q
o
L.
0.2 §
@
0.0 ? T H T T
320 340 360 380 400

Temperature {°C)

Fig.6 Temperature dependence of the fraction crystallized
for amorphous ZrO, annealed isothermallly for 1 hour.
Points coorespond to experimental data and solid line were
calculated by Eq.(9).

The AC kinetic model can also be used to
predict the crystallization kinetics under
isothermal isochronal conditions. This is shown in
Fig.6 where the experimental data and calculated
o-T plots are compared.
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Direct isothermal measurement of
crystallization kinetics of the sample A is
practically impossible as the exothermic
crystallization effect is overlapped with
endothermic effect corresponding to to the release
of residual water retained in amorphous powder.
Therefore, the experimental data were obtained by
annealing of sample A in a DSC cell at various
temperatures for 1 hour. These samples were
subsequently quenched to room temperature and
measured at heating rate 10 K.min™'. The fraction
crystallized during isothermal treatment was
estimated from the following equation: o = (AH, -
AH)/AH,, where AH; is the crystallization
enthalpy measured after annealing. The theoretical
curve was calculated by using following equation
that can be obtained by integration of Eq.(1) for
the AC model:

fTég—T=A'exP(” Ea)'t (9)
a” (1-a) RT

It is seen that the AC model provides a reasonably
good prediction for oo 2 0.2, but apparently fails
for lower fractions crystallized. This seems to be
consistent with a complex character of
crystallization process in amorphous zirconia.

Conclusions

A method of kinetic analysis of
crystallization processes in amorphous oxides is
proposed. This method is based on the f(o) and
flo)g(a) plots that can easily be obtained by a
simple transformation of experimental data. Their
maxima  characterize  unambiguously  the
crystallization process and are used in the kinetic
diagram. This diagram helps to visualize the
complexity of the crystallization process and
provides a useful tool for the determination of the
most suitable kinetic model.

It seems that the nucleation and crystal
growth processes are overlapped at the beginning
of crystallization of amorphous ZrO,. As a
consequence, the JMA nucleation-growth model
cannot be used under non-isothermal conditions.
On the other hand, it is shown that the two-
parameter AC model provides a reasonably good
prediction both in non-isothermal and isothermal
conditions.

In the case of a partially crystallizes ZrO,
sample (crystallinity > 42 %) the Johnson-Mehl-
Avrami model can be applied for the kinetic
exponent m = 1 that probably corresponds to the
crystal growth of very small particles (nano-
crystals) dispersed in amorphous matrix. Such
nano-crystalline tetragonal zirconia phase has been



confirmed by HRTEM (=13 nm) and XRD (=5
nm).

Acknowledgment

This work was supported by the Cross-
over Research Project of Nuclear Energy;
promoted by The Ministry of Education, Culture,
Sports, Science and Technology of Japan.

References

[1] J. Malek, T. Mitsuhashi, J. Ramirez-
Castellanos, Y. Matsui, J. Mater. Res. 14,
1834 (1999).

[2] J. Malek, T. Mitsuhashi, J.M. Criado, J.
Mater. Res. 16, 1862 (2001).

[3] J. Malek, S. Matsuda, A. Watanabe, T.
Ikegami, T. Mitsuhashi, Thermochim. Acta
267, 181 (1995).

[4] J. Malek, A. Watanabe, T. Mitsuhashi,
Thermochim. Acta 282-283, 131 (1996).

[5] J. Malek, A. Watanabe, T. Mitsuhashi, J.
Therm. Anal. Cal. 60, 699 (2000).

[6] W. A. Johnson, R.F. Mehl, Trans. Am. Inst.
Miner. Eng. 135, 419 (1939).

[7] M. Avrami, J. Phys. Chem. 8, 212 (1940).

[8] D. W. Henderson, J. Non-Cryst. Solids 30,
301 (1979).

[9] M.P. Shepilov, D.S. Baik, J. Non-Cryst.
Solids 171, 141 (1994).

[10] T. Ozawa, Bull. Chem. Soc. Jpn. 57, 639
(1984).

[11]J. Sestak, G. Berggren, Thermochim. Acta 3,
1(1971),

[12] M.E. Brown, Thermochim. Acta 300, 93
(1977).

[13] W.L. Ng, Aust. J. Chem. 28, 1169 (1975).

[14] J. Mélek, Thermochim. Acta 138, 337 (1989).

[15] J. Malek, Thermochim. Acta 200, 257 (1992).

[16] J. Malek, Thermochim. Acta 355, 239 (2000).

[17] J.Malek, L. Bene§, T. Mitsuhashi, Powder
Diff. 12, 96 (1997).

[18] G. Teufer, Acta Crystallogr. 15, 1187 (1962).

Jif Malek

Department of Physical Chemistry
University of Pardubice

Czech Republic

Fx

14



2.3. USE OF EMANATION THERMAL
ANALYSIS IN THE MICROSTRUCTURE
CHARACTERIZATION OF ENVIRONMENTAL
OXIDE MATERIALS

Abstract

The use of emanation thermal analysis in the
microstructure  characterisation of environmental
oxide materials and their precursors is reviewed.
Mathematical modelling and evaluation of the ETA
results characterising thermal behaviour of porous
titania films is presented.

Introduction
Emanation Thermal Analysis (ETA) [1-3] is based on
the measurements of the release of inert (radioactive)
gases from previously labelled solid sample during
heating under controlled conditions. The release of
inert gases makes it possible to monitor changes in
surface area, morphology and crystal structure of solid
samples under ,in situ” conditions of their heat
treatment. The inert gas atoms are serving in the ETA
as the nanostructure probe of the materials. The
processes of the interaction of solids with gases,
liquids or other solid components were investigated by
ETA in numerous systems{1]. The high sensitivity of
the ETA towards order—disorder structure transitions,
sintering, corrosion of solid surfaces, processes of
radiation damage and its annealing , alteration and
degradation of materials surfaces,etc. has been
demonstrated in[1,2]. The ETA results were
complementary to the results of DTA,TG, XRD,
surface area, porosity ,optical and electron microscopy
characteristics of the samples.

of thermal

Principles emanation

application

analysis

In our investigations[4] the emanation thermal
analysis (ETA) involved measurements of radon
release rate from oxide materials. As the solids we
investigated did not naturally contain radon, it was
necessary to label the samgles. The samples were
labeled by adsorption of **Th and *Ra from the
acetone solution containing traces of ***Th and ***Ra
nitrates. The specific activity after sample labeling
was 10° Bg/g. Atoms of *’Rn were formed by the
spontaneous a- decay of **Th and *Ra. The **Ra
and °Rn atoms were incorporated into the samples
due to the recoil energy (85 keV/atom), which the
atoms gain by the a-decay. The maximum depth of
20Rn penetration into titania and ruthenia based
materials was 80 nm as calculated using TRIM code
[5].Thorium ***Th (half-life 1.9 years) represents a
quasi-permanent source of radon *°Rn (half-life 55
seconds). The release of radon atoms from the
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samples was measured continuously under "in-situ"
conditions of the sample treatment [1].

The ETA measurements were performed on samples
during heating in a selected gas medium( argon, air,
hydrogen containing argon) and at a selected heating
rate  ( e.g. 6K/min). The ETA equipment was
developed at Nuclear Research Institute Rez,plc (CZ)
in cooperation with Netzsch Ltd., Selb (Germany).
During ETA measurements the labeled samples
(‘amount 0.1 g Ywere situated in a corundum crucible
being overflowed by the selected gas (flow-rate 40
ml/min), which carried the radon released from the
sample into the measuring chamber of radon
radioactivity[1].

Background of materials diagnostics based on ETA
It is supposed that **Th and “*Ra do not migrate in
the solid. If no chemical or physical changes take
place in the solid studied under quasi-stationary
conditions the total emanating power E 1orap is
composed by three terms, namely Eg , Ep, and Eg.
The term £, of the emanating power due to recoil can

be expressed as

Er=K,S$, (1)
where K; is a temperature-independent constant, that
depends on the path of the recoiled gas atoms in the
solid, and S; is external surface area (involving the
surface roughness) of the sample. The path of recoiled
atoms of radon is dependent on the “nuclear stopping
power” of the sample material (for details see [1] page
29). Expression (1) is valid for isolated grains of the
solid that are larger than the path of the recoiled radon
atoms. For finely dispersed solids, the constant K
depends on the dispersity and morphology of the
sample, on the shape and size of the grains.

The term E, of the emanating power due to the inert
gas diffusion in the inter-granular space and open
pores can be expressed as

Ep=K3$, 2
where K, is a constant that depends on temperature,
and S, is the internal surface area of the sample.

The term Eg of the emanating power due to
the inert gas diffusion in the solid matrix of the
sample can be expressed as

Es=K; {(D/A)""*}S, 3)
where K; is a temperature-independent constant,
(D/A)'? =Ly is diffusion length, A is radon decay
constant (0.01272 s) ,D is radon diffusion coefficient,
D=Dyexp(- Q/2RT), Q is activation energy of radon
diffusion in the solid, R is molar gas constant, 7 is
absolute temperature and S; is surface area



representing the sum of the cross sections of all
diffusion paths, such as dislocations, grain boundaries,
etc. The total emanating power Erprs measured
experimentally can be expressed as a sum of the terms

Eroral=ExtEptEs 4)
Each of the terms characterises different properties of
the surface and subsurface layers of the sample.
Radon atoms served as a diffusion structural probe in
the microstructure characterisation of dispersed and
disordered solids.

