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bstract

aterials in the TiO2–RuO2 system, in different shapes, as thin films, coatings, fine powders, xerogels and aerogels are of great interest for many
pplications, such as energy storage and production systems, solar cells, chemical sensors, electronics, gas separation processes, and industrial
lectrochemistry. However, a serious drawback in the processing of materials based on RuO2 is the well-established chemical reactivity above
700 ◦C where RuO2 becomes volatile and oxidizes to RuO3/RuO4 gases (in air) or reduces to Ru metal (in a vacuum). For this reason, it is not

bvious 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,
1−x x 2

.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
igher than 99.0 ρth %). This method combines the sol–gel synthesis, a pressureless fast-firing method (heating and cooling rate of 20 ◦C min−1)
t 1350 ◦C for 10 min and the use of a buffer during the sintering that provides a RuO3 + RuO4 rich atmosphere.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Materials in the TiO2–RuO2 system, in different shapes, as
hin films, coatings, fine powders, xerogels and aerogels are of
reat interest for many applications, such as energy storage and
roduction systems, solar cells, chemical sensors, electronics,
as separation processes, and industrial electrochemistry.1 It has
otivated the further development of processing technologies

or their preparation.2–10 In this regard, the sol–gel process may
erve as a good approach to prepare oxide powders or films of
his system and several studies have been found in the literature
bout it.2–9 The advantage of using this technique is that one
ould find electrode structures which possess in principle a uni-
orm and homogeneous distribution of electrocatalytically active
uthenium contacts throughout the electrode microstructure,

hich is not possible to obtain by the conventional decompo-

ition methods. However, a serious drawback in the processing
f materials based on RuO2 is the well-established chemical
eactivity above ∼700 ◦C where RuO2 becomes volatile and
xidizes to RuO3/RuO4 gases (in air) or reduces to Ru metal (in

∗ Corresponding author. Tel.: +34 91 735 58 58; fax: +34 91 735 58 43.
E-mail address: tcolomer@icv.csic.es (M.T. Colomer).
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vacuum).11 The advantage of adding a second oxidic phase,
uch as ZrO2, TiO2, etc., is not only to reduce costs but also to
rovide a stabilization of the RuO2 phase against oxidation or
eduction processes.

The efficiency of electron conduction in an electrode depends
argely on the generated microstructure.12 The parameters that
onstitute the microstructure are determined by the synthesis
pproach and the thermal treatment given to the electrode. All
aterials based on TiO2–RuO2 and pressureless sintered at high

emperature reported to date were porous ceramics or porous
ayered electrodes13–21 due to the partial RuO2 volatilization
rocess mentioned above. It places restrictions on their possible
pplications. Raming et al.22 prepared dual-phase nanocompos-
te powders of tetragonal-ZrO2 doped with 3 mol% Y2O3 and
uO2 and densified them into compacts by hot-pressing. How-
ver, the sinterforging or hot-pressing method is an expensive
intering method and is not always available in the laboratory.
n attempt to attain dense materials using a RuO3 + RuO4 rich

tmosphere and a fast-firing method was tested by Colomer

nd Jurado.23 These authors obtained ceramic materials with
ompositions [(ZrO2)0.92(Y2O3)0.08]1−x(RuO2)x, where x = 0,
.05, 0.08 and 0.10 mol, prepared by the conventional solid-state
eaction. Despite the use of a RuO3 + RuO4 rich atmosphere and

mailto:tcolomer@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2006.09.006


2 Europ

a
t
9
o
o
t
m
s
n
s
a
c
m

d
b
m

2

x
m
R
w
R
G
a
J
m
e
i

l
f
e
2
s
a
l
p
a
o
r

s
t
g
f
t
t
u
p
a
f
A
S

4
F
u
F
o
s
p
t
u
i
2
i
w
D
i
o
m
t
m
(
s
(
c
a

i
R
o
p
a
m
p
b

RuO2(s) + 1
2 O2(g) ↔ RuO3(g)

