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Abstract The Gibbs free energies of formation of Euj
RuO,(s) and Eu,Ru,04(s) have been determined using
solid-state electrochemical technique employing oxide ion
conducting electrolyte. The reversible electromotive force
(e.m.f.) of the following solid-state electrochemical cells
have been measured:

Cell(I) : (—)Pt/{EusRuO7(s) + Eu,03(s) + Ru(s)}
//CSZ/ /05 (p(Os) = 21.21kPa)/Pt(+)

Cell(II) : (—)Pt/{EusRuO7(s) + EusRu,07(s) + Ru(s) }
//CSZ//0,(p(0,) = 21.21kPa)/Pt(+)

The Gibbs free energies of formation of Eu;RuO-(s) and
Eu,Ru,0,(s) from elements in their standard state,
calculated by the least squares regression analysis of the
data obtained in the present study, can be given,
respectively, by:

{ArG°(EusRu07, s)/(kJ - mol ') £2.5)
—2,785.2+0.567 - (T/K); (922.5 < T/K < 1194.9).

{A¢G°(EusRu,07,s) /(kJ - mol ') £2.9)

The uncertainty estimates for A¢G°(7) include the standard
deviation in e.m.f. and uncertainty in the data taken from
the literature.
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Introduction

A plethora of research has been initiated in recent years
towards understanding the physical properties of 4d and 5d
transition metal oxides, which show a variety of magnetic
and transport transitions indicative of highly correlated
electronic interactions and strong spin charge coupling [1].
There appears to be relatively few examples of oxides with
both 4d transition metals and rare-earth constituents [2].
Most of these studies have been largely limited to
pyrochlore systems such as Ln,Ru,O,(s), where Ln is a
rare earth element. Systematic studies on the thermody-
namic properties of the compounds in the ternary system,
Eu—Ru-O were carried out.

The Eu-Ru-O system investigated in this study
comprises of two binary oxides: Eu;RuO,(s) and Eu,Ru,
05(s). EuzsRuO+(s) was indexed on an orthorhombic unit
cell (space group Cmcm) [3]. Physical properties such as
magnetization, electrical resistivity and heat capacity of the
ternary oxide were investigated by Harada et al. [4]. It was
found to have nonmetallic electrical resistivity. Harada et
al. [5] also found two transitions in EusRuO,(s) one at
T7=22.5 K due to a A type second order transition and the
other at 280 K due to a first order transition. The results
indicate that the transition is a structural phase transition.
EuzRuO,(s) shows an antiferromagnetic transition due to
Ru3ions at 7,=22.5 K, in accordance with the specific
heat data.

In the pyrochlore oxide, A;*B;*O72 when both the A
and B sites are occupied by magnetic ions, these
compounds show very interesting magnetic features,
caused by the coupled magnetic interactions between the
4f electrons of rare-earths and those between the d and g
electrons [6, 7]. The ruthenium pyrochlores have been
studied for their conductivity [8, 9] and catalytic activity
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[10, 11]. The pyrochlore Eu,Ru,0(s) can be considered as
an ordered defective fluorite (space group Fd3m). Mag-
netic properties for Eu,Ru,05(s) were measured by Taira et
al. [2]. Eu,Ru,05(s) shows magnetic transition at 7=120 K.
Specific heat and susceptibility studies on Eu,Ru,O5(s)
were also carried out by Taira et al. [12]. Eu,Ru,04(s)
shows a specific heat anomaly at 118 K.

Crystal structure, magnetic and electrical properties of
the oxides have been thoroughly investigated by many
researchers. However, thermodynamic properties of these
oxides need investigation. Quantitative information on the
thermodynamic properties of these compounds is useful for
assessing the interaction of platinum group metals with
ceramic compounds containing rare-earth oxides under
different environments. The information is also important
for the design of processes for the recovery of rare-earth
and precious metals from scrap. In this study, based on the
phase relations between the oxides, solid-state cells were
designed to measure the Gibbs free energies of formation
of the ternary oxides. The Gibbs free energies of formation
of EusRuO5(s) and Eu,Ru,0,(s) were determined by an
oxide electrochemical cell using 0.15 mole fraction calcia
stabilized zirconia (CSZ) solid electrolyte, in the temper-
ature range from 922.5 to 1,194.9 K and from 995.3 to
1,260.6 K, respectively.

