ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of the European Ceramic Society 27 (2007) 2369-2376

ELRRS

www.elsevier.com/locate/jeurceramsoc

Rutile-type dense ceramics fabricated by pressureless sintering of
Ti;_,Ru, O, powders prepared by sol-gel

M.T. Colomer™*, M.J. Velasco

Instituto de Cerdmica y Vidrio, CSIC, C/Kelsen no. 5, 28049 Madrid, Spain

Received 29 June 2006; received in revised form 29 August 2006; accepted 10 September 2006
Available online 2 November 2006

Abstract

Materials in the TiO,—RuO, system, in different shapes, as thin films, coatings, fine powders, xerogels and aerogels are of great interest for many
applications, such as energy storage and production systems, solar cells, chemical sensors, electronics, gas separation processes, and industrial
electrochemistry. However, a serious drawback in the processing of materials based on RuQO; is the well-established chemical reactivity above
~700 °C where RuO, becomes volatile and oxidizes to RuOs;/RuOy gases (in air) or reduces to Ru metal (in a vacuum). For this reason, it is not
obvious to attain dense materials in the systems containing Ru. In this study, a novel method has been used to obtain rutile-type Ti,_,Ru,O, (x=0.05,
0.08 and 0.10) as dense ceramics without the use of the hot-pressing for the sintering step. The relative densities of the materials prepared were
higher than 99.0 py, %). This method combines the sol—gel synthesis, a pressureless fast-firing method (heating and cooling rate of 20 °C min™")
at 1350 °C for 10 min and the use of a buffer during the sintering that provides a RuO; + RuQ, rich atmosphere.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Materials in the TiO,—RuO; system, in different shapes, as
thin films, coatings, fine powders, xerogels and aerogels are of
great interest for many applications, such as energy storage and
production systems, solar cells, chemical sensors, electronics,
gas separation processes, and industrial electrochemistry.! It has
motivated the further development of processing technologies
for their preparation.”~ ' In this regard, the sol-gel process may
serve as a good approach to prepare oxide powders or films of
this system and several studies have been found in the literature
about it.>~ The advantage of using this technique is that one
could find electrode structures which possess in principle a uni-
form and homogeneous distribution of electrocatalytically active
ruthenium contacts throughout the electrode microstructure,
which is not possible to obtain by the conventional decompo-
sition methods. However, a serious drawback in the processing
of materials based on RuQO, is the well-established chemical
reactivity above ~700°C where RuO, becomes volatile and
oxidizes to RuO3/RuQy4 gases (in air) or reduces to Ru metal (in
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a vacuum).!! The advantage of adding a second oxidic phase,
such as ZrO», TiO», etc., is not only to reduce costs but also to
provide a stabilization of the RuO; phase against oxidation or
reduction processes.

The efficiency of electron conduction in an electrode depends
largely on the generated microstructure.'”> The parameters that
constitute the microstructure are determined by the synthesis
approach and the thermal treatment given to the electrode. All
materials based on TiO>,—RuO; and pressureless sintered at high
temperature reported to date were porous ceramics or porous
layered electrodes'>~2! due to the partial RuO, volatilization
process mentioned above. It places restrictions on their possible
applications. Raming et al.?? prepared dual-phase nanocompos-
ite powders of tetragonal-ZrO; doped with 3 mol% Y;03 and
RuO» and densified them into compacts by hot-pressing. How-
ever, the sinterforging or hot-pressing method is an expensive
sintering method and is not always available in the laboratory.
An attempt to attain dense materials using a RuO3 + RuOy rich
atmosphere and a fast-firing method was tested by Colomer
and Jurado.?? These authors obtained ceramic materials with
compositions [(Zr02)0.92(Y203)0.08]11—x(RuO3)y, where x=0,
0.05, 0.08 and 0.10 mol, prepared by the conventional solid-state
reaction. Despite the use of a RuO3 + RuOy rich atmosphere and
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a fast-firing method (heating and cooling rate of 20°C min~!)
the samples obtained after sintering at temperatures between
900 and 1400 °C exhibited high porosity and contained no Ru
or less than that of the nominal composition due to a complete
or partial volatilization of RuO;, respectively. For this reason,
the sol—gel method is employed in this study. This synthesis
method together with an adequate thermal treatment and atmo-
sphere can provide the attainment of a Ru—O-Ti tridimensional
network that allows the preparation of dense Tij_,Ru,O, solid
solutions. Furthermore, the understanding of both the hydrolysis
and the polycondensation processes of the sol-gel synthesis,
could improve both the synthesis method and consequently the
materials obtained and their electrocatalytical properties.

