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Samples belonging to the [(Zr0O,),,(Y,03)00s];—(RuO,), sys-
tem, where 0 < x < 0.1 (mol), have been synthesized by a poly-
meric sol-gel route and sintered in air at 1400°C for 2 h. The
RuQ,-YSZ solid solution limit is found at x = 0.05 at 1400°C by
X-ray diffraction and electrochemical impedance spectroscopy
measurements. The electrical conductivity of the studied mater-
ials decreases with ruthenia additions. At high temperature
(700-850°C) and low oxygen partial pressure, these materials
behave as mixed oxygen ion—electronic conductors. The elec-
tronic conductivity as a function of P, shows a dependence of
—1/4 and an activation energy of 0.98 eV. The electronic contri-
bution is explained on the basis of redox equilibrium between
trivalent Ru** and divalent Ru**. The EPR spectra of polycrys-
talline sintered samples confirm the presence of Ru**. ¢ 1998

Academic Press

INTRODUCTION

Ruthenium oxide, RuO,, is a transition metal dioxide and
has been known for several years to be a very active catalyst
in anodic processes such as Cl, or O, evolution and cath-
odic reduction of O, (1-6). In addition, the capability of
RuO, to adsorb hydrogen reversibly may play an important
role for CO, reduction (7). Finally, RuO, is used as a cata-
lyst in the Fischer—Tropsch conversion of carbon monoxide
to either hydrocarbons or alcohols (8). However, RuO,
undergoes a strong volatilization process above 800°C in
air (9), which makes it difficult to use this oxide or related
materials at higher temperatures. In addition, RuO, suffers
a reduction to metallic Ru under reducing conditions (10).
To increase the chemical and thermal stability of this oxide,
it is necessary to use a matrix which accommodates and
stabilizes it. If the stability were increased, it would allow
higher operation temperatures in the above-described pro-
cesses and enhanced efficiency. However, catalytic studies
are also needed to assess if the activity of RuQO, is retained.

To whom correspondence should be addressed. E-mail: tcolomer@
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Long et al. (10) prepared solid solutions of Ru(IV)/ZrO,
and RuO,/(La,03/ZrO,) by decomposing the required
mixture of ruthenium nitrosyl nitrate [Ru(NO)(NOs3);] and
zirconyl nitrate [ZrO(NO3),], and ruthenium nitrosyl ni-
trate, lanthanum nitrate, and zirconyl nitrate, respectively.
They concluded that a solid solution of Ru(IV) oxide in
ZrO, increases the temperature of reduction of ruthenium
oxide in hydrogen from under 90°C to over 200°C. The
further addition of 5 mol% of lanthanum (III) oxide signi-
ficantly increases the reduction temperature of dispersed
RuO,, allowing its use at temperatures as high as 800°C.

Hammou et al. (11) and Djurado et al. (12) prepared
ternary oxide samples of ZrO,, Y,03, and RuO, by the
Long method (10) to give nominal compositions [(ZrO,)¢ 91
(Y203)0.00]1 -(RuO,), (0 < x <0.2 mol of RuO,). They
reported cubic zirconia solid solutions with 0<x <
0.125 mol of RuQO, sintered at 900°C in air.

Recently, Colomer and Jurado (13) have obtained by a
polymeric sol-gel route ruthenia-doped yttria-stabilized zir-
conia solid solutions stable in air at temperatures as high as
1400°C.

Spears and Tuller (14,15) studied the mixed ionic and
electronic conductivity in ruthenium-substituted gadolin-
ium titanate Gd,(Ru,Ti; - ,),0O~_s They reported the elec-
trical conductivity behavior and outlined a defect chemical
model that incorporates the multiple valences of ruthenium
ion.

On the other hand, yttria-stabilized zirconia (YSZ) based
materials with mixed valence dopants (e.g., Ce or Ti) are
known to exhibit broad mixed conduction domains, de-
pending on dopant nature, concentration, and temperature.
Although ceria- and titania-doped materials have been
studied for a number of years (16-37), ruthenia-doped yt-
tria-stabilized zirconia materials have not yet been studied
from this point of view.