Principles of radon use as diffusion structural probe
It was assumed that solids contain various types of
defects ( structure irregularities), which might serve as
channels for radon diffusion. The changes in the radon
diffusion mechanism taking place during heating may
reflect the microstructure changes of the intermediate
products. Taking into account that the diffusion length
Lp of radon increases with the temperature it is
supposed that the thickness of the near surface layers
to be characterized by ETA on heating can vary from

the depth of several crystallographic distances (approx.

1nm) to 100nm, into which radon atoms were
incorporated by recoil.

In the ETA experiments the rate of radon released
from solids is measured. It is considered that in the
range from room temperature up to 0.2 T, (T, is
melting temperature in absolute scale) the radon
release rate is due to the diffusion along subsurface
irregularities in the depth of several crystallographic
distances called “damage diffusion”. Annealing of the
surface roughness and subsurface  structure
irregularities is characterised as the decrease of the
radon release rate in the corresponding temperature
range. The mechanism of random “single jump”
diffusion is considered for radon migration in the
temperature range 0.2-0.5 T,,. The decrease in the
radon release rate ,E, may indicate such processes as
the thermal annealing of the microporosity, collapse
of inter-laminar structure and/or sintering. The abrupt
decrease of the radon release rate observed on the
ETA curves can be described in the modelling by
symmetric or asymmetric descending functions [6]. In
the temperature range above 0.5T, the radon
diffusion length increased, so that it exceeds the sum
of the recoil penetration depths for Ra and Rn.

The function W(T) was suggested[6]for the
description of the change of number of defects, which
can serve as traps for radon atoms. The number of
radon diffusion paths is changing during heating of
the sample.In the temperature range approximately up
to 0.2 T, the function W(T) describes the change of
number of the near surface defects serving as iraps
for radon atoms. During heating to temperatures
exceeding this range the radon atoms escaped from
the traps as the result of their annealing and diffused
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to the sample surface. The decrease of E observed on
the ETA curve characterised the near surface defects
annealing process.

In the temperature range 0.2-0.5 T, the ¥(T) is
describing the annealing of surface roughness and/or
the collapse of porous structure. It may correspond to
the function describing the changes of surfaggjarea or
opened porosity determined by the B.E.T. method.

In the modelling of the radon migration in the solids
the product D(T).WW(T) was used for the description of
the annealing of the defects ,phase changes or other
solid state transitions ( see Expression 5). In this case
the function W(T) reflects the change of the number of
radon diffusion paths during heating. The function
D(T)  reflects the change of radon diffusion
permeability of the average radon transport path. Thus,
the product D(T).WW(T) represents the change of radon

permeability in all diffusion paths participating in

process.
If solid state transitions in bulk of materials take place
it is supposed that a series of intermediate metastable
structures may be formed, considerably varying in the
number of radon migration paths, in their permeability
for radon atoms ,as well as in the surface area
accessible for gas release. In order to evaluate the
ETA results different mechanisms for radon diffusion
were considered,e.g. parallel diffusion in two channels,
parallel diffusion with exchange of inert gas atoms
between channels, parallel diffusion with exchange of
inert gas atoms between channels and defect
concentration change and/or consecutive diffusion
mechanism in several channels.
In the presence of solid state transitions the
temperature dependence of emanating power E toraL
can be schematically expressed as:
Etorar = Er +2Z Dy(T).Wy(T), )
where Ep is the emanating power due to recoil. The
emanation power due to radon diffusion is
determined by D(T) and W(T) functions,
characterising the diffusion and microstructure
changes in the respective temperature intervals.
Modeling and evaluation of ETA results
The ETA results were evaluated by means of the
mathematical model[6], supposing that nano-pores
and subsurface structure defects served as paths for
radon diffusion.
Following expression was used for the modeling of
the temperature dependencies of the emanating rate
Ep ,due to diffusion
Ep=(3/y)(cothy—{1/y}) ©)
where y (T)=(S/M) p/ (D/A)"?, S/M is surface area
of open pores , inter-granular space and of interfaces
serving as radon diffusion paths,p is density of the



sample, (D/A)"is average radon diffusion length. D is
radon diffusion coefficient and A is radon decay
constant .

In the case that the number of radon diffusion paths
and/or surface area decreases on heating, the structural
function W(T) has descending character, whereas if
the number of radon diffusion paths increases during
the sample heating, the structural function ¥(T) has
increasing character. Several expressions for W(T)
functions were recently proposed [6] for the
description of changes of the structure defects in
solids. The descending character of the W(T) function
can be expressed by Eq.(7)

1~ Tm
T
T2
T

Y(T)=0.5|1+erf @)

where erf is the sign for the integral Gauss function,
T, is the temperature of maximal rate of the annealing
of the defects which serve as radon diffusion paths,
A is the temperature interval of the respective solid
state process.

Temperature dependencies of radon release rate, Ep
due to diffusion, were calculated by using Eq.(6).
Temperature dependencies of W(T) functions,
characterizing the annealing of surface and subsurface
structure defects, were calculated by using Eq.(7).

ETA results characterising thermal behaviour of
environmental oxides

Microstructure development of ruthenium oxide and
ruthenia —titania based finely dispersed powders
during heating their precursors

Ruthenium oxide RuO, has been proposed as the
catalyst for several catalytic reactions of technological
and environmental importance. It is well known as a
corrosion resistant material possessing a metal-like

conductivity and excellent thermal resistance
characteristics. We used the ETA results to
characterise the microstructure development of

ruthenia based materials during heating of their
precursors in the temperature range 20-600 °C[7].
Differential scanning calorimetry (DSC), differential
thermal analysis(DTA), thermogravimetry (TG),X-ray
diffraction (XRD), electron microscopy as well as
surface area measurements have been used for the
characterization of intermediate and final products of
the thermal treatment of the precursors. A good
agreement of the results obtained by various methods
was found.
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It is well known that ruthenia- based materials with
various content of titania can be prepared by the
thermal treatment of oxides or hydrous oxides in
suitable gas environments.In order to use the optimal
conditions for the heat treatment of ruthenia-based
materials precursors it was necessary to investigate
microstructure changes taking place during their
heating.The thermal behavior of hydrous oxides
(RuO,)«-(Ti03)14°nH,O0 and dehydrated oxides
(Ru0,),~(Ti02);, resp. (x 1, 0.9, and 0.7) was
characterized on heating in argon and argon + 10%
hydrogen, respectively[8,9].The samples were heated
in the range 20-600 °C at the constant heating rate
6 K/min. From TG and DTA results the temperature
intervals of dehydration and/or reduction of ruthenium
dioxide into Ru metal were determined. The ETA
results brought about the information about surface
area development and the annealing of the subsurface
structure defects, serving as radon diffusion paths [9] .

The resuits of ETA were compared with the results of
TG ,DTA, X-ray powder diffraction (XRD) and
transmission electron microscopy (TEM).

In the study published in [10] we used TG and DTA
to investigate oxidation behavior of RwTiO, and
metallic Ru fine particles on heating in air in the range
20 -1000 °C. The oxidation for two Ru/TiO, samples
with the composition (92 wt. % Ru, 8 wt. % TiO,) and
(75 wt. % Ru, 25 wt. % TiO,) and for pure metallic
Ru fine particles agglomerates, respectively was
characterized , and the temperature ranges of the
oxidation were determined. It was assumed that after
the partial oxidation of Ru in the sample containing 75
wt. % Ru and 25 wt. % TiO, and in the pure metallic
Ru a diffusion barrier was formed, preventing further
oxidation of Ru in RwRuO, and Ru/RuQ,/Ti0O,
matrices{10]. XRD and TEM were also used for the
samples characterization.

Preparation of titania- based materials

ETA was used in the preparation of titania based
photosensitive materials by heating of hydrous titania
and titania containing 10 % of ruthenia [11]. The ETA
results of TiO,.nH,0 and  (Ti0,)00-(Ru0,)e,; nH,0,
used as precursors for titania based materials, are
presented in [11].As it follows from the comparison of
ETA, TG DTA, XRD, TEM, and surface area results,
the ETA made it possible to monitor the
microstructure changes under in situ conditions of
heat treatment and to determine the optimised
conditions for the preparation of photosensitive
materials based on titania.

The surface area of the sample heated to 300 °C was
S=148.4 m?%g, it decreased to S$=89.7m%g after
heating to 500 °C. At the temperatures of 4.0 °C and
500 °C, resp. a partially crystalline anatase phase was
detected by XRD. In the titania sample heated to
800 °C, well developed crystals of anatase of the size
~0.1 um were observed (S = 41.6 m%/g).



The ETA results obtained during heating of the
hydrous precursors of the titania-based materials
(TiO2)09-(RuO;)o.; and (Ti0;)o7-(RuO,)o3 and their
evaluation by mathematical modeling were published
in [12].The ETA results were in agreement with the
results of parallel TG/DTA measurements, as well as
with surface area, XRD and TEM characteristics of
the samples heated to selected temperatures in the
range 400-800 °C. The differences in the diffusion
mobility of radon atoms reflected the different atomic
transport properties of the respective samples in this
temperature range Moreover, the transport properties
of the (TiOy)po -(RuO,)e; and its intermediate
products prepared after heating to selected
temperatures 380, 580 and 980 °C were assessed
[11]using the values of the activation energy Q of
radon diffusion determined from the plot log (E-Eys)
vs. (1/T).