In the present work, TiO,—RuO; ceramics were attained as
dense materials by pressureless sintering for the first time, as our
best knowledge, combining the sol—gel synthesis, a fast-firing
method and the use of a buffer during the sintering process.

2. Experimental

Gels with nominal compositions Tij_Ru,O,, where
x=0.05, 0.08, and 0.10, were prepared by a polymeric sol-gel
method. RuO, was also prepared by the sol-gel route, from
Ru(IIl) acetyl-acetonate (acac), in order to attain powder
with a high specific surface area for the generation of a
RuO3; + RuO4 atmosphere during the sintering of the pellets.
Gels were prepared from Merck analytical grade Ru(IIl) acetyl-
acetonate (acac) and 98% Ti(IV)-iso-propoxide purchased from
Janssen. In this method, absolute ethanol (Panreac) was used as
medium and water was added as 3 M HNO3. The molar ratios
employed were Ti(IV)-iso-propoxide:H,O =1:1.5 and Ti(IV)-
iso-propoxide:H* = 1:0.09.

In the first stage, the Ru(Ill) acac was dissolved in abso-
lute ethanol and the solution was refluxed and stirred at 70 °C
for 72 h. Ti(IV)-iso-propoxide was also dissolved in absolute
ethanol and the solution was refluxed and stirred at 70 °C for
24 h. After that, the latter solution was added to the Ru(III) acac
solution and the mixture was refluxed with continuous stirring
at 70 °C for 24 h. Ti(IV)-iso-propoxide in ethanol can be stabi-
lized against fast hydrolysis by the presence of acetylacetonate
present in the Ru(Ill) acac solution. Finally, 3M HNO3 was
added as necessary to reach a Ti(IV)-iso-propoxide:H,O ratio
of 1:1.5. The H* acts as a catalyst in the hydrolysis process. The
resulting solution was refluxed at 70 °C with stirring for 192 h.

In order to limit solvent evaporation, gels were dried very
slowly by covering them with a plastic film. Holes were made in
the film with a needle to control the speed of evaporation.?* The
gels were thermally treated in air after milling at 200 and 300 °C
for 12 h and at 400 °C for 36 h to assure the complete transforma-
tion of anatase to rutile phase and at 500 °C for 1 h to eliminate
the organic matter. Higher temperatures or longer times were not
used in order to avoid the segregation of the RuO, that lead to
phase separation.”> The resulting powder was sieved at 35 um
and pressed (axial and isostatically, 200 MPa). BET specific sur-
face area of the powders was determined using a Monosorb
Analyzer MS-13 QuantaChrome. Fourier Transform Infrared
Spectroscopy (FTIR) spectra were obtained between 4000 and

400 cm™! for the solutions, the gels and the calcined powders.
For the liquid samples KRS-5 crystals were used. A drop of lig-
uid was put on one crystal and then covered by another crystal.
For solid samples, ~0.8 mg of a sample was mixed with 300 mg
of KBr. The IR spectra were obtained with a Perkin-Elmer 1330
spectrophotometer with a 3600 data station, using the standard
program CDS-13 for data handling. Differential thermal and
thermogravimetric analyses (DTA-TGA) were carried out by
using a Netzsch STA-409 thermoanalyzer under dry air, employ-
ing a platinum crucible and a heating and a cooling rate of
20°C min~! up to 1350 °C, in order to observe the processes
involved. As a reference substance finely powdered alumina
was used. Crystallinity was evaluated by XRD (Siemens D-5000
Diffractometer) using Cu Ka radiation and a Ni filter. The exper-
imental diffraction patterns were collected at room temperature
over a range of 20 < 26 < 80 (step-scanned at 0.025°/20s). The
morphology of the powders and the microstructure of the sin-
tered materials were observed by means of scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDX)
(Model DSM 950, Zeiss, Oberchen, Germany). Transmis-
sion electron microscopy-energy dispersive X-ray spectroscopy
(TEM-EDX) (JEOL JEM-2010) was used for analyzing the cal-
cined powders. The microstructure of the sintered samples was
analyzed on polished and thermal etched surfaces.