In this paper, gels with nominal [(ZrO,).95
(Y203)0.08]1 - «(RuO,), compositions, where x =0, 0.05,
0.08, and 0.1 (mol), were synthesized by the polymeric
sol—gel technique. After sintering in air at 1400°C, structural
and electrochemical characterization of the ceramic
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compacts obtained was carried out in air and under reduc-
ing conditions.

EXPERIMENTAL

Samples studied in this work were prepared by a poly-
meric sol-gel process as described elsewhere (13). Composi-
tions with [(Zr0O,)9.02(Y203)0.08]1 - (RUO,),, where x = 0,
0.05, 0.08, and 0.1 mol, were synthesized. The conventional
solid-state reaction was also tested to obtain ceramic mater-
ials with the described composition. Despite the use of a
RuO; + RuO, rich atmosphere (buffer) and fast firing
method (heating and cooling rate of 20°C min~ '), the sam-
ples obtained after sintering at temperatures between 900
and 1400°C exhibited high porosity and contained no Ru
due to the complete volatilization of RuQO,. Gels were pre-
pared from analytical grade ruthenium (III) acetylacetonate
(acac) (Merck, zirconium (IV) n-propoxide (Fluka), and
99.9% pure hydrated yttrium acetate (Aldrich). They were
dried slowly by covering them with a plastic film to slow
solvent loss by evaporation. Holes were made in the film
with a needle to control the rate of evaporation (38). Mono-
lithic, scarlet-colored, translucent gels were obtained, except
for the YSZ sample. In the latter case, the dry gel was
transparent and colorless. The gels were thermally treated at
several temperatures between 200 and 700°C with 12 h of
soaking time. Sintering was carried out in air at 1400°C for
2 h, at a heating and cooling rate of 5°Cmin~".

Differential thermal and thermogravimetric analyses
(DTA-TGA) were carried out in a Perkin-Elmer thermo-
analyzer under air using a platinum crucible and a heating
rate of 20°Cmin~'. Finely powdered alumina was used as
a reference substance. Evolution of crystalline phases was
followed by XRD (Siemens D-5000 diffractometer) using
CuKo, radiation and a Ni filter. To determine the porosity
in the sintered samples a Micromeritics Autopore 11 9220
Hg porosimeter was used, with an intrusion pressure range
between 1.33 and 414 MPa and a resolution power of

+ 1% of full scale, that is, 0.207 MPa. A penetrometer of
6.12-cm? volume and a pressure of 1 torr were used in which
previously degasified samples were studied at room temper-
ature. A cycle with 200 experimental points over the whole
pressure range was chosen. EPR spectra were measured at
77 and 300 K. The magnetic cavity of the spectrometer
(Bruker Model Esp 300E) was tuned to 100 kHz of modula-
tion frequency and the magnetic field was scanned from 400
to 4000 G. Irradiated quartz was used as a reference for
g = 2.003. The modulation amplitude was 5 G, the conver-
sion time 81.92 ms, the time constant 20.48 ms, and the
X-band microwave frequency 9.75 GHz. Impedance spec-
troscopy measurements (EIS) were performed in air between
250 and 900°C in the 5- to 107-Hz frequency range (HP
4192A impedance analyzer), and electrical conductivity
measurements as a function of oxygen partial pressure were
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performed in a controlled-atmosphere furnace using a YSZ
sensor and a YSZ electrochemical pump (39, 40).

In the following, ruthenia-doped yttria-stabilized zirconia
will be labeled 100RuYSZ.

RESULTS AND DISCUSSION
DTA and TGA

All the DTA and TGA curves exhibit similar character-
istics for the different compositions studied. Figure 1 shows
the 10RuYSZ dried gel DTA-TGA curve. In the temper-
ature range 50—160°C, the endothermic peak observed is
associated with (a) the evaporation of the residual absolute
ethanol used as organic solvent in the synthesis, (b) the
evaporation of the acetic acid used in the synthesis, (c) the
n-propanol formed during the hydrolysis of the zirconium
(IV) n-propoxide, and (d) the evaporation of the water
formed during the polycondensation. This is confirmed by
the weight loss (12%) detected in this temperature interval
in the TGA curve.