RuO2(s) + O2(g) ↔ RuO4(g)
370 M.T. Colomer, M.J. Velasco / Journal of the

fast-firing method (heating and cooling rate of 20 ◦C min−1)
he samples obtained after sintering at temperatures between
00 and 1400 ◦C exhibited high porosity and contained no Ru
r less than that of the nominal composition due to a complete
r partial volatilization of RuO2, respectively. For this reason,
he sol–gel method is employed in this study. This synthesis

ethod together with an adequate thermal treatment and atmo-
phere can provide the attainment of a Ru–O–Ti tridimensional
etwork that allows the preparation of dense Ti1−xRuxO2 solid
olutions. Furthermore, the understanding of both the hydrolysis
nd the polycondensation processes of the sol–gel synthesis,
ould improve both the synthesis method and consequently the
aterials obtained and their electrocatalytical properties.
In the present work, TiO2–RuO2 ceramics were attained as

ense materials by pressureless sintering for the first time, as our
est knowledge, combining the sol–gel synthesis, a fast-firing
ethod and the use of a buffer during the sintering process.

. Experimental

Gels with nominal compositions Ti1−xRuxO2, where
= 0.05, 0.08, and 0.10, were prepared by a polymeric sol–gel
ethod. RuO2 was also prepared by the sol–gel route, from
u(III) acetyl-acetonate (acac), in order to attain powder
ith a high specific surface area for the generation of a
uO3 + RuO4 atmosphere during the sintering of the pellets.
els were prepared from Merck analytical grade Ru(III) acetyl-

cetonate (acac) and 98% Ti(IV)-iso-propoxide purchased from
anssen. In this method, absolute ethanol (Panreac) was used as
edium and water was added as 3 M HNO3. The molar ratios

mployed were Ti(IV)-iso-propoxide:H2O = 1:1.5 and Ti(IV)-
so-propoxide:H+ = 1:0.09.

In the first stage, the Ru(III) acac was dissolved in abso-
ute ethanol and the solution was refluxed and stirred at 70 ◦C
or 72 h. Ti(IV)-iso-propoxide was also dissolved in absolute
thanol and the solution was refluxed and stirred at 70 ◦C for
4 h. After that, the latter solution was added to the Ru(III) acac
olution and the mixture was refluxed with continuous stirring
t 70 ◦C for 24 h. Ti(IV)-iso-propoxide in ethanol can be stabi-
ized against fast hydrolysis by the presence of acetylacetonate
resent in the Ru(III) acac solution. Finally, 3 M HNO3 was
dded as necessary to reach a Ti(IV)-iso-propoxide:H2O ratio
f 1:1.5. The H+ acts as a catalyst in the hydrolysis process. The
esulting solution was refluxed at 70 ◦C with stirring for 192 h.

In order to limit solvent evaporation, gels were dried very
lowly by covering them with a plastic film. Holes were made in
he film with a needle to control the speed of evaporation.24 The
els were thermally treated in air after milling at 200 and 300 ◦C
or 12 h and at 400 ◦C for 36 h to assure the complete transforma-
ion of anatase to rutile phase and at 500 ◦C for 1 h to eliminate
he organic matter. Higher temperatures or longer times were not
sed in order to avoid the segregation of the RuO2 that lead to
hase separation.25 The resulting powder was sieved at 35 �m

nd pressed (axial and isostatically, 200 MPa). BET specific sur-
ace area of the powders was determined using a Monosorb
nalyzer MS-13 QuantaChrome. Fourier Transform Infrared
pectroscopy (FTIR) spectra were obtained between 4000 and
ean Ceramic Society 27 (2007) 2369–2376

00 cm−1 for the solutions, the gels and the calcined powders.
or the liquid samples KRS-5 crystals were used. A drop of liq-
id was put on one crystal and then covered by another crystal.
or solid samples, ∼0.8 mg of a sample was mixed with 300 mg
f KBr. The IR spectra were obtained with a Perkin-Elmer 1330
pectrophotometer with a 3600 data station, using the standard
rogram CDS-13 for data handling. Differential thermal and
hermogravimetric analyses (DTA–TGA) were carried out by
sing a Netzsch STA-409 thermoanalyzer under dry air, employ-
ng a platinum crucible and a heating and a cooling rate of
0 ◦C min−1 up to 1350 ◦C, in order to observe the processes
nvolved. As a reference substance finely powdered alumina
as used. Crystallinity was evaluated by XRD (Siemens D-5000
iffractometer) using Cu K� radiation and a Ni filter. The exper-

mental diffraction patterns were collected at room temperature
ver a range of 20 ≤ 2θ ≤ 80 (step-scanned at 0.025◦/20 s). The
orphology of the powders and the microstructure of the sin-

ered materials were observed by means of scanning electron
icroscopy-energy dispersive X-ray spectroscopy (SEM–EDX)