Characterisation of porous titania thin films and
their precursors

Thermal behaviour of sol-gel prepared hydrous titania
gel thin films was studied by ETA, TG and DTA [13].
It was found that the dehydration takes place in the
temperature range 30 — 250 °C followed by thermal
decomposition of organic molecules remaining in the
sample from Ti -iso-propoxide. Annealing of porosity
and surface irregularities of dehydrated titania layers
deposited on silica glass was indicated by ETA in the
temperature range 255 - 440 °C. The temperature of
500 °C was recommended for the preparation of
consolidated polycrystalline anatase layers [13].
Microstructure development of porous titania films on
heating in various gas environment was characterised
by ETA in order to obtain supplementary information
to that which was published in[14].From the results
of XRD and SEM published in[14]it followed that
titania films heated at 500°C/2 hours in oxygen were
porous, of anatase structure, and contained micro-
cracks on the surface.The ETA results published in
[15] characterized the microstructure development of
porous titania films in the range 20-900 °C under in
situ heating in argon and oxygen, respectively .The
differences in the thermal behavior of the samples
observed on heating in these gas environments were
assessed and evaluated[16] from the ETA results.
Fig.1 presents both experimental ETA results( curves
1 and 2) and the theoretical curves ( curves 1’ and
2”)describing the radon mobility in the samples on
heating.

We assumed that the increase of the radon release rate,
E, observed on both curves 1 and 2 , Fig.1 in the
temperature range 50-250 °C  was due to the radon
diffusion along structure irregularities in surface and
subsurfacelayers. The random “single jump” diffusion
mechanism of radon was supposed to control the
radon release in this temperature range. From Fig.1 is
followed that the slopes of the ETA curves 1 and

2 ,Fig.1 slightly differed in this temperature range.
The reduced slope of the curve 2 (observed during the
sample heating in oxygen)as compared to curve 1
(obtained on sample heating in argon) reflected the
decreased amount of radon diffusion paths. The
annealing of structure irregularities and porosity in
the titania films in the respective gas environment was
characterized by the decrease of the radon release rate,
E, observed on further heating of the samples in both
argon and oxygen in the ranges of 250-800°C and
250-550 °C ,respectively ( see Fig .1 curves 1 and 2).
From Fig.l it followed a good agreement of the
mathematical modeling with the experimental ETA
results in the range 50-550 °C on heating in argon and
in the range 50-370 °C on heating in oxygen. Fig.2
presents the temperature dependencies of the
functions W(T),that characterize annealing of
subsurface structure defects serving as radon diffusion
paths. The maximal rates of the annealing of structure
irregularities in the titania films samples were reached
at temperatures of 604 °C and 402 °C, when heated in
argon and oxygen, respectively. The ETA results are
in agreement with the findings of other authors[17]
who measured by elipsometry the thickness of the sol-
gel made titania films heated 800 °C. XRD and SEM
results presented in [14] confirmed that the titania
films preserved anatase structure after the heat-
treatment to 800 °C both in argon or oxygen. It was
observed[14] that grain size growth took place in
anatase film sample heated to 800°C/ 5 hours in

nitrogen.The grain growth in sol-gel prepared porous
titania thin films heated to 800 °C was observed also
by other authors [18] .This is in agreement with the
above

break observed 870°C on curve 1,
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Fig. 1. ETA experimental results of porous titania
films measured on heating in argon (curve 1)
and oxygen (curve 2) compared  with
theoretical curves characterizing temperature
dependence of radon mobility in the samples
when heated in argon ( curve 1°) and oxygen
(curve 2°).

Fig.1 ,indicating the decrease of structure defects due
to the grain growth of the anatase film. Moreover, the



enhanced release of radon observed in the temperature
range above 750°C, due to radon diffusion in bulk
indicated that above this temperature grains growth or
sintering of titania grains is likely to take place. The
effect of various gas environment and of Zn-ions
implantation on porous titania films microstructure
was characterized by means of ETA in [19].

¥(T) rel. units
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0.8 -
0.6
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00
200
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Fig. 2 Temperature dependencies of the W(T)
functions characterizing the annealing of
subsurface structure irregularities of porous
titania films during heating in argon(curve 1)
and oxygen(curve 2)

A mathematical model used for the microstructure
development evaluation made it possible to
quantitatively describe the annealing of porosity and
subsurface structure defects of the anatase films, as
enhanced on heating in oxygen in comparison with the
heating in argon

Advantages of ETA use and recommendations

The ETA made it possible to investigate processes
that were not accompanied by thermal effects or mass
changes, such as sintering of powdered or geleous
samples.The information obtained by ETA was in
agreement with results of other methods.

The ETA made it possible to reveal even fine changes
in poorly crystalline or amorphous solids. Continuous
monitoring of surface changes at elevated
temperatures was carried out by ETA without the
necessity of interrupting the heat treatment and
cooling the sample to liquid nitrogen temperature as it
is required with adsorption method of surface area
measurements .ETA results indicated the formation
of intermediate phases with metastable surface at
elevated temperatures, which was not possible to
observe by adsorption measurements.The ETA
applications in the field of advanced environmental
oxide materials achieved in the frame of the co-
operation of National Institute for Materials Research,
Tsukuba with Nuclear Research Institute,ReZ,plc were
published in numerous publications[4,7-13,16,19]
and presented in international meetings[20-25 ].
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Figure 1. SEM micrographs of TiO2 films on silica glass sub-
strates from views of tilted (70° off normal to the surface) and
top; (a) as-sintered, (b) 60keVZn+-implanted at an ion dose
of 1x1016ions/cm? and (d)subsequently anncaled at 800°C
for 5hin N2Pb.
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Figure 2. Cross-sectional TEM and ED of 100keV Zn+ im-
planted TiO2 films on silica glass with an ion dose of
1x1016ions/cm?2 (a) as-implanted and (b) annealed at 800°C
for 5hin N2P.
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Figure 3. XRD pattern of the TiO2 films of (a) as-baked
and annealed at 800°C for 5h in (b) N2 or (c) at 950°C for

5hin O27.
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Figure 4. XRD pattern of 100keV Zn+ or both 100keV
Zn* and 30keV O+ implanted TiO2 films with an ion
dose of 1x1016ions/cm? and annealed subsequently at
800°C for 5h in N2 or 027,
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Figure 5. XRD pattern of 65ke VAr+ implanted TiO2 films
with an ion dose of 1x1016ions/cm2 and subsequently
annealed at 800°C for 5h in N2 or O2%.
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Figure 6. XRD pattern of 100keV Zn+ or both 100keV
Znt and 30keV O+ implanted TiO2 films with ion doses
of 1x1016ions/cm2 (low) and 5x 1016jons/cm? (high) and
annealed subsequently at 800°C for 5h in N2 or O2.
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Fgure 7. Transmission sectra of (a) as-sintered
and (b)100keV Zn+ implanted TiO2 films with an ion
dose of 1x1016ions/cm? and annealed subsequently at

800°C for 5hin N2,
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Figure 8. PDS spectra of the TiO?2 films on silica glass
with or without 100keVZn+ or 100keV Zn* and 30keV
O+ ion implantation at an ion dose of 1x1016ions/cm2
and annealed subsequently in N2P.
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Figure 9. EELS spectra of the TiO7 films on silica glass
before and after 100keVZn+ ion implantation with an
ion dose of 1x1016ions/cm2 at 800°C in N2 atmo-
sphere. The spectra were taken after heating up to 600°C
in ultrahigh vacuum or after the heating and subsequent
02 adsorption for 10LY.
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Fig. 3.2.1 Schematic diagram of PDS system.
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Fig.3.2.2 Comparison of absorption spectra
of a TiO, thin film between PDS and transmission?2?),
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Fig. 3.2.3 X-ray diffraction pattern of TiO, films for iron-
group ion implanted and subsequently annealed! 27,
ton species :  80KeV Crt, 80KeV Mnt, 80keV
Fe+, 90KeV Co+, 90KeV Ni*,
100KeV Cu*, 100KeV Zn*
ion dose : 1x10ions/cm?
annealing : oxygen, 600°C, 5h
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Fig. 3.2.4 X-ray diffraction pattern of TiO, films for iron-
group ion implanted and subsequently annealedl.27).
ion species :  80KeV Cr*, 80KeV Mn*, 80keV
Fet, 90KeV Cot, 90KeV Ni+,
100KeV Cut, 100KeV Zn*
ion dose : 1x101%ions/cm?
annealing : oxygen, 800°C, 5h
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Fig. 3.2.5 AFM images of iron-group ion implanted TiO, films.

ion species : 80KeV Crt, 80KeV Mn+, 80keV Fet,
90KeV Cot, 90KeV Ni*, 100KeV Cut, 100KeV Zn+*
ion dose : 1x1016ions/cm?

annealing : oxygen, 600°C, 5h
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Fig. 3.2.6 AFM images of TiO, films for iron-group ion
implanted and subsequently annealed.
ion species : 80KeV Cr+, 80KeV Mn+, 80keVFe,
90KeV Cot, 90KeV Nit, 100KeV Cut, 100KeV Zn*
ion dose : 1x10i6ions/cm?
annealing : oxygen, 600°C, 5h
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Fig. 3.2.7 AFM images of TiO, films for iron-group ion
implanted and subsequently annealed.
ion species : 80KeV Cr*, 80KeV Mn*, 80keVFet,
90KeV Co™*, 90KeV Nit, 100KeV Cut, 100KeV Zn*
ion dose : 1x1016ions/cm?
annealing : oxygen, 800°C, 5h
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Fig. 3.2.8 PDS spectra of TiO, films for Ar+ ion implanted
and subsequently annealed!.27).
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annealing : hydrogen, 300°C, 1h
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Fig. 3.2.9 PDS spectra of TiO, films for iron-group ion
implanted and subsequently annealed!.27.
ion species : 80KeV Cr+, 80KeV Mn*, 80keVFe+,
90KeV Cot, 90KeV Ni*, 100KeV Cu*, 100KeV Zn+
ion dose : 1x10iSions/cm?
annealing : oxygen, 600°C, 5Sh
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Fig. 3.2.10 PDS spectra of TiO, films for iron-group ion
implanted and subsequently annealed!.2".
ion species : 80KeV Cr+, 80KeV Mn*, 80keVFet,
90KeV Co*, 90KeV Nit, 100KeV Cu*, 100KeV Zn+
ion dose : 1x10%6ions/cm?
annealing : oxygen, 800°C, 5h
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Fig. 3.2.11 PDS specira of TiO, films for iron-group ion
implanted and subsequently annealed!.2?.
ion species : 80KeV Crt, 80KeV Mnt+, §0keVFe*,
90KeV Co+, 90KeV Ni*, 100KeV Cut, 100KeV Zn+
ion dose : 1x1016ions/cm?
annealing : nitrogen, 600°C, 5h
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Fig. 3.2.12 PDS spectra of TiO, films for iron-group ion
implanted and subsequently annealed!.27.
ion species : 80KeV Cr+, 80KeV Mn*, 80keVFe+,
90KeV Cot, 90KeV Nit, 100KeV Cut, 100KeV Zn+
ion dose : 1x10'6ions/cm?
annealing : nitrogen, 800°C, Sh
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Fig. 3.2.13 Schematics of impurity levels in rutile!?.
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Fig. 3.2.14 Schematic diagrams of lattice distortion by impurity
ions and Urbach tails.
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Fig. 3.2.15 PDS spectra of TiO, films for Ni* ion
implanted and subsequently annealed.

