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Phase Diagram for the System RuO,-TiO, in Air
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There are conflicting reports in the literature regarding solid solubility in the system RuO,-TiO,.
To resolve this issue a few experiments were conducted in air at 1673, 1723, and 1773 K. The
results show limited terminal solid solubility. There is an extended solid-state miscibility gap that
intersects the decomposition curve for the RuQO,-rich solid solution generating a peritectoid
reaction at 1698 K. The measured equilibrium compositions of the solid solutions are used to
develop a thermodynamic description of the oxide solid solution with rutile structure. Using the
subregular solution model, the enthalpy of mixing can be represented by the expression,
AHM /J- mol ! = X1i0,XRu0,(34,100X1i0, + 30,750XR40,)- The binodal and spinodal curves and
7-X phase diagram in air are computed using this datum and Gibbs energy of formation of RuO,
available in the literature. The computed results suggest that equilibrium was not attained
during solubility measurements at lower temperatures reported in the literature.

Keywords phase diagram, thermodynamic computations, ther-
modynamic properties, solid solution, miscibility gap,
peritectoid reaction

1. Introduction

Noble-metal-oxide-based coatings have successfully
replaced many of the conventional anode materials in
industrial electrochemical processes. Inclusion of non-
noble-metal oxides in the coating lowers costs and imparts
certain desirable characteristics such as stability and selec-
tivity. An example is the Ti/RuO,-TiO, dimensionally
stable anode used in the electrolysis of brine to produce
chlorine and caustic soda. The active coating consists of 30
to 40 mol% RuO,, and the remainder is generally TiO,,
although a mixture of TiO, and SnO, is also gaining
acceptance. The coating, usually a few microns, is generally
applied by a sol-gel process. Approximately one-third of the
world consumption of ruthenium is for electrode coating.
Recently Qu et al.'"! have reported current efficiency of
60.5% at room temperature for the conversion of CO, to
methanol (CH30H) using Pt electrodes coated with a
composite made of RuO, and TiO,/titanate nanotubes—an
important result for the mitigation of the greenhouse gas in
the atmosphere. The corresponding Faraday efficiencies are
40.2% using RuO,-TiO, nanoparticles and 30.5% using
pure RuO,.

Based on x-ray diffraction, Comninellis and Vercesi'®!
have suggested that RuO,-TiO, coating forms a solid
solution after annealing at 733 K. Both RuO, and TiO, have
the rutile structure with similar tetragonal unit cells. The
lattice parameters for RuO,”! are a = 0.4491 nm and
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c=0.3107nm, and for TiO, a=04593 nm and
¢ =0.2959 nm. The ionic radii of Ru*"(0.062 nm) and
Ti**(0.0605 nm)*! for six-fold coordination are similar.
Because of the identical structures and similarity of ionic
radii, significant solid solubility is expected between these
oxides. Although the unit-cell volumes of RuO, and TiO,
are close, the c/a ratios vary from 0.6918 for RuO, to
0.6442 for TiO,. TiO, is a semiconductor, while RuO, is a
metallic conductor with positive temperature coefficient of
electrical resistivity.

Hrovat et al.°! examined phase equilibria in the system
Ru0,-TiO; in air. No ternary compound or liquid phase was
identified up to 1673 K, the temperature at which RuO, is
said to have decomposed to metallic ruthenium and oxygen
gas. They found solid-state immiscibility, with terminal
solid solubility limited to ~10 mol% at each end. In a
follow-up study, Hrovat et al.[ determined the extent of
solid solubility in the system RuO,-TiO, by firing mixtures
of RuO, and TiO, at different temperatures from 1473 to
1623 K and subsequent microstructural and composition
analysis using a scanning electron microscope (SEM)
equipped with both energy dispersive and wavelength
dispersive analyzers. For quantitative analysis of composi-
tion using wavelength dispersive spectroscopy (WDS),
RuO, single crystals obtained by evaporation of PbO from
Pb,Ru,Og 5 at high temperatures were used as standards.
The pressed pellets containing mixtures of RuO, and TiO,
were buried in RuO, during firing. The particle size of the
powders used and the duration of firing at different
temperatures were not mentioned by Hrovat et al.[! Attain-
ment of equilibrium was not demonstrated by these
researchers. They reported terminal solid solubility at four
temperatures. The solid solubility of TiO, in RuO, was
higher than that of RuO, in TiO, at all temperatures. The
solid solubility was found to decrease rapidly with temper-
ature. This variation is too steep to fit any thermodynamic
model. The aim of this work was to study phase relations in
the system RuO,-TiO, and revise the current phase diagram.
If only limited solid solubility was detected, the strategy was
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to measure the solid solubility at higher temperatures, where
equilibrium can be established more easily, and extrapolate
the results to lower temperatures using a suitable thermo-
dynamic model. This approach was expected to give the
equilibrium solvus at lower temperatures with greater
reliability than direct experiment.