Materials and methods
Materials

EuzRuO,(s) was synthesized from stoichiometric propor-
tions of preheated Eu,O3(s) (0.9985 mass fraction, Leico
Industries) and RuOy(s) (0.997 mass fraction, Prabhat
Chemicals, India). The oxides were intimately ground and
the mixture was then pelletized. The pellet was subjected to
a pressure of 50 MPa and then fired in air at 7=1,273 K for
several hours with repeated grindings. The pellet was
reground and repelletized and heated in air several times to
ensure homogeneity. The formation of the compound was
confirmed by X-ray diffractometry. Eu,Ru,0,(s) was
prepared similarly by mixing and then pelletizing stoichio-
metric proportions of the respective oxides. The pellets
were then sealed in an evacuated quartz ampoule and
heated to 7=1,423 K for several hours. The values of the
interplanar d spacing obtained for EusRuO5(s) and Eu,
Ru,04(s) recorded on Powder Diffractometer using Cu —
K, radiation is in good agreement with those reported in
JCPDS file number #39-1028 [3] and #28-422 [13],
respectively. Repeated attempts to synthesize Eu,RuQOs(s),
like RE,RuOs(s) (RE=Nd, Sm, Eu, Gd, Tb) type of
materials failed as each time samples contained substantial
second phases of Eu,Ru,04(s) [14, 15, 16].

Phase mixtures of {EuzRuO;(s)+Eu,O5(s)*Ru(s)} and
{EuzRuO;(s)*Eu,Ru,04(s)+Ru(s)} in the appropriate
molar ratios were pelletized into pellets of dimension 7
mm diameter and 3 mm thickness using a tungsten carbide
die at a pressure of 100 MPa. The pellets were sintered in
purified argon gas atmosphere at 7=1,000 K for several

hours. The sintered pellets were reexamined by X-ray
diffraction and the phase compositions were found to be
unchanged after sintering. These pellets were then used for
e.m.f. measurements.

The oxide cell assembly

A double compartment cell assembly was used for e.m.f.
measurements. The inner compartment was separated from
the outer compartment by the use of an electrolyte tube. The
electrolyte tube used was 0.15 mole fraction CSZ tube with
one end closed and flat. The tube separated the gaseous
environments over the two electrodes. The dimensions of the
CSZ tube used were: 13 mm, outer diameter; 9 mm, inner
diameter and 380 mm in length and was supplied by Nikatto,
Japan. It was reported by Pratt [17] that the lower limit of
oxygen partial pressures for purely ionic conduction of CSZ
electrolyte is about 10 2° Paat 1,000 K and 10 "* Paat 1,273
K. Detailed experimental set up was described in an earlier
publication [18]. An inert environment was maintained over
the solid electrodes throughout the experiment by passing
separate streams of purified argon gas. The argon gas was
purified by passing it through towers containing the reduced
form of BASF (Aktiengesellschaft, D-6700 Ludwigshafen,
Germany) catalyst, molecular sieves, magnesium perchlo-
rate, and hot uranium metal at 550 K. A Faraday cage made
from stainless steel was placed between the furnace and cell
assembly. The cage was grounded to minimize induced e.m.
f. on the cell leads. A calibrated chromel-alumel thermo-
couple located in the vicinity of the pellets was used to
monitor the cell temperature. The furnace temperature was
controlled at £1 K. Cell e.m.f. was measured by a Kiethley
614 electrometer (impedance >10"* ). Measurements were
taken when the value of e.m.f. was steady for about 2-3 h
using the high impedance electrometer. Voltages were
reproducible in subsequent heating cycles. The following
cell configurations were employed in the present study:

Cell(I) : (—)Pt/{EusRuO7(s) + EuyOs(s) + Ru(s)}
//CSZ//0,(p(0,) = 21.21kPa)/Pt(+)

CCH(H) : (—)Pt/{Eu3RuO7(s) + EquUQO7(S) + Ru(s)}
//CSZ//0,2(p(0;) = 21.21kPa)Pt(+)

The reversibility of the solid-state electrochemical cells
was checked by microcoulometric titration in both
directions. A small quantity of current was passed through
the cell in either direction. After the removal of the applied
current, the cell e.m.f. returned to its original value. The e.
m.f. of the cells were also found to be independent of flow
rate of the inert gas passing over the electrodes. The X-ray
diffraction pattern of the sample pellet after electrochem-
ical measurements did not reveal any interaction between
the equilibrium phases.