ion species : 90KeV Nit

ion dose : 1x106ions/cm?

annealing : nitrogen, 600°C, 5h
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Fig. 3.2.16 PDS spectra of TiO, films for Mn* ion
implanted and subsequently annealed.

ion species : 80KeV Mn*

ion dose : 1x1016ions/cm?

annealing : nitrogen, 600°C, 5h
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Fig. 3.2.18 Correlation between characterestic energy of E,
and ionic radius of TiO, films for iron-group ion implanted
and subsequently annealed.
ion species : 80KeV Cr+, 80KeV Mn+, 80keVFe+,
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annealing : nitrogen, 600°C, 5h

Fig. 3.2.17 Correlation between characterestic energy of E,
and ionic radius of TiO, films for iron-group ion implanted
and subsequently annealed.
ion species : 80KeV Crt, 80KeV Mn*, 80keVFet,
90KeV Cot, 90KeV Nit, 100KeV Cut, 100KeV Zn+
ion dose : 1x1016ions/cm?
annealing : oxygen, 600°C, S5h
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Substrate SrTiOs(Nb0.5wt%)(100)
Deposition time (min) 80~90

Flow rate of oxygen (sccm) 10~200

Carrier gas (Ar) (sccm) 10
Deposition pressure (Torr) 1

Substarete temperaute (°C) 750~850
Metal-organic source Tii-OPn)(DPM);
Source temperature ("C) 110

Table 1. The conditions of film growth for MOCVD.

Substrate SrTiOs(Nb0.5wt%)(100)
Deposition time (min) 120

Flow rate of oxygen (sccm) 5

Carrier gas (Ar) (scem) 5

Electric power (W) 150~200
Deposition pressure (Pa) 1

Substarete temperaute (°C) 650~850
Starting material Ti(metal

Table 2. The conditions of film growth for sputtering.
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Fig. 1. PL spectra for anatase film grown on ST
substrate.

under various flow rate of oxygen.
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Fig.2. PLspectra for anatase film grown on ST
substrate

under various substrate temperature.
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Fig. 3. PL spectra of anatase film grown on NST
substrate
using MOCVD and sputtering method.
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Fig. 4. DLTS spectrum for the anatase film grown on a

NST substrate using MOCVD method.
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Fig. 5. Arrhenius plots of the peaks in the 90 K (a)
and the 450 K (b) showing on Fig. 4.
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NST substrate using DC magnetron sputtering method.
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Fig.7. Deep levels in band gap of anatase film prepared
by MOCVD.

Table 3. Activation energy (Er-E¢), capture cross
section (0,,) and trap concentration (N ) for the deep
levels labeled (a) 90 K and (b) 400 K of the anatase
film.



Deep | Activation Capture Trap
Level energy cross section concentration
Er Ec(eV) an (cm?) Nrlecm?)
(@) 0.12 2.5x1017 6.1x101
® 0.96 8.3x10°13 6.5x1016
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Fig.3.4.1 Luminescence spectra of TiO, thin film.
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Fig.3.4.5 Time resolved luminescence spectra of
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spectra of Pt-Cl. (b) Transient absorption spectra of
Pt-Cl.
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Fig.3.4.8 Transient absorption spectra of Pt-Cl
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WhHZEL, MEMEEIERPBRELRD TS E
HTRNZ EEFERT D, L UEREREROE—
27 1% 7T9MHz THIZE LIz BB BENR N B 72>
TW5b, ZHITZ DO —7 OBRIEN BT+ EE
I & ARIE T Tla MEMMAEERO—R, =
FEHDELEELTVWAIEERLTVD, £
79MHz DB OREDE LGN L VIER > TNWDH T &
b _RBEYHREFEETERNVILEZRLTN D,

3.5.3.2 23Na FREAEAT
UEDEREREZ, PURLVFO=DDME
W Nat A A3V Rofm L, EhEnsrRie-72 NMR
27 b EFo L) IR CRIBIEAT 21T o 7o RS
Fig3.54 Ths, EESEHICIT y(z) = w?/(w? +
4(2Y/P — 1)2?)P TFEK &N D Pearson VII LK Z
A ® T w I XEME, ¢ 3AEK. pidH
I Lorentzian #J (p=1) 7> Gaussian B (p=0)
MDERT/INTAZ—Thb, Kt XBEEMHET T
Nat A F VN 3UBIZOHLTND I 0D =K
TM%LKF%TE<&oTP6 E@@E%

- -
O N —

Sample 1
=105.86 MHz

-40.0 -30.0 -20.0 -10.0 O.IO 10.0 20.0 30.0 40.0
(kHz)
Fig.3.5.4 A line shape analysis of 2*Na measured at
200 K. Pearson IIV function was used as
the convolution function.

B ol e’ — 2 2 —- 2O N EMRME BER OBR
BETHD ERELEZESIC LSBT TIERY
RRE/B LN, ZROCHEREAERDO R
BB IR & B AN T b € DI FHE

ISRERIZENT, BRI 5, R3.5.1C
WEBEAEERAZ AN WHEEORED 7 4T 4
VI RG A —HERUER, ZHESE SR ERITN
O9kHz % £ ¢, Lorentzian B9 T 5,

Table 3.5.1 Optimum fitting result of the line shape

analysis
shift | intensity | FWHM | p | Integrated
(kHz) (kHz) area
A -814 0.88 10.8 1.8 0.46
B | 1.52 0.50 9.7 1.6 0.24
C| 7.48 0.54 9.6 1.6 0.26

BTEdBETDORE 200K OB T Nat A A
ITIFIEREIHILEL 0D B, b LIRER
BAY VA BB FHAEERORIZLS &
FTIUTHREIL Gaussia BT, #RIBIIEK kHz %8k
2 LR, BERXFMED LV Lorentzian #)
THIEN 9kHz b5 Z LILZ OB O ERS 4d
BEFAEV L BNaZA U HMOIREFHREERIC
EINTWAHZEERT Y, Zo0v—7 MR
15kHz(140ppm) 55, ~ > RAFD=>D Na*t
UEISIFLZRREICH Y . BEDO(LFEL T FTZ
DREIRTT7 FOBBTEE LY, Rult © 4d BT
E3dBFELVIER>TEY, NMR 7 MMzl
T54d EFOXELTHMTILENR DD, 4dE
FIiE 1) B2 transfered hyperfine FEE/EH .
2) BESR D 25, 2p LB DRARZ @ U7 MRt A
ERDOZonEZ BN BE, Nat fr@E & Rult frE
L OFEREE 0.303 ~ 0.311 nm T&» 5, Herman &
Skillman ®FIZ L i Ru @ 4d U OB A
BORIEIL 0.3 nm O R TIXEKRIRBOK 4 BT
%510 ZDRED Ad BT H 23Na LB~ L&

A DT 100ppm BBED 7 MIFTREN L Bbh 3,

v'— 7 OFIE EHERZ2 transfered hyperefine 48
HEAMRNMR 7 FOERE L, EHIZ5EHD
Ru*t (LBEDHE« OEFIREOE/E TR L, Bl
IZ Na™ — Ru*t OBEBOE B NMR ¥ 7 M7
F 2 LIRETHIE, Nag il Rult 4 4
MHbol bEENTRY, BARERAOE—2 AR
Nag fLEDEFIZRIGT A LHEETE S, Fiz, 4d
BEFOREES—FEFEWVEEDILD Ruy BN 6
Nag (U BITR BEV LB EOHELEMIT D, &
BIZEEBRET ML A NERREEEREROFE
T, Nag ffED vg B—RIZKREVE W I FERNRT
TEY, Fig3.S5Te—7 A OWNEBFEAIERANK
ENVEWIFERLFETELDLREVE—S A
M Nag fLEBIZHIGT DfE#m T TL %, Darriet @
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fRATEE RO E BT Na; > Nag> Nag DIETH D,
% 3.5.1 107 LR O RO o IR
RAEHMOE—2 AL, BEEDEERER
HE—7 (B,C) & TIEIERLTHY, bLE—Z A
N EROBATD X 512 Nag fLED Nat A F 2 1Tx%f
B L L bAoF OIREE EhiX Darriet OFER & X
+5, Lol 2) OE#ERRZES NMR ¥ 7 hZ
EHL R ETRHRESNH Y. Nat A A AL
Bl —r OISR EREET HDITITLVE
BERRIEBLETH D,