Model DSM 950, Zeiss, Oberchen, Germany). Transmis-
ion electron microscopy-energy dispersive X-ray spectroscopy
TEM–EDX) (JEOL JEM-2010) was used for analyzing the cal-
ined powders. The microstructure of the sintered samples was
nalyzed on polished and thermal etched surfaces.

Pellets were sintered at 1350 ◦C for 10 min by rapid fir-
ng, at a heating and a cooling rate of 20 ◦C min−1, and a
uO3 + RuO4 rich atmosphere (Fig. 1), to minimize ruthenium
xide volatilization losses. This atmosphere is created by the
artial volatilization of RuO2 powder with high specific surface
rea (38.6 m2 g−1) attained from Ru(III) acac by the sol–gel
ethod. As is mentioned above, when RuO2 is heated in the

resence of oxygen, the following two reversible reactions have
een reported to occur26,27:
Fig. 1. Schematic representation of the buffer sintering conditions.
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Fig. 2. IR spectrum of each of the precursors employed. (a) Ru(III) acac. The
most characteristic bands of the Ru(III) acetyl-acetonate correspond to the car-
bonyl group located at 1545 and 1515 cm−1 (ν1 and ν2, respectively). Another
characteristic band is located at 953 cm−1 (ν4), and is assigned to the Ru O C
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The predominant species in the gas phase at temperatures
reater than 1000 ◦C is RuO3 and at lower temperatures (800 ◦C)
s RuO4.26,27 It suggests that RuO4 and/or RuO3 may be present
n the surface of RuO2.28 The furnace employed for sintering
as a Rapid High-Temperature Furnace (Bulten-Kanthal AB, S-
3401 Hallstahammar, Sweden). Final densities were measured
y the Archimedes immersion technique in water, using three
ellets attained under nominally identical conditions. Reported
alues are the average of the three values and errors are the stan-
ard deviations. Relative densities were calculated as percent-
ge of the calculated theoretical density, for each composition,
rom experimental lattice parameters and using 4.25 g cm−3 for
utile–TiO2 (ASTM 21-1276).

In the following, anatase solid solution (Ti,Ru)O2 will be
abeled Ass, and rutile solid solution (Ti,Ru)O2 will be labeled
ss. Furthermore, the compositions studied in this work will be

abeled 100(1 − x)T100xR, where x = 0.05, 0.08, and 0.10.

. Results and discussion

.1. Infrared spectroscopy

.1.1. Infrared spectroscopy precursors study
At different times, aliquots from the sols were collected to

ake the IR spectra, in order to follow the hydrolysis and poly-
ondensation reactions. Fig. 2 shows the infrared spectrum of
ach of the precursors employed. Fig. 2a corresponds to the
u(III) acetyl-acetonate and Fig. 2b corresponds to the Ti(IV)-

so-propoxide, respectively.
The Ru(III) acetyl-acetonate spectrum (Fig. 2a) shows a band

ocated at 3075 cm−1 that corresponds to the stretching vibra-
ion of the C H bond joined to a double bond ( CH ). Bands
ttributed to the symmetric and non-symmetric stretching mode
f the CH3 bond appear at 2965 and 2920 cm−1, respectively.