Pellets were sintered at 1350°C for 10 min by rapid fir-
ing, at a heating and a cooling rate of 20°Cmin~!, and a
RuO3 + RuOy rich atmosphere (Fig. 1), to minimize ruthenium
oxide volatilization losses. This atmosphere is created by the
partial volatilization of RuO, powder with high specific surface
area (38.6 m2 g~ 1) attained from Ru(IIl) acac by the sol—gel
method. As is mentioned above, when RuO; is heated in the
presence of oxygen, the following two reversible reactions have
been reported to occur?®27:

RuO;(s) + 502(g) < RuOs(g)

RuO3(s) + 02(g) <> RuO4(g)

Sintering Atmosphere:
RuO3(9)+Ru04(9)

TiO;

RuO; <+ RuO3(g)+RuQ4(g)

TiOZ-RUOQ

TiO2

Alz03

Fig. 1. Schematic representation of the buffer sintering conditions.
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The predominant species in the gas phase at temperatures
greater than 1000 °C is RuO3 and at lower temperatures (800 °C)
is RuO4.%%27 It suggests that RuO4 and/or RuO3 may be present
on the surface of RuO,.28 The furnace employed for sintering
was a Rapid High-Temperature Furnace (Bulten-Kanthal AB, S-
73401 Hallstahammar, Sweden). Final densities were measured
by the Archimedes immersion technique in water, using three
pellets attained under nominally identical conditions. Reported
values are the average of the three values and errors are the stan-
dard deviations. Relative densities were calculated as percent-
age of the calculated theoretical density, for each composition,
from experimental lattice parameters and using 4.25 gcm ™3 for
rutile-TiO, (ASTM 21-1276).

In the following, anatase solid solution (Ti,Ru)O, will be
labeled Ass, and rutile solid solution (Ti,Ru)O; will be labeled
Rss. Furthermore, the compositions studied in this work will be
labeled 100(1 —x)T100xR, where x=0.05, 0.08, and 0.10.

3. Results and discussion
3.1. Infrared spectroscopy

3.1.1. Infrared spectroscopy precursors study

At different times, aliquots from the sols were collected to
take the IR spectra, in order to follow the hydrolysis and poly-
condensation reactions. Fig. 2 shows the infrared spectrum of
each of the precursors employed. Fig. 2a corresponds to the
Ru(IIT) acetyl-acetonate and Fig. 2b corresponds to the Ti(IV)-
iso-propoxide, respectively.

The Ru(IIl) acetyl-acetonate spectrum (Fig. 2a) shows a band
located at 3075cm™! that corresponds to the stretching vibra-
tion of the C—H bond joined to a double bond (=CH—). Bands
attributed to the symmetric and non-symmetric stretching mode
of the —CH3 bond appear at 2965 and 2920 cm™!, respectively.

The most characteristic bands of the Ru(IIl) acetyl-acetonate
correspond to the carbonyl group located at 1545 and 1515 cm ™!
(v1 and v, respectively). These values are in accord to those of
Endo et al.?? These bands appear as a doublet and at lower fre-
quencies than that of a free C=0 bond (1700 cm™!), indicating
both a conjugation with a C=C double bond* and that the car-
bonyl group is part of a cyclic structure. The band corresponding
to the above mentioned C=C double bond appears at 1590 cm™!
(v3) as a shoulder overlapped with the carbonyl group bands.
Another characteristic band is located at 953 cm™! (v4), and is
assigned to the Ru—O—C bond."?