An inflection is observed at 260°C in the DTA curve and
is attributed to the loss of the absolute ethanol, n-propanol,
and water trapped in the pores of the gel. This fact is
associated with a weight loss that is observed in the TGA
curve. The exothermic peak detected between 210 and
320°C is associated with the combustion of the organic
material. The TGA curve shows a strong weight loss (21%),
indicating that there is a noncrystallization process, which
agreed well with the exothermic peak observed. The RuO,
and RuYSZ solid solution crystalline phases were detected
in the residual ash. In the temperature range 1325-1400°C,
a slight weight loss was detected, which is likely due to
a partial volatilization of RuO, that does not enter in solid
solution into the fluorite lattice (10RuYSZ sample).

For x =0, 0.05, and 0.08 no weight loss was observed in
that temperature range.
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FIG. 1. DTA-TGA curves of the dry gel of composition 10RuYSZ.
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XRD

The XRD patterns of the dried gels indicated that an
amorphous structure was achieved. For the calcined gel
with x = 0.05, at temperatures as low as 500°C, a cubic
zirconia single phase was obtained (Fig. 2), indicating the
very high reactivity of the powders obtained, as is expected
with the processing method used. According to the litera-
ture (41), low organic retention (slow drying) allows a higher
crystalline phase development, as is observed in this work.

At 500°C for the sample with x = 0.08, the cubic zirconia
single phase is also maintained. For the sample with x = 0.1,
the peaks of RuO, confirm the ruthenium segregation
(Fig. 3).

Djurado et al. (12) indicated that samples should be fired
up to 900°C to avoid thermal decomposition. They studied
the chemical stability of the new oxides with temperature;
then samples were sintered at 1400°C. The X-ray profiles of
these samples were the same as those of pure YSZ, implying
a total RuO, volatilization in their samples at this sintering
temperature. In this work and at that temperature (1400°C),
the unit cell parameter changed from 0.5137(2) nm for pure
YSZ to 0.5104(3) nm for SRuYSZ; these results demonstrate
that the sol-gel technique is suitable to obtain ruthenia-
doped YSZ materials at temperatures as high as 1400°C.
A similar value was achieved for 8RuYSZ, 0.5103 (3) nm,
indicating that part of the RuQO, is segregated. This fact is
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FIG.2. X-ray powder diffraction patterns of calcined gel with x = 0.05
at different temperatures.
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FIG.3. X-ray diffraction spectra of samples with x = 0.05, 0.08, and 0.1
at 500°C.

confirmed in the sample 10RuYSZ, where the peaks of
RuO, are clearly observed (Fig. 4).

EPR Measurements

To confirm the existence of Ru®* in the sintered samples,
EPR studies were conducted. The EPR spectrum (Fig. 5b) of
the opaque, polycrystalline 10RuYSZ shows absorption
peaks at g =4.16 + 0.01 and g = 2.22 4+ 0.01. The former
peak is attributed to the high-spin (4 5/2) transition of iron
impurities in the 3+ oxidation state (< 0.04 wt%), and it is
in agreement with EPR measurements in yttria (12 mol%)-
stabilized zirconia—titania having 1-15mol% TiO, re-
ported by Swider and Worrell (42). Concerning the second
peak, the ruthenium paramagneticions are Ru™ (4d”), Ru**
(4d°), and Ru’" (4d%), which are normally found in a low-
spin configuration. Ru* in oxidation conditions is not
stable. The presence of a peak at g =2.22 + 0.01 can be
ascribed to Ru** and/or Ru®*, but according to Sass et al.
(43), only Ru® " can appear in extreme oxidation conditions
at temperatures as low as 325°C. The Ru’* signal disap-
pears when the temperature increases. It is, thus, believed
that the small signal at g = 2.22 + 0.01 can be assigned to
Ru®*. This type of ion can thus be stabilized in the coord-
ination sphere of Zr** (43).

For comparison, the EPR spectrum of a pure YSZ sample
is shown in Fig. 5a, where only one peak is observed,
corresponding to the high-spin (+5/2) transition of iron
impurities in the 3+ oxidation state.
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FIG. 4. XRD pattern of a 10RuYSZ sintered sample at 1400°C.