The most characteristic bands of the Ru(III) acetyl-acetonate
orrespond to the carbonyl group located at 1545 and 1515 cm−1

ν1 and ν2, respectively). These values are in accord to those of
ndo et al.29 These bands appear as a doublet and at lower fre-
uencies than that of a free C O bond (1700 cm−1), indicating
oth a conjugation with a C C double bond30 and that the car-
onyl group is part of a cyclic structure. The band corresponding
o the above mentioned C C double bond appears at 1590 cm−1

ν3) as a shoulder overlapped with the carbonyl group bands.
nother characteristic band is located at 953 cm−1 (ν4), and is

ssigned to the Ru O C bond.15

Other bands present in the IR spectrum of the Ru(III) acac are
ocated at 1365 and 1270 cm−1. The first one is ascribed to the

H bond deformation in a CH3 group, which is very intense
ue to the C H bond joined to a carbonyl group. The second
and is assigned to the deformation of a C H group joined with
double bond.

The spectrum of the Ti(IV)-iso-propoxide (Fig. 2b) shows

hree bands at 2970, 2930 and 2867 cm−1 corresponding to the
tretching mode of the C H bond in the groups CH3 and CH2.
he deformation bands due to those groups appear in the spec-

rum between 1500 and 1300 cm−1.

(
c
o
T

ond.15 (b) Ti(IV)-iso-propoxide. The most characteristic bands of the Ti(IV)-
so-propoxide are due to the Ti O C stretching bond and are located at 1160,
125 and 1005 cm−1 (ν5, ν6 and ν7, respectively).30

The most characteristic bands of the Ti(IV)-iso-propoxide
re due to the Ti O C stretching bond and are located at 1160,
125 and 1005 cm−1 (ν5, ν6 and ν7, respectively).30 The bands
orresponding to the deformation vibration of the C H, C O
nd Ti O bonds appear in the 900–400 cm−1 region.

According to these results, the hydrolysis reactions of the
i(IV)-iso-propoxide and Ru(III) acac can be followed by means
f (1) the decreasing intensities of the bands at 1160, 1125 and
005 cm−1 (Ti O C) (ν5, ν6 and ν7, respectively) due to the rup-
ure of the Ti O bonds, present in Ti(IV)-iso-propoxide, (2) the
hifts of the frequencies of the C O bond at 1545 and 1515 cm−1

ν1 and ν2, respectively) due to the formation of a free diketone
rom the rupture of the cyclic ring of the Ru(III) acac and (3) the
ecreasing intensity of the band located at 953 cm−1 (Ru O C)

ν4) present in the Ru(III) acac. The polycondensation reactions
an be followed by both the appearance and intensity increase
f the bands corresponding to the Ru O Ru, Ru O Ti and
i O Ti bonds.
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.1.2. Infrared spectroscopy mixtures study
In order to better evaluate the IR spectra, and due to the high

mount of ethanol required for the Ru(III) acac dissolution, each
liquot of the sols was concentrated to eliminate part of the alco-
ol (ethanol). For this reason, the isopropanol formed during the
olycondensation process is also eliminated and is not observed
y IR spectroscopy.

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

In Fig. 3a the IR spectrum of the precursors mixture for the

ol with x = 0.10 at time = 0 is shown, before solvent evaporation.
ig. 3b and c show the IR spectrum of the same sol after 4 and
days of reaction and solvent evaporation, respectively.

ig. 3. (a) IR spectrum of the mixture of precursors for the sol 90T10R at
ime = 0 s. (b) IR spectrum of the same sol after 4 days of reaction with partial
olvent evaporation. (c) IR spectrum of the same sol after 8 days of reaction with
artial solvent evaporation. The hydrolysis of the Ru(III) acac can be deduced
ecause a decrease in the intensity of the υ4 band is detected. The intensity
ncrease of the band situated at 1700 cm−1 (ν11), and corresponding to the C O
ond of the formed diketone indicates, among other band intensity modifications,
hat the hydrolysis reaction is very advanced. (d) IR spectrum of the xerogel
0T10R calcined at 400 ◦C for 36 h. The wide band observed in the frequency
ange, 800–450 cm−1 (ν14), is ascribed to the Ti O Ti and Ti O Ru bonds
ormed during the polycondensation reactions.15,31
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In Fig. 3a, the bands corresponding to the ethanol are
ostly observed. The precursor bands are almost negligible. At

330 cm−1, the stretching vibration corresponding to the O H
ond is detected and at about 3000 cm−1 the stretching modes of
he CH3 and CH2 groups appear. In the spectral region from
200 to 800 cm−1 three typical bands from the ethanol appear:
8,C O: 1090 and υ9,C O: 1050 cm−1 and the skeletal vibration
f the molecule at 880 cm−1 (ν10).