Other bands present in the IR spectrum of the Ru(III) acac are
located at 1365 and 1270 cm™!. The first one is ascribed to the
C—H bond deformation in a —CHj3 group, which is very intense
due to the C—H bond joined to a carbonyl group. The second
band is assigned to the deformation of a C—H group joined with
a double bond.

The spectrum of the Ti(IV)-iso-propoxide (Fig. 2b) shows
three bands at 2970, 2930 and 2867 cm ™! corresponding to the
stretching mode of the C—H bond in the groups —CH3 and —CH,.
The deformation bands due to those groups appear in the spec-
trum between 1500 and 1300 cm ™.
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Fig. 2. IR spectrum of each of the precursors employed. (a) Ru(IIl) acac. The
most characteristic bands of the Ru(III) acetyl-acetonate correspond to the car-
bonyl group located at 1545 and 1515cm™! (vy and vy, respectively). Another
characteristic band is located at 953 cm™! (vy4), and is assigned to the Ru—O—C
bond.!3 (b) Ti(IV)-iso-propoxide. The most characteristic bands of the Ti(IV)-
iso-propoxide are due to the Ti—O—C stretching bond and are located at 1160,
1125 and 1005 cm™" (vs, v and v7, rcspectively).30

The most characteristic bands of the Ti(IV)-iso-propoxide
are due to the Ti—O—C stretching bond and are located at 1160,
1125 and 1005 cm™! (vs, vg and v7, respectively).30 The bands
corresponding to the deformation vibration of the C—H, C-O
and Ti—O bonds appear in the 900-400 cm™! region.

According to these results, the hydrolysis reactions of the
Ti(IV)-iso-propoxide and Ru(IIl) acac can be followed by means
of (1) the decreasing intensities of the bands at 1160, 1125 and
1005 cm™! (Ti—O—C) (vs, vg and v7, respectively) due to the rup-
ture of the Ti—O bonds, present in Ti(IV)-iso-propoxide, (2) the
shifts of the frequencies of the C=0 bond at 1545 and 1515 cm™!
(v1 and v, respectively) due to the formation of a free diketone
from the rupture of the cyclic ring of the Ru(IIl) acac and (3) the
decreasing intensity of the band located at 953 cm~! (Ru—0—-C)
(v4) present in the Ru(III) acac. The polycondensation reactions
can be followed by both the appearance and intensity increase
of the bands corresponding to the Ru—O—Ru, Ru—O-Ti and
Ti—O—Ti bonds.
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3.1.2. Infrared spectroscopy mixtures study

In order to better evaluate the IR spectra, and due to the high
amount of ethanol required for the Ru(III) acac dissolution, each
aliquot of the sols was concentrated to eliminate part of the alco-
hol (ethanol). For this reason, the isopropanol formed during the
polycondensation process is also eliminated and is not observed
by IR spectroscopy.

In Fig. 3a—c the IR spectra of the resulting sols at different
times are shown.

In Fig. 3a the IR spectrum of the precursors mixture for the
sol withx=0.10 at time = 0 is shown, before solvent evaporation.
Fig. 3b and c show the IR spectrum of the same sol after 4 and
8 days of reaction and solvent evaporation, respectively.
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Fig. 3. (a) IR spectrum of the mixture of precursors for the sol 90T10R at
time=0s. (b) IR spectrum of the same sol after 4 days of reaction with partial
solvent evaporation. (c) IR spectrum of the same sol after 8 days of reaction with
partial solvent evaporation. The hydrolysis of the Ru(IIl) acac can be deduced
because a decrease in the intensity of the v4 band is detected. The intensity
increase of the band situated at 1700 cm™! (v11), and corresponding to the C=0
bond of the formed diketone indicates, among other band intensity modifications,
that the hydrolysis reaction is very advanced. (d) IR spectrum of the xerogel
90T10R calcined at 400 °C for 36 h. The wide band observed in the frequency
range, 800450 cm~! (v14), is ascribed to the Ti—O—Ti and Ti—O—Ru bonds
formed during the polycondensation reactions.'>3!