3.5.3.3 23Na @ T/*OREMRFME

A —RBFERR A A VEERORE, 14
v DIEENC X DT HROEE D NMR FEFORRE &
7%, FEOMBEBEEE GR) LT, T0T—
U ZBHTRD SN DAY MVEEBRE J(w) I
kv, AV —BFEREREIIRATREND,

1/Ty o J(wo) + J(2wg) (2)
H LA Gt) « exp(—t/7) DL HITH
i 72 Fe B BB #L T & D BF (Bloembergen-Purcell-
Pound (BPP) EF /L 1) J(w) BKATEZ LN
Do

1/T o J(wo) o< 7/(1 + wir?) (3)
2T wo ZBIRIAEE (**Na 054 105.855MHz
D 2m f), TIHEBI ORI T, A A OEEH
TEMAVRLOBAITA 4 OBKBEEREE v &

v =1/7 = voexp(—Enur/kT)
DOBEFRERH 5,

BoORKY wor > 1 D& & (REBMER), T i
wl [T ICHBIL, wor < 1 D& & (FIRMER) X 7
BT B, HEo T, T A 3N TER SN, Fig3s.5s
DX S Kt % log(T1). Hih% 1/T Ty b &
FhuE, EI3RNITEED Eyur THHIRFR VF
FBETRT, L LEL DA AV EEROEE, 14
AR S D 12 R BERIE AN B 4 D & 5 A Btz
Rz b TIRERLIIIERTR V FRETT,

Fig.3.5.51% 3 Rt 2 v —&-FREFRERE 17 D
BEEREEORERRTHS, 1,23 13ERD
H TR HED, @, @Ikt 5, RPERTY
o b L7#E NMRAEFICKTT 5 FIREID 7 <
VIEDHE TROBES TIXEE O B RIS
% 12), 200K LLFCA A 3BV TR, A —
BRI FREE TXE SN TV S,

KRB WBADOEE WTHORED 200K L
FTT= VALY RWVEERTFEE R LGD D, &
BO, @ LA IBERELETHDITHLT

(4)

L1
T T TTITIH

0.1

FoA il
T 1 e

Ty * (sec)

* o B ey, *

td

0.01 > L
E ‘”\( \EWR= 022 eV =
E ,10‘: *' p o : Sample - 1 E
- . o : Sample - 2 -
0.001 7’ o + : Sample - 3 E

i Exmr = 04 eV
-------- I|||llllu||l||IIln‘l|ynnvvl|IHH||Hll|1|||xn|v|uuv|||tn_
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Fig.3.5.5 2*Na spin-lattice relaxation times (T}") mea-
sured at 105.85 MHz as a function of inverse
temperature for three samples.
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LD FUEBNEZTND I EERLTND,
REO, @O T Ib Z OB LD LB D~
Z B B0K FHEIZBEN TV A, AR E TIX
RV, ST XTI OEENN Nat A F 2 Tidi <,
u hDEHTHD I L ERET S,
HEODBEE(L : Nat A A DEE HBOT
20K LLETRONZERE b T EENIHRFE D
Ll — 7 (LBORERGFHEDOT — 2 2 b E X G
¥T, Nat A FVOEHTHDHLEZLND, T
DEBROEEX D ZOEBOFEH LRV F—E L
T Eyyr = 0.22 eV 3/ 6ND, 22T Eywr &
L7=DiE NMR o B/ o iEElboxrx—L
EEENS/ONIIEHR bR ¥— E, B34 A
WOZEHROIDERDZLENEZENTZDHTHD
9, K& ZLEERPLERDIVHEBOD Eyyr d
ERR2ZEE ERT, ZOEE LT L —IIREDN
Nat A AV EBEETHHB-TVITDEE =
0.17 eV L 0 i3 kEW ), B, BER—F
{645 390K AT T 13 aE a2 E s L TR
HhoE ey LTS EDELZ DY— 7 by ®
T ZRLTVWRY, LPLEIEGWAEDA 4
DEBDHEFREEOEEZ BT D720, KDDL
77 Eywr 3BV B Nat o A2 OiEHE= R L
F—ZHBHELIRBRLTWEEEZI LD,
T 1 370K fHiEci/MER & 0. BOEMNT S
SEEREIN, HBOE—7 RNE 515 390K fF
ETREID, @ BTy ORCPBAIES LD, &
L7 E 92 390K DERII NaT A T DOEEIN B
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TR —ERFES L EZ DN TS 9, Cao
HDEBRODT — XL DIRETEIL -T2 LR
BNTRL, ZORNI LA EBEBFROEMICESD D
D LITE IV, —JF5, NMR BRI U EABRE T
ZeThiE, BBARIE T Nat 4 4 U ALEOXH
MRBLRBEEZDZLTUHHATE D,

390K 205 530K 1% C Ty X845, 390K
D Ty OFECTIEA R ENTVDH A Z O 270K
MHIED T DD ERIE L, FEXNHRV FHO
—ETHBEEZ LRI, 270K » D 530K £ TO Ty
ERICE— ROA FLEE), T72bb b RXAHD
Zo0 Nat (BRI 2MROBH Nat OEENZ L - T
XEEINTWAZ & E2RT,

SRS OES) 590K & Y EIET I XH R
Lig®, 3 LWVEEIE— RBA VU — B E X
BELIEDBHZ LR LT WS, NMRREBIETD
ARBRECOBFBRMEOR IS Fg350IRLE
ko R AREEIL 590K LLEDEIR T b BEARICHERE
ENTWNBEEZILNTNS, S TZOH LVE
BE— Fix bR AVE O Nat A 3 v OBKEEESN T
LB LWESND, EROBEEHORD Egur 1
0.4eV ThH 5D, —KRTTA AV EEETVFT T4 b
D Lit A A2 @ 3RITTHI IR EB DIEHEL — R L F—
25 0.5eV Th o7 2 DIZHAT ZOEIZ/DE NS,
Lit DA F L EBN PV REBERT %
TSN TR S D | R E L TEHE
bR F—PREARDZEREZOLNDZ &,
—FEYE ORAAEE T RN ERTEE XD
. BEXBViRTHLE Nat A4 & Rutt 44
VEDOREENRFHD bNDFRENRDH D Z DD
FEK/RETERVEEZ NS,

3.5.4 'HONMR &7 u b iz
3.5.4.1 'Ho#HEOEEEL

Fig.3.5.6{Z Nat A A% HY TE#| LB F D
TH ORIGRED 373 K LU T OIERIEK TOREZRL
R LT, BRIEIX 2 OB T Lorentzian R T, ¥
fEE X 42 kHz 75 30kHz ~EMiizmdb 5, v —
JAIEIL 105 K 2056 300 K ETREEF L LB
BHmEA~Y7 hL, 300K &Y EEBTIHIESMA~Y
7 b5, 105 K &) KIE THRERIL 42 kHz D
Lorentzian B EIZZ B Rut A 4 LIZH DB
FEdEFLOPRBFHEEERAICE - TND I LET
LTW5, £, E—JMBEOEE BNa R0
BLOY7 FOBEREEITEY 12 1HDO NMR &~

F =400.2 MHz

(kHz)
Fig.3.5.6 Temperature dependence of 'H line shape

in (H;—,Nay)3_,RusOg where considerable
amount of H* ion is subsitituted for Nat.

7RO REAY L ORBEZITTNL I L R
AN AN

LA LIEIR C BNa OBREN b FAFHD =20
frf& (Naj,Nag,Nag) IS LT 20— & —
DOBEER LD L, TH OBFII 72 0 R
BB ERL TV, 2Na OHAE, 100 ppm b
DNMR ¥ 7 "B dHo7283, TH DA, 100ppm ~
40 kHz iIZiE W e — 7 ALB DO SBEI R b, Nat
ERICABIZ r b BHEETHERELT=2D
Pearson BBt CRIFMENTT 5 & 1TH OF{EIEIL 2Na
DK 35, ©— 7 RIEEEE (ppm) 1340 1/4 L7255, %
ENRIT v DEE (1 /7230, & 4) ITEWVA, 7 b
BELTERY, ZOZ LT HY 8 Nat L& irs
WERWZ L E2REBT 5,

3.5.4.2 'Ho Tr*oiRERE

Fig.3.5.7 IZF ERED T; OBEERBES R LI,
HETT TRTYF TFay b LIORERMED
B8 AR DS B — DB TR E R -T2 ThH
b, ZOEHRE LT, @ BENEL R UHEEGE
ERBNWNTZOAC ARENREZETE R, @ RE
AT DENDTD | A REICEMMD L ERSH
HEDZODTFREERH DN, ONEREHTHD
EEZBND, £, HEOBR IOMEL L TO:
REBTAE EOPBTFHREEAOELE, @
LAHZATRIZAEFEOEMIEORELE, O”D
NEZ LMD,

B CHIE-21% 105 H2 5 373 K £ THRIE L=
BEHARICBUORCEETRE LEERTH D,
BIE-31% 2 ORIFEH., EiRD D 513K £ CORIER
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E‘NMR = 0.002 eV

T;* (sec)
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o : Measurement -
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Measurement -

v : Measurement -

AL RAARARER VREARRERRRNNNSLEENLY} TITTTITTIT I RAAARARAZ: aAaRzaERa} [T rrre

2.0 7.0 80 90
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Fig.3.5.7 Thermal hysterisys of Ty of 'H in (H;_,

Nay )3, RugOg.
BT, AIEATEEEOF =y /=513 K LVIE
EEZTTRPLAIELEZLDH D,

IR OB T DEND LEZR L0, IBREERL
HIZERTCTH Y, FEEZERV, 140K (T 17
R/ 2 R TIE AL B D EENIE Eyyg PMEDEE meV
THY., 7o OB L TINAETES, b
RNVEHZEITT 2 HF OB FRENEERY &4
% Cao bORETFT —F 2 bRy B 7 OEMAL
TRAF—%FEEL D L8 lmeV DERE LN D,
&> T, 200K £ COMBEBIBTFOFR Y L7
WEDEDROELIE SN TWS LFERTE D,