Fig. 3b shows at 1710 cm−1 a sole band that can be ascribed
o the stretching vibration of the C O bond (ν11). This band
s shifted to higher frequencies than that in the Ru(IIII) acac
ue to the rupture of the ring in the molecule. This band is
lightly shifted compared with that of a free carbonyl group.
his shifting is due to the presence of two different resonant
tructures, keto and enol structures. Thus, the formation of a
iketone from the rupture of the C O Ru bond is obtained.
ogether with this latter band, two bands that correspond to the

O bond of the Ru(IIII) acac coexist at 1545 and 1515 cm−1 (ν1
nd ν2, respectively). These two bands present a low intensity,
ndicating that, at those reaction times, part of the Ru(IIII) acac
as not been hydrolyzed yet.

The rupture of the C O Ru bond can be observed from the
and located at 953 cm−1 (ν4 in the mixture, Fig. 3a–c). The
ydrolysis of the Ru(III) acac can be deduced because a decrease
n the intensity of that band is detected.

The bands corresponding to the Ti O C bond of the Ti(IV)-
so-propoxide (bands at 1160, 1125 and 1005 cm−1) appear
s a shoulder overlapped with the bands located at 1090 and
050 cm−1 from the ethanol (ν8 and ν9, respectively). This
ould indicate that hydrolysis of the Ti(IV)-iso-propoxide takes
lace. On the other hand, a band located at 533 cm−1 (ν12) could
e assigned to the Ti O Ru and/or Ru O Ru and a shoulder
ocated at ∼652 cm−1 (ν13) can be attributed to the Ti O Ti
ond formation31 during the polycondensation reactions.

In Fig. 3c (8 days of reaction) the disappearance of the bands
ituated at 1515 (ν1) and 1545 cm−1 (ν2), corresponding to the

O bond of the Ru(III) acac, the increase of the one situ-
ted at 953 cm−1 (ν4), assigned to the Ru O C bond,15 and the
ntensity increase of the band situated at 1700 cm−1 (ν11), and
orresponding to the C O bond of the formed diketone indicate
hat the hydrolysis reaction is very advanced.

The Ti O C bands that appeared as a shoulder overlapping
ith the bands of the ethanol at 1090 and 1050 cm−1 at the

pectrum 3b are not longer visible, indicating the rupture of
hese bonds.

In Fig. 3c an intensity increase of the bands at 652 cm−1

Ti O Ti) and at 533 cm−1 (Ru O Ru or Ti O Ru) is also
bserved, indicating the extent of the polycondensation reaction.

Fig. 3d shows the infrared spectrum of the xerogel 90T10R
alcined at 400 ◦C/36 h. During the calcination, the bands corre-
ponding to the organic groups disappear. Heat treatment at this
emperature causes elimination of the peaks due to OH, CH,

OH, Ti O C and Ru O C chemical groups, and the subse-

uent formation of Ti O Ti, Ru O Ru and Ru O Ti bonds.
he wide band observed in the frequency range, 800–450 cm−1

ν14), is ascribed to the Ti O Ti and Ti O Ru bonds formed
uring the polycondensation reactions.15,31,32 The inactive
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uthenium dioxide cannot be positively identified by FTIR33,34

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

. DTA–TG

Fig. 4a and b show the DTA and TGA curves for the xerogel
ith x = 0.05 (95T5R).
The weak endothermic peak centered at 147 ◦C could be

ssociated with all the following processes: (a) evaporation
f residual absolute ethanol used as solvent in the synthesis,
b) evaporation of water from HNO3, (c) evaporation of iso-
ropanol formed during the hydrolysis of Ti(IV)-iso-propoxide,
nd (d) evaporation of water formed during the polyconden-
ation process. A weight loss of ∼13% detected from room
emperature to 210 ◦C in the TGA curve can be associated with
he elimination of those volatile products.