2. Experimental Aspects

Starting materials used in this study were powders of
TiO, (rutile) and RuO, of 99.9% purity. The oxides were
heated in dry air before use: TiO, at 1473 K and RuO, at
1223 K. The starting powders were characterized by x-ray
diffraction.

Phase equilibrium studies were conducted at three
temperatures (1673, 1723, and 1773 K) by intimately
mixing powders of RuO, and TiO, in 1:1 molar ratio in
ethyl alcohol, pressing the mixture into pellets at a pressure
of ~100 MPa using a steel die, and heating at the required
temperature for periods in excess of 5 days. During this
period, the pellets were quenched, reground, and repellet-
ized for further heat treatment four times. The pellets were
contained in a platinum crucible and buried in an oxide
powder mixture of the same composition. Volatile oxides of
ruthenium, RuO;, and RuO,4 began to form when RuO, was
heated in air at high temperatures. The composition change
of the pellet was minimized by surrounding it with loose
powder of the same composition. Most of the volatilization
occurred from the surrounding powder. When buried in
loose powder, there was no significant mass loss of the
pellet during high-temperature equilibration. Preliminary
experiments at 1673 K indicated that 3 days were sufficient
to attain equilibrium; there was no microstructural change
after this period.

Attainment of equilibrium was verified by approaching
the equilibrium value from both lower and higher concen-
trations of TiO, in solid solutions. After analysis of the
quenched samples equilibrated at 1673 K, they were
reequilibrated at 1723 and 1773 K for 5 days in separate
experiments. Similarly, pellets initially heat treated at
1773 K were subsequently held at 1723 and 1673 K for
the same period. The equilibrated samples were found to be
well sintered and dense. The average grain size varied from
18 to 27 pm in different samples. The compositions of the
heat treated pellets were determined by electron probe
microanalysis (EPMA). Pure RuO, and TiO, were used as
standards. A single-crystal RuO, standard was prepared by
the thermal decomposition of Pb,Ru,O¢s compound in
flowing air at 1623 K as described in Ref. 6 because RuO,
does not sinter well in air. A polycrystalline TiO, standard
was prepared by sintering at 1823 K; its density was 0.98 of
the theoretical value. There was no variation in composition
across the grains in the equilibrated samples. In each
sample, compositions of about 12 large grains were
determined and the average value was taken. The compo-
sitions of samples were independent of the direction of
approach or the past thermal history within experimental
error of ~1 mol% of TiO.,.
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3. Results

Phase analysis of the sample of average composition
Xfo, = 0.5 equilibrated in dry air at 1673 K indicated the
presence of two oxide phases, one rich in TiO, and the other
rich in RuO,. The XRD pattern of the sample is shown in
Fig. 1(a). Two peaks are seen for each reflecting plane. The
direction of the peak shift with composition depends on the
(hkl) value. Analysis of the pattern indicates that the lattice
parameter a increases and parameter ¢ decreases with Xtio, .
The compositions of these phases determined by EPMA
were Xrio, = 0.21 (£0.008) and Xtip, = 0.83 (+0.012).
These compositions represent the limits of terminal solid
solutions for the system. The results suggest that the
miscibility gap is asymmetric. Since solid solubility gener-
ally increases with temperature, the miscibility gap is
expected to close at higher temperatures.

Equilibration of samples with average composition
X, = 0.5 in dry air at 1723 and 1773 K resulted in a
mixture of Ru metal and an oxide phase rich in TiO, as
shown in Fig. 1(b) and 1(c). The composition of the oxide
solid solutions were Xtio, = 0.906 (+0.013) at 1723 K and
Xrio, = 0.955(£0.015) at 1773 K. Most of the RuO, present
in the original sample had decomposed, and the remainder
was present in the TiO,-rich solid solution. Clearly decom-
position of one component of the oxide solid solution
occurred before the closure of the miscibility gap. Intersec-
tion of the decomposition curve with the miscibility gap
should result in a peritectoid reaction at a temperature
between 1673 and 1723 K. The exact temperature was
established by thermodynamic calculations. The equilibrium
compositions determined at three temperatures in air were
used to define the parameters of the solution model.