Results and discussion

Solid-state electrochemical measurements using oxide
cell

E.m.f. of the solid state oxide electrochemical cell is related
to the partial pressure of oxygen at the two electrodes and is
given by the relation:

(o
E = (RT/nF) - /

p'(02)

dlnp(Oz) )

E, is the measured e.m.f. of the cell in volts, R=8.3144 JK !
mol 'and is the universal gas constant, 7 is the number of
electrons pat“[lclpatmg in the electrode reaction,

F=96,486.4 C mol ' is the Faraday constant, T is the
absolute tem 2perature #0%") is the effective transference
number of O~ ion for the solid electrolyte combination and
p'(0y) and p"(O,) are the equilibrium oxygen partial
pressures at the positive and negative electrodes, respec-
tively. The transport number of oxygen ion in the present
electrolyte cell arrangement is nearly unity (1(O*" )>O 99) at
the oxygen pressures and temperatures covered in this
study. Hence, the e.m.f. of the cell is directly proportional to
the logarithm of the ratio of partial pressures of oxygen at
the electrodes.

AG° (T) of EuzRuO-(s)

The reversible e.m.f.s of cell (I) measured as a function of
temperature are listed in Table 1. The half-cell reactions at
the cathode and the anode for cell (I) can be given by:

5/2 05(g) + 10e” = 50?7, (at the cathode) )
and,
3Eu,0;3(s) + 2Ru(s) + 5/2 Ox(g) (3)

= 2Eu3RuO7(s) + 10e~,  (at the anode)

Table 1 The reversible e.m.f.s of the cell: (—)Pt/{EuzRuO-(s)
+Eu,03(s)+Ru(s)}//CSZ//O,(p(0,)=21.21 kPa)/Pt(+)

TK EN 7K E/N
922.5 0.3930 1,081.9 0.3476
936.1 0.3900 1,128.2 0.3337
952.2 0.3832 1,140.8 0.3300
971.2 0.3786 1,173.1 0.3202

1,021.8 0.3720 1,194.9 0.3112

1,042.2 0.3637

1,056.9 0.3586
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The overall cell reaction can be represented by:

3Eu,05(s) + 2 Ru(s) + 5/2 O4(g) = 2EusRuO;(s),
“)

The least squared regression analysis of the e.m.f.s gives:

E/V(£0.00313) = 0.6679 — 2.958 - 10~* - (T/K);
(922.5 < T/K < 1,194.9).

)

The uncertainties quoted are the standard deviation in e.
m.f. The A,G°(T) for the reaction given in Eq. 4 involves
the transfer of ten electrons, and hence, from Nernst
equation we get:

AG°(T) = —10FE = 2AfG°{Eu3RuO7( )}
— 3AfGO{EUQ03 — 5/2 RT In p(Oz)
(6)
The value of A{G°(EusRuO-, s) has been obtained by
combining Eq. 5 and AG°of (Eu,03, s) from the literature
[19].
{A;G°(EusRuO7, s)/(kJmol ') £2.5}
= —2,785.2+0.567 - (T/K)

™

The intercept and the slope of the above least square fit
corresponds to the enthalpy of formation AH(7,,.) and
the entropy of formation ApS°(7,,.), respectively, at
T.v=1,058.7 K.

Table 2 The reversible e.m.f.s of the cell: (—)Pt/{EuzRuO-(s)
+Eu,Ru,07(s)+Ru(s)} //CSZ//0,(p(0,)=21.21 kPa)/Pt(+)

T/K EN T/K EN

995.3 0.4127 1,190.6 0.3137
1,020.0 0.4012 1,208.3 0.3090
1,034.6 0.3870 1,220.1 0.3028
1,067.1 0.3767 1,225.3 0.2996
1,077.6 0.3716 1,238.9 0.2932
1,090.2 0.3622 1,245.8 0.2909
1,109.9 0.3475 1,250.8 0.2884
1,137.6 0.3355 1,260.6 0.2800
1,160.8 0.3245
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A¢G° (T) of EuyRu,04(s)