An inflection is observed, at ∼280 ◦C, in the DTA curve and
an be attributed to the loss of the absolute ethanol, iso-propanol,
nd water trapped in the pores of the gel. This is associated with
weight loss in the range 210–280 ◦C in the TGA curve. The

xothermic peak centered at ∼345 ◦C is related to the combus-
ion of the various carbonaceous residuals (isopropoxy groups
–OC3H7), acetylacetonate groups, etc.) that have remained in
he matrix of the xerogel. Weight losses are detected in the TGA
p to 570 ◦C and can be attributed to the elimination of these
rganic groups and to the polycondensation processes is com-

◦
leted. Lastly, an exothermic peak observed at ∼532 C could
e attributed to the rutile formation. This peak is detected at
ecreasing temperature when the ruthenium content increases
from 560 ◦C for x = 025 to 420 ◦C for x = 0.10). All the DTA

Fig. 4. (a and b) DTA–TGA curves of a 95T5R xerogel.
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nd TGA curves exhibit similar characteristics for the different
tudied compositions.

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

A discrepancy in the temperature events during the calcina-
ion treatments and during the TG measurements occurs and is
ue to the fact that TG analysis is a dynamic process. Further-
ore, there must be taken into account that the DTA and TGA

urves have been collected under dry air, a different atmosphere
hat the used for the sintering processes.

. XRD

The XRD patterns of all the dried gels indicated that an amor-
hous structure was formed at the reaction temperature (70 ◦C).
able 1 shows the crystalline phases detected in the studied sam-
les calcined at each temperature, 200 and 300 ◦C for 12 h, and
t 400 ◦C for 36 h. The diffraction peaks could be assigned to the
natase (Ass) and rutile (Rss) structures with d-spacings shifted
ith respect to the anatase and rutile–TiO2 phases, respectively.
t temperatures, as low as 200 ◦C, mixtures of both anatase Ass

nd rutile Rss solid solutions were attained. Mixtures of Ass and
ss solid solutions are also present for all the compositions at
00 ◦C for 12 h. At 400 ◦C for 36 h only the Rss solid solution
s present. The evolution observed in the intensity of the diffrac-
ion peaks is also indicated in Table 1. The solid solution limit
f RuO2 into Rss lattice, is located at least at x = 0.1 for sam-
les sintered at 1350 ◦C. Thus, free RuO2 has not been detected
or the experimental conditions employed in any studied
omposition.

Controversial data about the solid solution limit of ruthe-
ium oxide into the rutile–TiO2 lattice can be found in the
iterature although preferentially referred to films. Levedeb et
l.35 observed for samples prepared by the conventional solid
tate reaction a narrow region (8–9 mol%, pellets prepared at
300 ◦C in air) of solubility of TiO2 in RuO2; in the remaining
egion solid solutions of TiO2 in RuO2 coexist with rutile TiO2.
owever, our results are not comparable with those because the

intering carried out by Levedeb et al. was in air. According to
álek et al.9 the (TiO2)x(RuO2)1−x powders crystallized up to

00 ◦C for 0 ≤ x ≤ 0.7 were single phase of rutile-type solid solu-
ions. In the latter case, a dry nitrogen flow for the calcination
as used.9 Again our results are not comparable with those by
álek et al. because of the use of a different atmosphere during

he thermal treatment, which implies a different sintering pro-
ess and thus different materials. Gerrard and Steele10 reported
he presence of separate RuO2- and TiO2-rich phases at 800 ◦C,
or films prepared by the conventional thermal decomposition
ethod, indicating that only a very limited solid solubility (less

han 1.5 mol% RuO2) was observed. Guglielmi et al.2 reported
hat for 30 mol% RuO2 films prepared by sol–gel synthesis and
alcined at 400 ◦C, a rutile solid solution is formed and observed
y XRD as a unique phase. Kameyama et al.3 obtained rutile

ompositions with high RuO2 content (80 at.%) at 450 ◦C for 3 h
lso by the sol–gel method but no dissolution of RuO2 into TiO2
as attained for compositions with less than 20 at.% of RuO2.
rovat et al.13 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 T (◦C), time and atmosphere Composition