In Fig. 3a, the bands corresponding to the ethanol are
mostly observed. The precursor bands are almost negligible. At
3330cm™!, the stretching vibration corresponding to the O—H
bond is detected and at about 3000 cm ™! the stretching modes of
the —CH3 and —CH; groups appear. In the spectral region from
1200 to 800 cm™! three typical bands from the ethanol appear:
vg,c-0: 1090 and vg c—o: 1050 cm~! and the skeletal vibration
of the molecule at 880cm™" (vyo).

Fig. 3b shows at 1710 cm™! a sole band that can be ascribed
to the stretching vibration of the C=0 bond (vy1). This band
is shifted to higher frequencies than that in the Ru(IIIl) acac
due to the rupture of the ring in the molecule. This band is
slightly shifted compared with that of a free carbonyl group.
This shifting is due to the presence of two different resonant
structures, keto and enol structures. Thus, the formation of a
diketone from the rupture of the C—O—Ru bond is obtained.
Together with this latter band, two bands that correspond to the
C=0bond of the Ru(III) acac coexistat 1545 and 1515 cm™! (v;
and vy, respectively). These two bands present a low intensity,
indicating that, at those reaction times, part of the Ru(IIII) acac
has not been hydrolyzed yet.

The rupture of the C—O—Ru bond can be observed from the
band located at 953cm™! (v4 in the mixture, Fig. 3a—c). The
hydrolysis of the Ru(III) acac can be deduced because a decrease
in the intensity of that band is detected.

The bands corresponding to the Ti—O—C bond of the Ti(IV)-
iso-propoxide (bands at 1160, 1125 and 1005cm™!) appear
as a shoulder overlapped with the bands located at 1090 and
1050cm™! from the ethanol (vg and vo, respectively). This
could indicate that hydrolysis of the Ti(IV)-iso-propoxide takes
place. On the other hand, a band located at 533 cm~! (v12) could
be assigned to the Ti—-O—Ru and/or Ru—O—Ru and a shoulder
located at ~652 cm™! (v13) can be attributed to the Ti—O—Ti
bond formation! during the polycondensation reactions.

In Fig. 3¢ (8 days of reaction) the disappearance of the bands
situated at 1515 (v) and 1545cm™1 (1y), corresponding to the
C=0 bond of the Ru(Ill) acac, the increase of the one situ-
ated at 953 cm™! (v4), assigned to the Ru—O—C bond, !’ and the
intensity increase of the band situated at 1700 cm~! (v11), and
corresponding to the C=O bond of the formed diketone indicate
that the hydrolysis reaction is very advanced.

The Ti—O—C bands that appeared as a shoulder overlapping
with the bands of the ethanol at 1090 and 1050cm™! at the
spectrum 3b are not longer visible, indicating the rupture of
these bonds.

In Fig. 3c an intensity increase of the bands at 652 cm™
(Ti—O—Ti) and at 533 cm~! (Ru—O—Ru or Ti—O—Ru) is also
observed, indicating the extent of the polycondensation reaction.

Fig. 3d shows the infrared spectrum of the xerogel 90T10R
calcined at 400 °C/36 h. During the calcination, the bands corre-
sponding to the organic groups disappear. Heat treatment at this
temperature causes elimination of the peaks due to OH, CH,
C—OH, Ti—O—C and Ru—O—C chemical groups, and the subse-
quent formation of Ti—O—Ti, Ru—O—Ru and Ru—O-Ti bonds.
The wide band observed in the frequency range, 800—450 cm ™!
(v14), 1is ascribed to the Ti—O—Ti and Ti—O—Ru bonds formed
during the polycondensation reactions.!>3132 The inactive

1
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ruthenium dioxide cannot be positively identified by FTIR3%34

because is a conductive oxide.
A similar evolution can be observed for the rest of the sols.

4. DTA-TG

Fig. 4a and b show the DTA and TGA curves for the xerogel
with x=0.05 (95T5R).

