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Abstract

The Gibbs energy of formation of Ho,Ru,O7(s) has been determined employing a
solid-state electrochemical cell incorporating an oxide ion conducting electrolyte. The
reversible electromotive force (e.m.f.) of the following cell has been measured:

Cell: (-)Pt/{H0,03(s)+*Ho,Ru,07(s)+ Ru(s) }//CSZ// Ox(p(0,) = 21.21 kPa)/Pt(+)

The Gibbs energy of formation of Ho,Ru,O5(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 by:

{AG°(Ho,Ru,07, 5) / (kJ-mol™) £ 2.6} =-2518.6 + 0.6225 - (T /K);
(937 <T/K<1265).

Standard molar heat capacity C°, n(7) of HooRu,O5(s), was measured using a heat
flux type differential scanning calorimeter (DSC) in the temperature range from 307 K to
765 K. The heat capacity was fitted into a mathematical expression and can be represented
by:

C"pm ((Ho,Ru,07,5,T)(J- K mol ™) = 289.8 + 3.06 -107T(K) - 33.74 -10°/T*(K).
(307 < T'(K) <£765)
The heat capacity data of Ho,Ru,O5(s), along with the data obtained from the oxide
electrochemical cell were used to calculate the standard enthalpy of formation and absolute

molar entropy of the compound.

Keywords: Pyrochlore; Solid-state electrochemical technique; Differential Scanning

calorimeter; Thermodynamic Properties; Specific Heat.
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1. Introduction
Pyrochlores are technologically important oxides for use in electrochemical
devices such as solid oxide fuel cells [1], as components in thick film resistors [2], as well
as in thermal barrier coatings [3,4]. The pyrochlores are good refractory materials and have
good chemical durability making them prospective candidates for nuclear waste matrices
[5,6,7] as also reported for fluorite-type structure [8,9]. The incorporation of plutonium in
lanthanum zirconate pyrochlore has been investigated recently by Gregg et al. [10].
Uranium doped zirconium pyrochlores were studied at ambient and high pressure by Zhang
et al. [11]. Lutique et al. [12] determined the thermodynamic functions of a few lanthanide
zirconate pyrochlores. Pyrochlores are geometrically frustrated magnetic systems
exhibiting spin-ice behavior [13,14]. Hence pyrochlores show interesting low temperature
properties [15]. Ryzhkin [16] has proposed a theory of magnetic relaxation for the rare
earth titanium pyrochlores, Ho,Ti,07, Dy,Ti,07 and Yb,Ti,07 that show spin-ice behavior.
Siddharthan et al. [17] carried out theoretical simulations for the rare earth pyrochlore
family R,Ti,0; (R=rare earth). The structure and magnetic properties of molybdenum
pyrochlores Y;Mo0,07 and Tb,Mo0,07 were investigated by Reimers et al. that show spin-
glass behavior [18,19]. Bramwell et al. attributed the spin ice state to geometric frustration
in magnetic pyrochlore materials [20]. Ferroelectricity was observed in the double
perovskite Dy,Ru,O; by Xu et al. [21]. Bansal et al. [22] reported crystal structure and
carried out magnetic measurements using a Quantun Design SQUID magnetometer in the
temperature range from 5 K to 300 K and determined magnetic properties of the pyrochlore
Ho,Ru,07. Neutron scattering experiments on Ho,Ru,O; by Weibe et al. [23] revealed two
magnetic transitions at T=1.4 K and T = 95 K and concluded that Ho,Ru,O7 was not a spin
ice. Taira et al. [24] observed a lambda type anomaly in the specific heat versus
temperature plot at 94 K and could discern a ferromagnetic transition below 1.8 K. Though
structural studies, magnetic measurements and theoretical simulations of a few pyrochlores
have been carried out thermodynamic data is scarce. Knowledge about the thermodynamic
stability of ruthenium pyrochlores is essential to determine their behavior in various
process conditions.
In this study, based on the phase relations, a solid-state electrochemical cell was

designed to measure the Gibbs energy of formation of the ternary oxide Ho,Ru,O5(s), using
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15 mole percent calcia-stabilized- zirconia (CSZ) solid electrolyte, in the temperature range
from 937 K to 1265 K. The heat capacity of Ho,Ru,O(s) was measured from 307 K to 765
K wusing a differential scanning calorimeter (DSC-131, Setaram, France). Other
thermodynamic properties were evaluated from these experimental results.
2. Materials and Methods
2.1. Materials

Ho,Ru,04(s) was synthesized from stoichiometric ratios of preheated Ho,Os3(s) (0.9985
mass fraction, Leico, Industries Inc.) and RuOx(s) (0.997 mass fraction, Prabhat Chemicals,
India). The oxides were intimately ground together in an agate mortar and the mixture was
then pelletized. The pellet was made using tungsten carbide die at a pressure of 10 MPa.
The pellets were sealed in an evacuated quartz ampoule and heated to 7= 1400 K for twenty
four hours. Interaction of the sample material with quartz ampoule was prevented by
stacking pellets in the ampoule and using the pellet in contact with the quartz as the
sacrificial pellet. A few firings at the same temperature with intermediate grindings were
necessary till a pure phase was obtained. The formation of the compound was confirmed by
X-ray diffractometry. The values of the interplanar spacing d obtained for Ho,Ru,O(s)
using STOE diffractometer with Cu-K,, radiation (A =1.5406 A) is in good agreement with
those reported in JCPDS file number #28-447 [25] and is shown in Fig. 1. Fig.1. includes
low intensity peaks attributable to Ho,Os(s). The cationic ratio of Ho/Ru of the compound
Ho,Ru,04(s) was confirmed to be 1 by energy dispersive X-ray fluorescence (EDXRF).