IR CTOIREE{L 250K 575 400K L E
TTFFWo WA LIgD 5, ZoHED X, €
WEELRTdETICLD IV ~OFE (1Y T =—
E)BdHDELTHEOREKRFELVIIKREL,
7 b OIEECELER OB E 0 IZ L B L HEE
T& 5, Ty 13 400K 150> BIHE Eyyg 75 0.17 eV
C 465K 1T CEMBHITHA L, 513K FHET 1)
DHR/MEZ & DM % R D03 DIRE T T 132
RREL B, Z0O Ty OFROTHIE-4 2RIE-3 &
ROV MER LD LoD, RAHRREEDE/L
WG LTNWAEEZXDZ LN TED, Eyur=0.17
eVIiZ7 e hEERE L TEIRWERETHY,

3.5.5 E£&w
KBTI EERT D Rutt 14D 4d 8
FRBNa BLONH OBIE, ~7 FBIOT
MEBERIEL TS, BNad T OBERKRRE
HEDRIEDNS b RAVAD Nat A F 2 DEEIDIE
ML= RN F—E LT Eywr=0.22eV. F o FR/IL[H
DEBNOEHAAL RN F— & LT Eyyr=0.4eV 2%
RKOONFZ, ZOZLIEEWETEENE LT
DOYENEBRMEIE LTERANTHAZEE2ERL

>
[,

T35,

Nat A4 %70 b CEBRLERB SO 0
M@ NMR ¥ 7 b (ppm) i BNa DEL V135
MM, 7’17 F Nag. Nag, Nag DB
Nat DFED X D IO L T2 AT IE
W, ZDF ' b DOIEEE T RVF—F Foyr=0.17
eV Thy, BMENEATHIRELVIEVIEE TE
AT EVFER o hEERE VRS,

Ul ZWEDA A mEHIZONT NMR 7
OIRDIFEEZ E & DR, ERLOZDITITEERE
MWD DIRR & A A B EOR|E, OB
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KOMBEIEIN TV
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3.6 gk

BEAE 2007 = b R L—Y L2 &AW
B B B F IR & B BB & SR AR I
PEAmEERE 2 3 E L., Ru0, IR RIHRIEISER 22 Ti0,
U A—RHEEEORE - FHEE T o7, EiZ,
Fiz, B BORBOBEENTEERE L TR
Sl DSC B K ONREEZE 3R DSC 1RIZ L 2 B EEIE
EERE L, =|END 820KBRE DR ERE CH
BB EDOBERL £0.5% REDKE CH
iE - 3 L7,

3. 6. 1. HER m B EER O F M

ab—L b RLV—PHROERAEDLEICK S
TH®ED THE — ORI HERINT 52WE
PELETHHBEOBRAMLEBH =R L -DRE
XX THEEOMMEE Oh, BE. B\ K
%) BMHRIND, KOBFHZ X > TEGHIBE
U784, TDORELBNENEEEL /M L TCRAE
BEWRRE 25, BOEMWRLGH[NNE— bR
HBREHEOFERIITHRAREELIRD, R
F—Fa—TETIER TIHITBE VAR E
AL, THRMEEHET 2 Z ik vk
IEOBMEIERE 525 T LB HEKD,

A=21/2 sinf (1

Fig. WoR$ X oz, FEoRRE AT (1) D
BRSO AR ZEAE2 0 ERENXEOIEE A I
TorESh, 2 BEIHOETTAIZ20 IZEL
W, B RLD FEARFABHIB L T Fig. 1O X S iT#
FOEA T Z xR OE L IF M % 25 & BD
& BT IEIRE DRI LS (o) 1d BIR A RE O
HEFANCHE—IaA, ARRmic oM, RO
PRI n THAMALTWBEES, Thth, 3)
(1], W 2IRVEHXM4ITEHEADND,

S(t)=So-g(t)? 2)
g(t)=exp(-t/ z,) (3)

g(t)=exp(~t/ r Jexp(~t/ 7 ) (4)

g(t)=exp(-t/ z Jexp(t/ r )

x erfe(t/ r )2 (5)

ZIZT o, t,03 x RO z B M OEDETEL.
erfc IIRMEMKTH 5, g(o) ITFTHEBMER O
FERONTEREERICHHT IR THD, &
W = HEOBIEEE o , KX o, iTETNEh(6) &
V(M TEH NS,

Principle of Transient Grating Method(TRG)

Pump Probe Pump

20/}%%1@&1

T
/X4
x A

zf 7
l Substrate ‘ - 1B O PR EEL
SN B S E OD [ By S R
CTAEERADHIEITEY,
Grating : A=2 /2sin @ REHFEORIRAIEER
Signal : Bragg diffraction (A/2x)

Fig.1. Principle of transient grating method

a= A¥4rntc, (6)

a,=1/n%c, )

3.6. 1. 1. BEORLE

7 x b NRERNEFEARAL, EEER
ELTz, RfEEEOT 1 v 7 B %EFig 212777,
L—PHOREE LITIRT R F42 - %
TrAY., SVAIE00T = b MY, —KREE
800nm, £ K H 7180mW, & 0 I U B #i9kHz, R 7
Y ARy BEE200 pm, e R FI71 1 Jum % /pulse,
Tu—7%: ARy MM K150 um HKKRKHA
6.6 u Jom™?/pulse, Z D FA #BROFE R & AV V-
MEHRAEETY 2 —/V (time-plate tripler) iz X
¥ 267nm (400nmD2{HKL HFAE) ICHEEEMRZIT -
Tro ZORER. 3BHEHATHTSO—ITETL
Too BIEIZL. 1782253, 533 u mD TR (B2 X
AIX11° 7 529.1° ) TRIE LT, BB, <D
T3 w7 AFAERNICR L TEARV LEE
B2 DT, EARES0mmD L—H UL 2 & BEH L
THHEBERESE2E Z E3HERY, Ll
NE, BREEOZRNLE =N Ry v 7LD
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!DHO!E ! \ ............ RS
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A:800nm > sensor 2:Adjustment of spot :
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@91 /pulse) Adjustment of time coherence of purap
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Signal GPIB fim orgin
‘—""J Look-in Amp < “3 3. Software for analysxs
e —"REI6Te10e Sign}
Fig.2 Block Diagram of TRG apparatus -
TALERE L7z,

3.6.1.2. BBoakEtxX Yy T/ F ¥~ a v
+SiCLG(S1) (6HAYSIC(0001) BifE & . JE 70, 3mm,
R N7 E10em®, & Rk, PE AW |
SiCG(S2) (6HAYSiC(0001) B #E i, JE £0. 3mm, ZE 5=
F—7810%n>, & : BikE, FEERER) |
SiCP(S3) (& #&&hSiC, JE A0, 3mm, 5 Al EE | Y (K
JFAEEAR . SICLGAY (S4) : SiCLGIZ 10em 2D Ar % &
ERIEETEAN).Ti-V 7 74 7 OEKES00nm
WXt LCLSiCRESRITR S REHMEE R TN, 3F
B26Tnmizxt L Cid+m 2N A dHh - 7=,
‘RuO, DR BHERIZIIDCw 7R b v ARy
FEBR AW, SaEEELHFL O, RO/
REMHIZ OV TIRET LTz BAROTESE : R M—
7 & 28 10"em™ @ 6H & SiC(0001) B OF & #l
Mg0(100), E:AR DE Z {al#1 % 0. 3mm, B EIR B : 28
JE (RT) . 350, 400, 450, 600, 700 °C , & & :25 ~
3000nm , ¥ BE XRD @ fiE R 2 & | Ru0, & &
Ru0, (200) /S1C(0001) K TXRu0,(110) /Mg0(100) D
TEIXF VY ARRIETHD Z EBmhote, —
HORBHZDWTIE, ABEZREERTHRAIL A
B3 5 2MeVO AR EE T10%em2DAr 2 EA L Btk
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3.6. 1. 3. RuO, BEDBLER
RuO , [l 0D 38 B 56 1 (TRG) B4 & B EIHr50 A
DRIFERER% Fig. 31277,

TRG signals of some RuO, films
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Fig. 3 TRG signals of pure RuQ, and ion-implanted
Ru0, films
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AL B LUTEENSBEVO TEROEELZIT
TeRNTDfE(a,) ZR-T, ZODIZ,—ED

ARZDWT, t LIREOEBRZFARERE
Fig. 4 {Z/;”R L7,

Deviation from 1-dime nsional model

Film on substrate

kol 100
Film thickress / am

No thickness dependence above 150nm
T independing fom a substrate

Rem: thermal resistance will be evaluated fron the above data ?