Impedance Spectroscopy in Air

Results obtained by impedance spectroscopy in air at
400°C for the compositions [(Z1rO,).02(Y203)0.08]1-x
(RuO,), where x = 0 and 0.05 (mol) are shown in Fig. 6 as
representative examples. For SRuYSZ, a small arc at high
frequency was detected which could be attributed to the
grain interior conductivity contribution (GI). A larger arc,
situated in the low- and intermediate-frequency ranges, was
also observed; this arc could be associated with the inter-
face conductivity contributions (grain boundaries, elec-
trode—electrolyte interface, and porosity). The compact
ceramics obtained exhibited a porosity of about 10% for the
sample SRuYSZ, and the porosity increases with the RuO,
concentration.

From the EIS spectra, the dependence of og; vs [RuO,]
at 400°C was obtained (Fig. 7) and this shows that in the
range 0 < x < 0.05 the lattice conductivity falls significantly
(one and a half orders of magnitude). For the highest RuO,
concentrations, og; remains constant. The electrical activa-
tion energy determined was 1.10 eV for the bulk contribu-
tion (high-frequency small arcs) and 1.20eV for the
interfacial contribution (intermediate-frequency large
arcs); these values are typical and characteristic of YSZ
materials.

The ruthenia addition seems to be responsible for a de-
crease in oxygen mobility, which may be mainly explained
by lattice distortion (decreasing lattice parameter), which is
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FIG. 5. (a)First-derivative EPR spectrum of 10RuYSZ at 300 K.
(b) First-derivative EPR spectrum of YSZ at 300 K.

due to the replacement of the Zr** ions (radius Zr**
(VIII) = 0.084 nm) by the smaller Ru** (VI) ions (radius
Ru** (VI) =0.062nm) (44). The dependence of gg Vs
[RuO,] could indicate that the solid solution limit of RuO,
in YSZ would be located at x = 0.05, according to the XRD
measurements.

An additional contribution to the decrease in ionic con-
ductivity may be proposed by analogy with the behavior of
YSZ containing TiO, . Traqueia and coauthors (45)
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FIG. 6. Impedance spectroscopy arcs, in air at 400°C, for the com-

positions YSZ and SRuYSZ.



286

COLOMER AND JURADO

-3.00
4.00 —§
€
9
2
= ]
o
(o))
@)
o}
-5.00 —
6.00 l
0.00 2.00

4.00

[ ' l '
6.00 8.00
[RuO,]

10.00

FIG. 7. Dependence of grain interior conductivity on RuO, concentration at 400°C in air.

suggested that the additive (TiO,) may act as traps for the
oxygen vacancies by shifting from the eightfold coordinated
Zr site toward their preferred sixfold coordination; this was
demonstrated by Raman spectroscopy studies for the Ti-
containing materials. Note that TiO, and RuO, have the
same rutile-type structure.

Dependence of Electrical Conductivity on Po,

Figure 8 shows log ¢ versus log Po, 10RuYSZ at 800°C. It
must be noted that the fixed frequency used (10 kHz) is
located in the interfacial arc. This fact implies that the
studied material region is the electrode—electrolyte interface
rather than the bulk region.

The o versus Py, curves of the RuYSZ samples at differ-
ent temperatures (700, 750, 800, and 850°C) exhibit identical
dependencies on the oxygen partial pressure. Following
a plateau at moderately oxidizing conditions, the conductiv-
ity increases with increasing reducing conditions, with
a transition to a —1/4 slope on further reduction. This
result is accord with the increase in electronic defects asso-
ciated with the reduction of ruthenium ions:

O + 2Ruj,«>30, + V6 + 2Ruj,. [1]

The Kroger—Vink type of notation for defects has been
used in this reaction (46). In particular, the symbol Ru7,
corresponds to one electronic defect localized in a ruthe-
nium ion in the cation sublattice (small polaron). In this
manner, the electronic conductivity dependence on the
oxygen partial pressure is expressed by the power —1/4. In
fact, based on the expression for the equilibrium constant

800°C 10Ru YSZ

Log O (Sem')

-33 1 I 1
-10 -5 0 5

Log Po, {Pa)

FIG. 8. Dependence of electrical conductivity (10 kHz) on oxygen
partial pressure for 10RuYSZ at 800°C.
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of reaction [1], K,

K, = P§? [V6] [Ruz,]1°/[O07] [Rug]? (2]

This implies that

[Ruj] o« Po™. [3]