In the Ho-Ru-O system, the oxides Ho,Ru,O4(s) and HosRuO(s) [26] have been
reported, the former lies on the tie line between Ho,Os(s) and RuO,(s). Phase relations were
explored involving different phase mixtures of oxide phases and metal, by equilibration at
1200 K and phase analysis of quenched samples. The phase composition of {Ho,Os(s) +
Ho,Ru,0(s) + Ru(s)} remained unaltered by equilibration. Hence a phase mixture of
{H0,05(s) + Ho,Ru,07(s) + Ru(s)} in the molar ratio of 1:1:2 was pelletized into a pellet of
dimension 10 mm diameter and 3 mm in thickness, using tungsten carbide die at a pressure
of 100 MPa and used for e.m.f. measurements.

2.2. The oxide cell assembly
A double compartment cell assembly with 15 mole percent, calcia-stabilized-zirconia

(CSZ) solid electrolyte tube with one end closed and flat was used to separate the gaseous
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environments of the two electrodes. The dimensions of the CSZ tube used were 13 mm
outer diameter, 9 mm inner diameter and 380 mm in length, supplied by Nikatto
Corporation Japan. A schematic diagram of the in-house fabricated experimental set-up
used and experimental details are described in an earlier publication [27]. Purified argon
gas served as the cover gas over the working electrode, in order to achieve a low oxygen
potential environment throughout the experiment. Argon gas was passed through towers
containing molecular sieves, magnesium perchlorate, the reduced form of BASF catalyst
and hot uranium metal. The gas was bubbled out at a steady rate through an oil bubbler
without disturbing the equilibrium at the working electrode. A Faraday cage was placed
between the furnace and cell assembly and ground to minimize induced electro-motive
force (e.m.f.) on the cell leads. Alumina sheathed Pt leads was used to measure the e.m.f.
The em.f. (0.1 mV) was measured by a high impedance Keithley 614 electrometer.
Synthetic dry air from an air generator was used as the reference electrode. The sample
pellet was made by compaction of a mixture of Ho,O3(s) + Ho,Ru,O7(s) + Ru(s) at a
pressure of 100 MPa. The cell temperature (+ 1 K) was measured by a calibrated chromel-
alumel thermocouple located in the vicinity of the pellet. E.m.f. was measured after initially
equilibrating the galvanic cells at 1000 K for at least 24 h. The following cell configuration
was employed in the present study:

Cell: (-)Pt/{H0,05(s) + Ho,Ru01(s) + Ru(s)}//CSZ// Ox(p(0,) = 21.21 kPa)/Pt(+).

The reversibility of the solid-state electrochemical cell was checked by micro-
coulometric titration in both directions. The range of permissible oxygen partial pressures
for purely ionic conduction for CSZ electrolytes is about 102° Pa at 1000 K and 10" Pa at
1273 K [28]. The oxygen partial pressure of the above designed cell falls within this range.
2.3. Measurement of Heat Capacity of Ho,Ru;O7(s):

Heat capacity measurements were carried out using a heat flux type differential
scanning calorimeter (Model: DSC-131, Setaram Instrumentation, France). The transducer
of DSC-131 has been designed using the technology of the plate shaped DSC rods made of
chromel-costantan. It is arranged in a small furnace with a metal resistor of low thermal
inertia so as to produce high heating and cooling rates, thereby providing for high speed
experiments. The transducer also possesses very good sensitivity over the entire

temperature range (100 K to 950 K). The temperature calibration of the calorimeter was
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carried out in the present study by the phase transition temperature of National Institute of
Standards and Technology (NIST) reference materials (indium: Tg,s = 429.748 K; tin Ty =
505.078 K; lead: Tj,s = 600.600 K) and AR grade samples (deionised water: 75,5 = 273.160
K; potassium nitrate: T, = 400.850 K; silver sulfate: Tps = 703.150 K; potassium sulfate:
Tts = 856.150 K). Heat calibration of the calorimeter was carried out from the enthalpies of
transition of the reference materials. For the determination of heat capacity, NIST synthetic
sapphire (SRM 720) in the powder form was used as the reference material [29]. Heat
capacity of the oxide was determined in the temperature range from 307 K to 765 K.