Fig.4 Relaxation time vs RuQ; film thickness

MroandX i, AR un LTFTOBA.
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SCER [1, 2] WlENE, « 4 n¥/ A T ey DA
EOMEIE x BiFRORBOBIREEE 25D,

New Analysis
50nmRuQ2/SiC
XEzFEROEF: U x)Uz)
(xEz XD EE LR )
Ratio S,(A)8,/8,(A,)S; e\t
x component DHED . N s
s
S/§? o 7
exp(— 812 (VA 2=VA ML) "
@ g
.
z component $o 05 10 15,20 25 30
Canceled t/ns
(With no relation to substrate)  [¥:0.038:107m%/s
(consist with 1/7~1/A2)
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EEEOME oy MIERIZRDE, BIb, —K
TETNQ) KT ZRTETNG) R E—&KT S,
ZOBFENG, 4 F U EA Rul, IROBIERERITR
HEARED 3. 8mm?/s 225 0. 4mm?/s 2L L7,
FOBLR m AR O F &I, Fig. 7 (&34 13, Ru0,
DIEE B O FEHH . A (FAR) 1BBE DIEIZ %)
IR K D IT Mg0 EARFE Tk 5300-5400m/s,
SiC ZARFAENTIL 4100-4450m/s DIEZER LI, K
FEOMEDOZERIL Ru02 DR FHEIC X 5 FHEM
2B, X JEDFHEF 100SiC700 12 Ar ZHEA LT
BE F T 5800 m/s (2N L7, Fig. 8 12, Fi
2Qr/Mx BEIZH LT ay b Lz, 20O
o, SBEOSBERPH L Z LT,



Acoustic velocity

150SCp/Ar hl
150SiC/Ar i
1508iC700 |
100SiCT00 i
50SICRT ]
1500MgO600 ]
50KO350 ]
SOMgORT ]
25MgORT ]
0 1000 2000 3000 4000 5000 6000

SAW velocity / m/s

+ Acoustic velocity ' depending on substrates
«Acoustic velocity . increasing o£30% by jon-implanting
~Hardening by “ion-implantation

Fig.7 Surface acoustic velocities of RuO; films

Dispersion of acoustic modes of RuO, films on substrates
6000
BE L
5500 +— e
v/MgO
/SiC
5000 & V/SIC/Ar
T v v/Glass
4500
£ =
~ 19
> 4000 @
3500 3 S -
LA IR ™
3000
0 2 4 6 8 10
(27 / N)thickness)

Fig.8 Dispersion of acoustic velocities of RuO, films
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5 different AQ samples and Al pans

10
? : a1 sivmin
09 - 3K/min
" . e 5K/ rmin :
o  v—8K/min

08 - PR %7Wrﬂin
- ) W
~ 074 WA

e B o

2 06 1
= %]
3 =
& 05+ '
s s i
g 044
i e )

03 R ‘

02 é a'-"w &v

0.1

20 30 40 50 60 70
T/°C

Fig.11 Standard deviation of 5 different measurements
under same heating rates
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Fig.1. X-ray diffraction pattern of an anatase
epitaxial film.
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Fig.2a. The photograph of the water droplets contacting on
the surface of 20 minutes UV irradiated anatase TiO,
surface. Both of the two adjacent water spreads showing
water contact angle of ~3°.
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Fig.2b. The photographs of the water droplets contacting
on the surface of 20 minutes UV irradiated and partially
“wet rubbed” anatase TiO, surface. The “wet rubbing”
process, which last for only one minute or less, on the
water spread on our right surprisingly turned the rubbed
region hydrophobic with contact angle of 80°.
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Fig.3. The surface treatment process dependence of the
water contact angle of the rutile TiO, (001) surface. Note
that supplying water and energy on the surface is
necessary for the water contact angle.
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4.2. DEVELOPMENT OF THERMALLY
STABLE LANTHANUM-RUTHENATE
MATERIALS FOR CATALYTIC
APPLICATIONS

Abstract

Ruthenium shows excellent catalytic
activity in both metallic and oxide forms, for many
reactions of commercial and environmental
importance. Although ruthenium oxide shows
peculiar thermal stability even depending on its
particle size, its thermal stability has been a matter of
concern for high temperature applications.
Nevertheless, ruthenium can be thermally stabilized,
by incorporating it in perovskite type structure.
Perovskite type lanthanum ruthenate materials can be
synthesized using various improved methods, and can
be used even for high temperature applications. Such
materials in supported and unsupported forms have
been synthesized using various techniques, mostly
used for the first time for lanthanum ruthenate
synthesis. This improved synthesis of lanthanum
ruthenates resulted in improved physical and catalytic
properties and show good catalytic activity towards
certain reactions of environmental importance. Some
lanthanum ruthenates show high thermal stability with
catalytic activity for oxidation reactions and may be
used even for combustion reactions. The high thermal
stability and catalytic activity of these ruthenium
based catalytic materials depends to some extent on
oxidation state of ruthenium and its incorporation in
perovskite type structure.

Introduction

Ruthenium has long been recognized as an
efficient catalyst in both metallic and oxide forms for
a large number of reactions of commercial and
environmental importance. It is an excellent oxidation
catalyst while its efficiencies towards CO+NO and
HC+NO made it a potential candidate for automotive
applications, as early as in eighties. Nevertheless, its
catalytic applications for high temperature oxidation
reactions and automobile exhaust treatment could not
find practical success due to its relatively inferior
thermal stability. Ru is prone to the formation of its
volatile oxides, which eventually restrict its catalytic
applications at high temperature in oxidative
atmosphere. Many attempts were consequently made
to stabilize ruthenium for high temperature
applications, and probably its stabilization as metal
ruthenates in perovskites and pyrochlor structures
received relatively better success. Metal ruthenates on
the other hand have received important attention also
due to their interesting metallic conductivity,
chemical stability and magnetic properties (1-10).
Improved synthesis of metal ruthenate is a key issue
for most of these applications. While new advanced
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techniques like spray pyrolysis has been recently
reported for the synthesis of metal ruthenates
including LaRuO; perovskites for their applications in
thick film resistors (11), there has been limited
success on catalytic front. Although, a number of
ruthenium perovskites have been studied, it has been
difficult to synthesize pure lanthanum ruthenates
without substitution at A or B site of ABO; perovskite
structure. Most of the earlier reports mention solid
state synthesis of metal ruthenates at high temperature
(12). It is also interesting to note that LaRuQO,
perovskite phase was initially not claimed as a
catalyst but ruthenium metal from the reduced
perovskite was described as an NO reduction catalyst.
The Ru catalyst is said to attain catalytically inactive
and thermally stable perovskite phase with LaRuO,
composition under the oxidative cycles of vehicle
exhaust, thereby preventing the ruthenium from the
formation of its volatile oxides. However, considering
the perovskite chemistry, lanthanum ruthenates can be
expected to show useful -catalytic properties.
Lanthanum ruthenates have not been much reported
for its catalytic applications for oxidation reactions
under the oxidative atmosphere. These materials have
often reported to possess very low surface area due to
its unsupported synthesis at high temperature, leading
to the formation of sintered phase. This can also be
considered as one of the important reasons restricting
its catalytic applications, especially in the areas where
high space velocities are required for practical
feasibility, Our studies on perovskite based catalytic
materials infer their potential for applications in auto-
exhaust catalysis including that for diesel soot
oxidation (13-21).

Experimental
Lanthanum ruthenates with ruthenium in 3+
and 4+ valence states have been synthesized using
different methods, with the aim of their easy and
possibly low temperature synthesis. Efforts were also
made to prepare supported lanthanum ruthenate
materials to improve its surface area. The following
synthesis methods have been used:
(A) Synthesis of
Ruthenates
6] Co-precipitation Method — Sample LR-1
(ii) Direct heating of mixed metal solution -
Sample LR-2

un-supported Lanthanum

(B) Synthesis  of Lanthanum

Ruthenates

Supported

Due to high synthesis temperature required
for the formation of lanthanum ruthenates, their
surface area is always very low. Therefore, efforts
were made to prepare supported lanthanum ruthenates



using many innovative synthesis routes. Lanthanum
ruthenates were synthesized on both alumina powder
and cordierite support, considering their applications
in environmental catalysis. The alumina powder used
was precoated with 20wt % of La,O; as described
elsewhere (13). Small pieces of cordierite honeycomb
with 100-200 psi channel density were also used as
supports for lanthanum ruthenates synthesis. These
honeycomb supports were pre-coated with 20wt% of
La,0; by repeated impregnation in lanthanum metal
solution and subsequent heating. The lanthana pre-
coated cordierite honeycomb and alumina powder
were used to prepare supported lanthanum ruthenates
using following methods:

@) Using co-precipitated La and Ru
hydroxides

(ii) Using In-situ Method - Sample LR-3

(iii) Using Deposition Precipitation Method-

Sample LR-4

Characterization of Lanthanum Ruthenate
Samples

All the samples were characterized for
chemical composition using both wet chemical
analysis and ICP-AES technique. Powder X-ray
diffraction data were recorded at room temperature
on a Rigaku Rint-2200HF using Bragg-Brentano
geometry with CuKo radiation (40kV, 50mA).
XRD data were analyzed with Rietvelt Refinement
Programme RIETAN-2000 for phase identification
and detailed structure determination. Lattice
parameters and atomic coordinates were determined.
BET surface area of samples was determined
following the standard nitrogen adsorption method
using Micromeritics ASP-200 instrument. Thermal
stability experiments were performed by heating the
various materials at temperatures ranging from 900-
1200°C, under both inert and air atmospheres.
These post-heated samples were investigated by
XRD and chemical analysis. Thermal stability
experiments were also performed using TGA
technique in the same temperature range, mainly to
study the possibility of thermal loss by the
formation of volatile ruthenium oxides. These
experiments were conducted using Rigaku-TAS-
200, Thermal Analyzer, at three different
temperatures 900, 1000 and 1100°C by heating the
samples in air atmosphere for 12 hours.

Catalytic Evaluations

Many samples have been investigated in
detail for their catalytic activity towards a few
common reactions of environmental importance.
These catalytic reactions have been carried out using
a pure gas laboratory evaluation assembly equipped
with precise gas flow control and heating system. Gas
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analysis was carried out using an auto-sampling PC
controlled, MTI-P-200, GC The following reactions
have been studied for the catalytic activity of
supported and unsupported lanthanum ruthenates
samples:

CO Oxidation: Feed used: CO =2000
ppm + O, =2% and
balance He
HC (propene) Oxidation: Feed used:
HC =1000 ppm + O, =2% and
balance He
NO+CO Reaction: Feed used: CO
=1000 ppm + NO=1000ppm and
balance He
NO+HC Reaction: Feed used: HC
=200 ppm + NO=1800 ppm and
balance He
Methane combustion: Feed used:
Methane=1.5% + O, = 18% and
balance He.