95T5R 92T8R 90T10R

200 ◦C, 12 h in air ↑Ass + ↓Rss ↑Ass + ↓Rss ↑Ass + ↓Rss
300 ◦C, 12 h in air ↑Ass + ↓Rss ↑Ass + ↓Rss ↑Ass + ↓ Rss
400 ◦C, 36 h in air Rss Rss Rss
1350 ◦C, 10 min using buffer Rss Rss Rss

A hase (Ru,Ti)O2 is labeled Rss. The arrow (↑) indicates the phase with the highest
i diffraction peaks, respectively.
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natase solid solution (Ti,Ru)O2 is labeled Ass, and the rutile solid solution p
ntensity peaks and the arrow (↓) indicates the phase with the weakest intensity

icroanalysis (WDS) for the investigation of phase equilibria
nd the extent of solid solubility in the RuO2–TiO2 system.
he conventional ceramic method was used for the synthesis
nd the pellets were buried in RuO2 powder to suppress the
vaporation of volatile RuO3 and RuO4. The solid solubility at
350 ◦C was determined to be 0.135 mol RuO2 in TiO2. Our
ata agree with that given by Hrovat et al.13 as can be seen in
able 1.

. SEM–EDX and TEM–EDX

Scarlet colored and translucent gels were obtained for all
he compositions. Fig. 5 shows a SEM micrograph of a piece
f a dry gel. EDX analysis indicated the presence of Ti and
u elements in stoichiometric proportions and homogeneously
istributed that implies the attainment of a Ru O Ti tridimen-
ional network. The sol–gel method allowed us to achieve gels
ormed by a tridimensional network in which both Ti and Ru

◦
ons are involved at 70 C. After an adequate thermal treatment
ogether with a RuO3 + RuO4 rich atmosphere the gels give rise
o Ti1−xRuxO2 solid solutions, where x = 0.05, 0.08 and 0.10, up
o temperatures as high as 1350 ◦C.

Fig. 5. SEM micrograph of a piece of the xerogel 90T10R.
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Fig. 6. TEM picture of a 90T10R xerogel after milling.

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

SEM micrographs of polished and thermal etched surfaces
f the sintered 90T10R sample are shown in Fig. 7a and b. The
DX semiquantitative analysis indicated the presence of Ti and
u elements in stoichiometric proportions and confirms the solid

olubility of the RuO2 into the rutile lattice.
Table 2 shows the theoretical, the final and the relative
ensities of the studied samples. Fully densified bodies were
btained for all cases, i.e., the relative densities were higher than
9.0 ρth %.

able 2
heoretical, final and relative densities of the samples

aterial ρth (g cm−3) ρexperimental (g cm−3) ρth (%)

00T 4.25 – –
5T5R 4.39 ± 0.01 4.36 ± 0.01 99.3 ± 0.1
2T8R 4.55 ± 0.01 4.52 ± 0.01 99.3 ± 0.1
0T10R 4.65 ± 0.01 4.61 ± 0.01 99.1 ± 0.1
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dual-phase system Y2O3-doped ZrO2 and RuO2. Chem. Mater., 2001, 13,
ig. 7. (a and b) SEM of the 90T10R material after sintering and thermal etching.

. Conclusion

A novel method has been used to obtain rutile-type,
i1−xRuxO2, single solid solutions as dense ceramics (the rela-

ive densities were higher than 99.0 ρth %). This method com-
ines the sol–gel synthesis, a pressureless fast-firing method
heating and cooling rate of 20 ◦C min−1) at 1350 ◦C for 10 min
nd, the use of a buffer during the sintering that provides a
uO3 + RuO4 rich atmosphere and prevent the volatilization of
uO2 from the samples.

cknowledgments

We gratefully acknowledge to Prof. J.R. Jurado his useful

uggestions.

This work is in the frame of the EC Projects JOE3-CT97-
049 and ENK5-CT-2001-00572.

2

ean Ceramic Society 27 (2007) 2369–2376 2375

eferences
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