4. Phase Diagram Computation

Since the miscibility gap in the RuO,-TiO, system is
asymmetric, the simplest solution model that can be used is
Hardy’s!”! subregular model. For a strictly subregular
solution, the Gibbs energy of mixing is given by:!"!

AGM = XT1i0,XRu0, (AIXTi02 + AZXRqu)

+ RT()(‘HO2 In XTiOz + XRuOZ lI’lXRuoz) (Eq 1)

where Xry0, and Xtip, are the mole fractions of RuO, and
TiO,, respectively, and 4; and A, are model constants,
sometimes designated as interaction energies, to be deter-
mined from experimental data. The first term on the right-
hand side of the equation gives the enthalpy of mixing and
the second term the entropy of mixing. The entropy of mixing
is assumed to be ideal. The values of 4, and A, are calculated
from the solubility data obtained in this study at three
temperatures by an iterative procedure: 4; = 34,100 J/mol
and 4, = 30,750 J/mol. In view of the similar ionic radius of
Ru*"(0.062 nm) and Ti*'(0.0605 nm), the relatively large
value of the enthalpy of mixing is surprising. For solid
solutions with rutile structure, the enthalpy of mixing may be
dependent not only on the difference in unit-cell volumes on
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Fig. 1 XRD patterns of samples equilibrated at different tem-
peratures: (a) at 1673 K, (b) at 1723 K, and (c) at 1773 K. The
peaks are identified and indexed

the end members, but also on the difference in the ¢/a ratio.
For the RuO,-TiO, solid solution, the difference in ¢/a ratio is
probably more significant than the difference in unit-cell

volume in determining the magnitude of the enthalpy of
mixing. The change in ¢/a ratio reflects the difference in the
metal-oxygen (M-O) bonding. Both TiO, and RuO, crystal-
lize in the rutile structure (P4,/mnm). In the rutile structure,
metal atoms are in octahedral coordination and oxygen in
planar three coordination. The ideal MOg octahedron with six
equal M-O distances is not required by symmetry in the space
group P4,/mnm. The local geometry is one where the M-O
distances fall into two sets; four equal distances (r4) involved
in edge sharing in the chain and two (r;) perpendicular to
them. There are two types of tetragonal structure. In TiO,
(Ti*"; 3d%), ro/rs>1, and there are two long and four short
M-O distances. In RuO, (Ru*"; 4d*), r»/r4 < 1, with two short
and four long M-O bonds. It is this difference in M-O
bonding in the octahedra that is responsible for the difference
in c/a ratio and the large enthalpy of mixing.

The relative partial Gibbs energies of RuO, and TiO,
according to the subregular solution model are:!”)

AGryo, = RT Inagyo, = RT InXpuo, + Xfig, (242 — A1)
+ Xio, (241 — 245)
= RT InXuo, + 27,400X7,, + 6700X7,

(Eq 2)
AGTiOZ =RTIn artio, = RT h’l)('rio2
+ Xiuo, (241 — 42) + Xiyo, (242 — 241)
= RT InXrio, + 37,450 Xg,0, — 6700X3,
(Eq 3)

where a; represents the activity of component i. For finding
the miscibility gap boundary (binodal points), the Gibbs
energy of mixing AG™ is plotted as a function of composition
Xry0, at various temperatures below the critical temperature.
The composition of coexisting phases at each temperature is
determined by the common tangent technique. The compo-
sitions are plotted as a function of temperature to generate the
miscibility gap. The computed solvus is shown in Fig. 2
along with the experimental values obtained in this study at
1673 K and those reported by Hrovat et al.l®) at different
temperatures. Although the results obtained in this study at
1673 K appear to lie on the extrapolation of the values
obtained by Hrovat et al.,'® there is sharp contrast between
the solid solubilities reported by Hrovat et al. and the
computed values. The temperature dependence of the solvus
determined by Hrovat et al. appears to be incorrect, since
extrapolation to lower temperatures would suggest negligible
solid solubility at temperature near 1400 K. Probably
equilibrium was not attained at the lower experimental
temperatures. This suggestion is supported by the increasing
difference with decreasing temperature between the experi-
mental data of Hrovat et al. and the calculated solvus.
According to the subregular solution model,!”) the critical

l(t)consolute) temperature 7, and composition )(sz are given
y:

— RTC 2
A= g (—9Xcmz +10X,, — 2) (Eq 4)

CTio,~ CRuO,
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three temperatures obtained in this study are compared with the computed phase diagram. P° is standard atmospheric pressure
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A :L —9x?
2 6X2 2