A maximum of conductivity (1.3 x 10~ S/cm) is observed
at 2.3 x 107 "* Pa (at 800°C) and shifts to lower P, values as
temperature decreases. Assuming hopping from Ru?" to
Ru?*, one should expect an additional conductivity contri-
bution and this should increase with the product of fractions
[RuZz,][Ruy,]. This product is expected to attain a max-
imum value when [RuZ,] ~ [Ruz,]. One may also predict
the effect of working conditions by examination of Eq. [1].
For example, on moving toward oxidizing conditions, one
expects a limiting upper value for [Ru7,] and the concentra-
tion of Ruz, must drop by about one order of magnitude
when P, drops by four orders of magnitude. The reverse is
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expected on moving toward very reducing conditions, when
[Ruz,] reaches an upper value and [Ruj,] may drop by
orders of magnitude.

For the lowest Py, investigated, the ¢ level is lower than
the value found at the ionic plateau. This coincides with the
behavior observed in Fig. 9. This figure shows the impe-
dance spectra in air and at a P, = 1.76 x 10~ '° Pa (750°C)
for SRuYSZ and for 10RuYSZ (700°C), respectively. In
these conditions, the total conductivity for all of the samples
was higher in air that in reducing atmosphere, indicating
a better electrical response of these materials in oxidizing
conditions.

According to the model of defect chemistry, an n-type
conductivity with a —1/4 slope is predicted under the reduc-
ing conditions. The hopping model predicts a local maximum
in total conductivity at low Pg, values, due to the hopping
between the Ru®* and Ru?™ states, such as noted in this
work (Fig. 8). The activation energy obtained for this process
is 0.98 eV. Similar results were reported by Spears and Tuller
for ruthenium-substituted gadolinium titanate (14,15).
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FIG. 9.

Impedance plots in air of compositions SRuYSZ (750°C) and 10RuYSZ (700°C) in air (A) and in reducing atmosphere (R).
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A similar local maximum might be predicted under more
oxidizing conditions, which is not observed experimentally
due to hopping between the Ru** and Ru®" states:

O} + 2Ruy, <30, + V6 + 2Ruy,. [4]

In this manner, the electronic conductivity dependence on
oxidizing conditions is expressed by the power 1/4. In fact,
based on the expression for the equilibrium constant of
reaction [4], K,

K, = Py [VO][Ruz]*/[OF][Ruz,]*. (5]

During the reoxidation process, the conductivity of the
samples recover to the initial conditions.

The defect equilibrium reactions used to model RuYSZ

are summarized in Table 1.
For x = 0, there is no maximum in the P, range studied.

CONCLUSIONS

Ruthenia-doped yttria-stabilized zirconia solid solutions
are obtained by a polymeric sol-gel synthesis and sintering
in air at 1400°C. The solid solution limit at 1400°C in the
[(Zr0O3)0.92(Y203)0.08]1 - (RuO,), system is located at
x = 0.05 by XRD and EIS measurements. The impedance
spectra show a small arc, which is associated with the
RuO,-YSZ solid solution bulk (grain interior conductivity
contribution). The decreasing bulk conductivity as RuO, is
introduced seems to be due to a decrease in oxygen mobil-
ity, which may be mainly explained by lattice distortion.
The total conductivity as a function of Py, shows a
dependence of —1/4 and an activation energy of 0.98 eV,
characteristic of electron hopping between ions. The elec-
tronic contribution is explained on the basis of redox equi-
librium between trivalent Ru** and divalent Ru?*. EPR
studies confirm the existence of Ru®* in the sintered
samples.

TABLE 1
Defect Equilibrium Reactions in the ZrO,-Y,0;-RuQ, System

Reaction Equilibrium
Intrinsic

O 0} + V6 K. = [O/][Va]
e, +h K., = np
Reduction

0} 10, (g) + Vo + 2¢’
Ruthenium ionization
Ruj, + ¢’ <> Ruy,

Ruz, + ¢’ < Ruy,

K, = PY2[V5In?

K.z = [Ruz]/[RuzIn
Kiia = [Ruz]/[Ruz]n
Charge Neutrality
n + 2[0{] + [Fu] + [Ruz] + [Ruz ] = p + 2 [V5]
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