The weak endothermic peak centered at 147 °C could be
associated with all the following processes: (a) evaporation
of residual absolute ethanol used as solvent in the synthesis,
(b) evaporation of water from HNO3, (c) evaporation of iso-
propanol formed during the hydrolysis of Ti(IV)-iso-propoxide,
and (d) evaporation of water formed during the polyconden-
sation process. A weight loss of ~13% detected from room
temperature to 210 °C in the TGA curve can be associated with
the elimination of those volatile products.

An inflection is observed, at ~280 °C, in the DTA curve and
can be attributed to the loss of the absolute ethanol, iso-propanol,
and water trapped in the pores of the gel. This is associated with
a weight loss in the range 210-280 °C in the TGA curve. The
exothermic peak centered at ~345 °C is related to the combus-
tion of the various carbonaceous residuals (isopropoxy groups
(-OC3Hy), acetylacetonate groups, etc.) that have remained in
the matrix of the xerogel. Weight losses are detected in the TGA
up to 570°C and can be attributed to the elimination of these
organic groups and to the polycondensation processes is com-
pleted. Lastly, an exothermic peak observed at ~532°C could
be attributed to the rutile formation. This peak is detected at
decreasing temperature when the ruthenium content increases
(from 560 °C for x=0% to 420 °C for x=0.10). All the DTA
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Fig. 4. (aand b) DTA-TGA curves of a 95T5R xerogel.

and TGA curves exhibit similar characteristics for the different
studied compositions.

For all the compositions a rutile solid solution, (Rss), was
detected by means of XRD in the residual ash.

A discrepancy in the temperature events during the calcina-
tion treatments and during the TG measurements occurs and is
due to the fact that TG analysis is a dynamic process. Further-
more, there must be taken into account that the DTA and TGA
curves have been collected under dry air, a different atmosphere
that the used for the sintering processes.

5. XRD

The XRD patterns of all the dried gels indicated that an amor-
phous structure was formed at the reaction temperature (70 °C).
Table 1 shows the crystalline phases detected in the studied sam-
ples calcined at each temperature, 200 and 300 °C for 12 h, and
at400 °C for 36 h. The diffraction peaks could be assigned to the
anatase (Ass) and rutile (Rss) structures with d-spacings shifted
with respect to the anatase and rutile-TiO, phases, respectively.
At temperatures, as low as 200 °C, mixtures of both anatase Ass
and rutile Rss solid solutions were attained. Mixtures of Ass and
Rss solid solutions are also present for all the compositions at
300 °C for 12h. At 400 °C for 36 h only the Rss solid solution
is present. The evolution observed in the intensity of the diffrac-
tion peaks is also indicated in Table 1. The solid solution limit
of RuO, into Rss lattice, is located at least at x=0.1 for sam-
ples sintered at 1350 °C. Thus, free RuO; has not been detected
for the experimental conditions employed in any studied
composition.

Controversial data about the solid solution limit of ruthe-
nium oxide into the rutile-TiO, lattice can be found in the
literature although preferentially referred to films. Levedeb et
al.3 observed for samples prepared by the conventional solid
state reaction a narrow region (8-9 mol%, pellets prepared at
1300 °C in air) of solubility of TiO; in RuO,; in the remaining
region solid solutions of TiO, in RuO; coexist with rutile TiO;.
However, our results are not comparable with those because the
sintering carried out by Levedeb et al. was in air. According to
Malek et al.? the (TiO;),(RuO7);_s powders crystallized up to
600 °C for 0 < x < 0.7 were single phase of rutile-type solid solu-
tions. In the latter case, a dry nitrogen flow for the calcination
was used.® Again our results are not comparable with those by
Malek et al. because of the use of a different atmosphere during
the thermal treatment, which implies a different sintering pro-
cess and thus different materials. Gerrard and Steele'” reported
the presence of separate RuO;- and TiO»-rich phases at 800 °C,
for films prepared by the conventional thermal decomposition
method, indicating that only a very limited solid solubility (less
than 1.5 mol% RuO,) was observed. Guglielmi et al. reported
that for 30 mol% RuO; films prepared by sol-gel synthesis and
calcined at 400 °C, a rutile solid solution is formed and observed
by XRD as a unique phase. Kameyama et al.> obtained rutile
compositions with high RuO» content (80 at.%) at 450 °C for 3 h
also by the sol-gel method but no dissolution of RuO, into TiO;
was attained for compositions with less than 20 at.% of RuO,.
Hrovat et al.!> used wavelength dispersive X-ray quantitative
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Table 1
Evolution of the crystalline phases for the materials prepared as a function of the temperature
Calcination 7 (°C), time and atmosphere Composition