The reversible e.m.f.s of cell (I) measured as a function of
temperature are listed in Table 2. The half-cell reactions at
the cathode and the anode for cell (II) can be given by:

7/2 O,(g) + 14e~ = 707", (at the cathode) ®)
and,
2Eu3RuO;(s) + 4Ru(s) + 70>~
= 3Eu;Ru,07(s) + 14e7, (at the anode)
)

The overall cell reaction can be represented by:

2Eu3RuO(s) + 4Ru(s) + 7/201(g) = 3Eu,Ru,04(s),
(10)

The least square regression analysis of the e.m.f.s gives:

E/V(£0.00335) = 0.8879 — 4.811-10~* - (T/K);
(995.3 < T/K < 1260.6).
(1)

The uncertainties quoted are the standard deviation in e.
m.f. The A,G°(T) for the reaction given in Eq. 10 involves
the transfer of 14 electrons.

ArGO(T) = 3AfGO{Eu2RUQO7(S)}
—2A¢G°{Eu3RuOs(s)} — 7/2 RT In p(O,).

(12)

A¢G°(Eu,Ru,05, s) values have been obtained from Eqs 7
and 11.

{ArG°(Ew;Ru,07,5) / (kI mol ") £2.9}

= —2,256.6+0.579 - (T/K). (13)

The intercept and the slope of the above least squares
fitted line corresponds to the enthalpy of formation
AH(T,,) and the entropy of formation AS°(7,,.),
respectively, at 7,,=1,127.7 K.

Oxygen potential diagram

In ternary systems containing a volatile component such as
oxygen, it is useful to visualize phase relations as a function
of the chemical potential or partial pressure of the volatile
species. In an isothermal oxygen potential diagram, the
phase relations are represented as a function of partial
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Fig. 1 Oxygen potential diagram of the Eu-Ru-O system at
7=1,250 K

pressure of oxygen. The oxygen potential diagram for the
system Eu—Ru-0O at 7=1,250 K, computed from the results
of this study, is shown in Fig. 1. The composition variable
is the cationic fraction 7g./(nrut1E.) Where 7)represents
moles of component i. Oxygen is not included in the
composition parameter. The diagram provides useful
information on the oxygen potential range for the stability
of various phases. The diagram is complementary to the
conventional Gibbs triangle representation of phase
relations in ternary systems, where the composition of
each phase can be unambiguously displayed. All the
topological rules of construction for conventional binary
temperature-composition phase diagrams are applicable to
the oxygen potential diagram shown in Fig. 1. Though EuO
(s) and EuzOy4(s) exist at 7=1,250 K, their oxygen
potentials are very low and hence, does not effect the
phase field under consideration and are not shown in the
oxygen potential diagram [20]. When three condensed
phases coexist at equilibrium in a ternary system such as
Eu—Ru—O the system is bivariant; at a fixed temperature
and total pressure, three condensed phases can co-exist
only at a unique partial pressure of oxygen. Therefore,
horizontal lines on the diagram represent three phase
equilibria. The equilibria at very low oxygen potentials
between alloys and Eu,O5(s) are not shown in Fig. 1, as
thermodynamic data for intermetallics required for the
calculations are not available. These low oxygen potentials
cannot be measured easily as they are well below the ionic
conduction domain of oxide solid electrolytes. Similar



diagram at other temperatures can be readily computed
from the thermodynamic data. Phase relations can also be
computed as a function of temperature at constant oxygen
partial pressures.

Conclusion

Ternary oxides in the Eu—Ru—O system have been prepared
by the solid-state reaction route and characterized by X-ray
diffraction analysis. The Gibbs free energies of formation
of the ternary compounds were obtained by using solid
state electrochemical oxide cells. The Gibbs free energies
of formation of EuzRuO,(s) and Eu,Ru,0,(s) from
elements in their standard state are: {AG° (EusRuO-, s)/
(k] mol ")+2.5}=-2,785.2+0.567-(T/K) and {AG°(Eu,
Ru,07, s)/(kJ mol")+2.9}=-2.256.6+0.579-(T/K), respec-
tively. Isothermal oxygen potential diagram was computed
for the Eu—Ru-O system at 7=1,250 K.
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