CRuO,

+10X,, — 2) (Eq 5)

CTio,~  CRuO,

Noting that X, ~=1-X  ~ and solving the two
equations above simultaneously, ‘the critical composition

and temperature are obtained: XcTiOZ =0.538 and T, =

1962 K. Since the critical temperature is well above the
decomposition temperature of RuO,, the solid solutions will
decompose and the upper part of the miscibility gap and
critical temperature are not experimentally verifiable in air.
However, at high pressures of oxygen the miscibility gap
has physical meaning.
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The chemical spinodal points are obtained by equating
the second derivative of the Gibbs energy of mixing with
respect to either mole fraction to zero at constant temper-
ature. The spinodal curve satisfies the equation:

RT = 2X{o Xruo, (241 — A2) + 2 Xrio,Xgy0, (242 — A1)

= XTiOQXRuOZ (747 900 XTiOz + 547 SOOXRuQZ) (Eq 6)

The computed spinodal curve is also shown in Fig. 2.
According to Jacob et al,’! the Gibbs energy of
formation of RuO, from elements according to the reaction,

Ru + O, — RuO,
is given by,
ARru0,

PO, * ARru
= —324,720 +354.21T —23.49TInT

AG°/J-mol™! (£160) = RT In

(Eq 7

The decomposition temperature of pure RuO, (aruo, =
agy = 1) in air [(Po,/P°) = 0.21] calculated from the
thermodynamic data is 1685 K. At higher temperatures, the
decomposition product in air will be metallic Ru and an
oxide solid solution in which the activity of RuO, has a
value less than unity. The activity of Ti in equilibrium with
pure TiO, in air at different temperatures can be computed
from thermodynamic data.!™ At 1723 K, apy = 2.8x107"°.
The corresponding concentration of Ti in metallic Ru is
expected to be negligible. Although the activity of Ti will
vary with the activity of TiO,, it is clear that the metal phase
formed by the decomposition of the oxide solid solution in
air is essentially pure Ru. The activity of RuO, in
equilibrium with metallic Ru in air can be computed from
Eq 7 as a function of temperature. The corresponding
equilibrium composition of the oxide solid solution can be
obtained from Eq 2. The computed phase diagram in air is
shown in Fig. 3 along with the experimental data obtained
in this study. At lower temperatures and low concentration
of TiO,, RuO,(ss) is the stable phase. The solubility of TiO,
in RuO, increases with temperature. At temperatures below
1698 K, as the fraction of TiO, increases a two-phase field
RuO,(ss) + TiO,(ss) is encountered. This miscibility gap
reduces with increasing temperature. At higher concentra-
tions of TiO,, TiO,(ss) is the stable phase. Pure RuO,
decomposes at a temperature of 1685 K to give metallic Ru.
This decomposition temperature increases with increasing
TiO, content of the RuO, solid solution. The rising
decomposition temperature curve intersects the miscibility
gap at 1698 K, generating an invariant peritectoid reaction.
At temperatures above 1698 K, Ru + TiO,(ss) is stable. A
two-phase region of Ru + RuO,(ss) exists between 1685
and 1698 K. The peritectoid reaction does not appear in the
phase diagram for the system RuO,-TiO; in air proposed by
Hrovat et al.[)

Phase diagrams at other oxygen partial pressures and
oxygen potential diagrams at constant temperature can be
readily computed from the thermodynamic data for the
Ru0,-TiO; solid solution deduced in this study. It would be
interesting to explore the change in phase relations when
particle or grain size is reduced to the nanometer range.

Further, the effect of shape of nanoparticles (e.g., nano-
tubes) on phase relations is an interesting area for future
investigation.

5. Conclusions

An improved 7-X phase diagram for the system RuO,-
TiO, in air is presented in this article. The system is
characterized by a miscibility gap at lower temperatures
and coexistence of metallic Ru with TiO,-rich solid
solution at higher temperatures. The two regions are
linked through a peritectoid reaction at 1698 K. The solvus
curves are generated by a thermodynamic model. The
model parameters were obtained by fitting phase equilib-
rium data at three elevated temperatures generated in this
study. Attainment of equilibrium was demonstrated exper-
imentally by approaching the solid solubility limits from
lower and higher compositions and temperatures. The
enthalpy of mixing of the solid solution with the rutile
structure  is  given by: AHM/J-mol™!' = Xti0, Xruo,
(34,100XTi0, + 30,750XRy0,). Using this information and
standard Gibbs energy of formation of RuO, available in
the literature, phase diagrams at other oxygen pressures
can be computed.
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