95T5R 92T8R 90T10R
200°C, 12hin air 1Ass+ | Rss 1Ass + | Rss 1Ass+ | Rss
300°C, 12h in air PAss+ | Rss PAss+ | Rss TAss+ | Rss
400°C, 36 h in air Rss Rss Rss
1350 °C, 10 min using buffer Rss Rss Rss

Anatase solid solution (Ti,Ru)O, is labeled Ass, and the rutile solid solution phase (Ru,Ti)O; is labeled Rss. The arrow (1) indicates the phase with the highest
intensity peaks and the arrow () indicates the phase with the weakest intensity diffraction peaks, respectively.

microanalysis (WDS) for the investigation of phase equilibria
and the extent of solid solubility in the RuO,-TiO, system.
The conventional ceramic method was used for the synthesis
and the pellets were buried in RuO, powder to suppress the
evaporation of volatile RuO3 and RuOy4. The solid solubility at
1350°C was determined to be 0.135 mol RuO; in TiO;. Our
data agree with that given by Hrovat et al.'> as can be seen in
Table 1.

6. SEM-EDX and TEM-EDX

Scarlet colored and translucent gels were obtained for all
the compositions. Fig. 5 shows a SEM micrograph of a piece
of a dry gel. EDX analysis indicated the presence of Ti and
Ru elements in stoichiometric proportions and homogeneously
distributed that implies the attainment of a Ru—O-Ti tridimen-
sional network. The sol-gel method allowed us to achieve gels
formed by a tridimensional network in which both Ti and Ru
ions are involved at 70 °C. After an adequate thermal treatment
together with a RuO3 + RuOy rich atmosphere the gels give rise
to Ti; —xRu, O3 solid solutions, where x =0.05, 0.08 and 0.10, up
to temperatures as high as 1350 °C.

Base (1)

11955 I | 65535

Fig. 5. SEM micrograph of a piece of the xerogel 90T10R.

Fig. 6. TEM picture of a 90T10R xerogel after milling.

When the powders, attained after milling the xerogels, are
observed by TEM, agglomerates of very fine crystals could be
clearly perceived (Fig. 6).

SEM micrographs of polished and thermal etched surfaces
of the sintered 90T10R sample are shown in Fig. 7a and b. The
EDX semiquantitative analysis indicated the presence of Ti and
Ru elements in stoichiometric proportions and confirms the solid
solubility of the RuO; into the rutile lattice.

Table 2 shows the theoretical, the final and the relative
densities of the studied samples. Fully densified bodies were
obtained for all cases, i.e., the relative densities were higher than
99.0 pih %.

Table 2

Theoretical, final and relative densities of the samples

Material P (gem™>) Pexperimental (gCmM ™) Pt (%)
100T 4.25 - -

95T5R 4.39+0.01 4.36+0.01 99.3+0.1
92T8R 4.554+0.01 4.524+0.01 99.3+0.1
90T10R 4.65+0.01 4.61£0.01 99.1+£0.1
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(b)

Fig.7. (aand b) SEM of the 90T 10R material after sintering and thermal etching.

7. Conclusion

A novel method has been used to obtain rutile-type,
Ti;—,Ru,O;, single solid solutions as dense ceramics (the rela-
tive densities were higher than 99.0 py, %). This method com-
bines the sol—gel synthesis, a pressureless fast-firing method
(heating and cooling rate of 20 °C min~!) at 1350 °C for 10 min
and, the use of a buffer during the sintering that provides a
RuO3 + RuOy rich atmosphere and prevent the volatilization of
RuO; from the samples.
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