@)

(i)
(ii)
@iv)

V)

The W/F space velocity used for the reaction
is approximately 0.2 g.s/Nem™ for methane
combustion reaction and approximately 0.15
g.s./Nem™ for other reactions.

Results and Discussion

Co-precipitation can be considered as an
effective process to prepare perovskites with high
purity, depending on their chemical composition.
Therefore, co-precipitated samples were investigated
in detail for their structure. Formation of highly
crystalline lanthanum ruthenate phases has been
confirmed by crystallographic investigations using X-
ray powder diffraction data. The structure was refined
using the Rietvelt refinement programme RIETAN-
2000. The inter-atomic distances have been calculated
and these crystallographic data were compared with
the previously reported studies on the same materials
synthesized through solid state synthesis routes and
claimed to possess pure lanthanum ruthenate phases.
X-ray diffraction analysis of samples prepared by
other methods confirms the presence of crystalline
lanthanum ruthenate phases with different purity,
depending on synthesis method. In general,
precipitation based methods resulted in formation of
lanthanum ruthenates with much better cryatallinity
and purity. The specific surface areas of various
materials were found in the range of 3-5 m*/g.

Due to very low specific surface area of
lanthanum ruthenates materials, it is necessary to
improve the surface area for their catalytic
applications. Preparation of supported lanthanum
ruthenates is therefore necessary since no substantial
improvement in surface area can be achieved by
attempting lower temperature synthesis.



We have attempted to prepare lanthanum
ruthenates supported on alumina powder and
cordierite supports precoated with lanthanum oxide.

The precoat of lanthana on alumina helps in two ways.

It improves the thermal stability of alumina while also
making it quite inert towards perovskite precursor.
Some amount of other phases was also found to be
present in a few samples, especially those prepared by
in-situ method. In this method, sample is prepared by
directly contacting support materials with precursor
mixed metal ion solution. Despite the presence of
lanthana precoat on alumina powder, this sample
shows relatively poor formation of lanthanum
ruthenate phase along with presence of relatively
more impurity phases with higher intensities. Ionic
solution of precursor metal ions although gives best
mixing of metal ions to help form the mixed oxides or
perovskites, however, metal ions in solution can
penetrate the support materials and are also more
reactive (13,14). This generally results in the
formation of undesired phases mainly by reaction of
these ionic precursors with support materials.
Relatively much inert support materials with higher
surface area are likely to overcome this problem. The
specific surface area of these samples was in the range
of 60-65 m*/g.

The samples prepared by “deposition
precipitation”(DP) method (22) show relatively better
formation of lanthanum ruthenates on support
materials. The XRD data show relatively better
formation of lanthanum ruthenates as compared to
other two supported samples. The DP method offers
controlled co-precipitation of precursor metals and
their uniform dispersion. This method therefore is
more suitable for the preparation of supported
lanthanum ruthenates especially for their preparation
on alumina washcoated honeycombs or alumina
powder pre-coated with suitable oxides.

The BET surface area of these samg)les is
also observed to be in the range of 60-65.0 m°/g. As
shown in Table —1 that alumina loses its surface area
drastically after heating above 800°C, due to the phase
transformation and particle sintering. There is
significant improvement in surface area of post-
heated alumina after pre-coat on alumina. The
supported lanthanum ruthenates were synthesized on
this precoated alumina samples. After formation of
lanthanum ruthenates phase, the specific surface area
of lanthana precoated alumina was found to be
decreased from 97 mz/g to about 62 mz/g, however,
this is much higher than unsupported lanthanum
ruthenates powder.

Thermal Stability of Lanthanum Ruthenates
These materials show different thermal stability

depending on their composition. LaRuO3 with

ruthenium in 3+ state is stable up to 1000°C, however,
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this material has a tendency to get oxidized in
oxidative atmosphere and therefore its thermal
stability is also a factor of partial oxygen pressure.
This material is stable up to 950°C in oxygen
atmosphere.

The lanthanum ruthenate material with
Ru*" was also studied for its thermal stability under
different atmospheres. This material shows relatively
better thermal stability than LaRuO; and is found to
be stable up to 1050°C. This material was also heated
at 1000°C with increased oxygen concentration, as
LaRuQ; type perovskite material shows oxidation of
phase even at 1000°C. This material does not show
any weight loss or structural changes , which could be
due to the presence of ruthenium in stable 4+
oxidation state. This material shows the similar
stability even at 1075° C, under the oxygen flow. It is
therefore clear, that ruthenium can be thermally
stabilized, by incorporating it in to perovskite
structure. Ru3+ has strong tendency to get oxidized
in to Rud+, which probably affect its thermal stability
(even in perovskite structure) beyond 950°C and
especially under the oxygen atmosphere. Lanthanum
ruthenate with Ru in almost 4+ state does not show
any significant effect of oxygen partial pressure on its
thermal stability. The thermal stability of lanthanum
ruthenates under air and oxygen atmosphere is
remarkable and these materials can be used for high
temperature applications.

Catalytic activity of Lanthanum Ruthenates

Perovskite catalysts in general and lanthanum
ruthenates based perovskites in specific are good
oxidation catalysts. dhese synthetic lanthanum
ruthenate  based  perovskite materials  were
investigated for their catalytic activity towards a range
of reactions mentioned in experimental section. Most
of the catalytic evaluations were performed on LR-1
sample while some catalytic runs were also made on
supported LR-4 sample. The catalytic activity results
confirm high CO oxidation activity., The HC
oxidation activity is also good however this is
relatively inferior to CO oxidation. The better
catalytic activity of Lanthanum ruthenates towards
CO oxidation can be explained considering favoured
CO adsorption on perovskites, relatively lesser
oxygen requirement and due to minimum steric
hindrance in CO oxidation reaction.
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Lanthanum ruthenates with Ru3+ shows
relatively better oxidation activity towards CO and
HC oxidation as compared to lanthanum ruthenates
with Rud+. The supported sample has also been
studied for its CO and HC oxidation activity. There
was some improvement in Tsy and Tioe temperatures
in case of supported lanthanum ruthenate materials
for these catalytic reactions while, there was
considerable improvement in catalytic activity of
supported material in comparison of LR-1 at higher
space velocity. This is obviously due to the higher

surface area of supported lanthanum ruthenate sample.

It is quite significant to achieve good catalytic activity
at high space velocity, as perovskites invariably show
surface area limitations.

Similar catalytic activity was observed for
CO+NO and HC+NO reactions. LR-1 shows high
catalytic activity for NO+CO reaction and almost
100% NO conversion was achieved at temperature as
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Fig.4: Catalytic activity for NO+HC Reaction

low as 200°C in case of LaRuOs (13). This activity
was of almost same degree for both the ruthenates
with ruthenium in 3+ and 4+ state. Lanthanum
ruthenates can therefore, be considered as good
catalysts for CO+NO reaction, which is of
environmental importance. These materials show
relatively inferior activity for NO+HC reaction. These
catalytic reactions can be explained by MVK
mechanism described elsewhere (13). The catalytic
activity for methane oxidation reaction shows T, at
around 480°C for lanthanum ruthenates. Methane
oxidation activity was found relatively better in case
of Ru4+ based material. In view of the high thermal
stability of lanthanum ruthenates and their catalytic
activity for methane oxidation, such materials can be
considered as a potential methane oxidation catalyst.
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Conclusion

Our detailed studies on lanthanum ruthenate
based perovskites inferred that such materials can be
easily synthesized using the improved synthesis
methods and show potential catalytic activity towards
several reactions. Lack of suitable synthesis
procedures, low surface area of these materials and
thermal stability of ruthenium based catalysts have

always been limitations for their catalytic applications.

As observed in our recent studies, it is possible to
stabilize ruthenium in perovskite type matrix, which
offers high thermal stability, while use of improved
synthesis methods make possible easy synthesis of
both supported and non-supported lanthanum
ruthenates. Such synthesis results in several fold
increase in their surface area, thereby making them
suitable even for high space velocity applications.

Table2

Perovskite type lanthanum ruthenate
with ruthenium in 4+ oxidation state shows better
thermal stability as compared to LaRuO; ruthenium in
3+ oxidation state. “Deposition precipitation” method
offers relatively better synthesis of supported
lanthanum ruthenates. These lanthanum ruthenates
show high thermal stability as expected and may be
used even for high temperature reactions. Catalytic
activity of lanthanum ruthenates for a range of
oxidation reactions and its high thermal stability can
be exploited for environmental applications and to
investigate other related metal ruthenates in future.

Table-1

BET Surface Area Results

Sample Specific surface area
(m’/g)

LR-1 4.1

LR-2 3.8

LR-3 62

LR-4 61

v - alumina 273
Post-heated alumina 62
La-alumina 97

Characterization of various Lanthanum-uthenate Samples by XRD

Sample Phases Present
LaRuO, Ru0, Ru La,0;4 Other
LR1 Yes Yes Yes No No
(highly crystalline) (very weak) (very weak)
LR-2 Yes Yes Yes No No
(highly crystalline) (vety weak) (very weak)
LR3 Yes Yes No Yes Yes
(low infersity)
LR4 Yes Yes No Yes Yes
(moderate intensity) (relatively less
mumberofother
phases with
lower mtensity)
v -alumina No No No No No
La-ahimina No No No Yes Yes
Reference-1o
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