The classical three-step method in the step heating mode was followed in this study
to measure the specific heat in the temperature range under consideration as illustrated in
the literature [30]. In the temperature range, from 307 K to 765 K, three sets of experiments
were carried out in argon atmosphere at a heating rate of 5 K min™ and a gas flow rate of 2
dm® h™'. All the experiments were carried out under identical experimental conditions viz.
heating rate, carrier gas flow rate, delay time and temperature range. Two empty, flat
bottomed cylindrical aluminium crucibles with covering lids (capacity 10* dm®) of
identical masses were selected for the sample and reference cells. In the first run both the
sample and reference cells were loaded with empty aluminum crucibles. The heat flow
versus temperature was measured. In the second run a known weight of NIST synthetic
sapphire (SRM-720) was loaded in the sample cell keeping the crucible in the reference
side empty and once again the heat flow versus temperature was measured in the same
temperature range and at the same heating rate. In the third run, a known weight of the
sample was loaded in the sample cell, reference cell being empty and once again the heat
flow as a function of temperature was measured. About 300-350 mg of the sample was
used for the heat capacity measurements. In DSC-131, heat capacity of the sample under
investigation can be calculated by a simple comparison of the heat flow rates in three runs.
For a defined step of temperature, the thermal effect corresponding to the sample heating is
integrated. Thermal equilibrium of the sample is reached after each step of temperature. If
T;, represents the initial temperature, the temperature interval step is chosen between 7; and
Ti+1, we define: T; = T; + AT and Tj+ = T; + (J+i) AT. The expression used for the

calculation of heat capacity of the sample is given as:
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Ti+1 Ti+l
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Ti

Ti
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where, HFplank, HFrer and HFgample Tepresent heat flow during first, second and third runs
respectively. Cp(T;)sample and Cp(7T5)rer represent the heat capacities of sample and reference
material in joule per Kelvin per gram and Mgmpie and Mger represent the mass of sample
and reference, respectively. The heat capacity thus obtained was then converted to joule per
Kelvin per mole. Accuracy of measurements were checked by measuring the specific heat
of Fe,O3(s) (mass fraction 0.998) in the temperature range from 300 K to 765 K and the
values were found to be within + 2% as compared with the literature values [31].

3. Results and Discussion

3.1. 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:

pn (02)

E=(RT/nF)-[(O%)-dInp(O,) 2)
pv(Oz)
E, is the measured e.m.f. of the cell in volts, R = 8.3144 J. K mol™ is the universal gas
constant, n is the number of electrons participating in the electrode reaction, F' = 96486.4
C-mol” is the Faraday constant, 7 is the absolute temperature, #O”) is the effective
transference number of O” ion for the solid electrolyte and p"(O,) and p'(O,) are the
equilibrium oxygen partial pressures at the positive and negative electrodes respectively
[28]. The transport number of oxygen ion in the present electrolyte cell arrangement is

nearly unity ((O%) > 0.99) at the oxygen pressures and temperatures covered in this study.



RSC Advances

Hence, the e.m.f. of the cell is directly proportional to logarithm of the ratio of partial

pressures of oxygen at the electrodes:

E=(RT/nF)-In {p"(02)/p'(O,) }. (3)
Thus,
nFE=RTIn p"(O,) - RT In p'(0,), 4)

where, RT In p"(O) is the oxygen chemical potential over the positive electrode and RT In
P'(0y) is the oxygen chemical potential over the negative electrode.

The reversible e.m.f.s of the cell measured as a function of temperature is shown in Fig. 2.
The half-cell reaction at the cathode and the anode for the cell can be given by:

20,(g) +8¢ =407, (at the cathode) (5)
Ho,05(s) + 2 Ru(s) + 4 0> = Ho,Ru,04(s) + 8 ¢, (at the anode) (6)
The overall cell reaction can be represented by:

Ho,05(s) +2 Ru(s) + 2 O,(g) = Ho,RuO4(s), (7)
The least square regression analysis of the e.m.f. gives:

E/V(+0.0027) = 0.8349 - 5.062-10™* (T / K); (937<T/K<1265). (8)
The uncertainties quoted are the standard deviation in e.m.f. The A;G°(7) for the reaction
given in equation (7) involves the transfer of eight electrons and hence from Nernst

equation under conditions of reversible equilibrium we get:

AG*(T) =-8FE = A/G* {Ho,Ru,07(s)} - AsG"{H0205(s)} - 2 RT In p(O,). )
From egs. (7), (8) and (9) and literature value of AsG" {H0,05(s)} [32], given by

{AsG°(H0,03, s) / (kJ-mol™) } = - 1874.1 + 0.2826 - (T /K) (10)

The A¢G® of Ho,Ru,07 (s) has been obtained as:

{A:G°(Ho,Ru,07, 5) / (kI-mol™) £ 2.6} = - 2518.6 + 0.6225- (T'/ K). (11)

The error includes the standard deviation in e.m.f. and the uncertainty in the data
taken from the literature. The Gibbs energy of formation is a linear function of temperature
within the experimental temperature range. The slope and intercept of this linear equation
corresponds, respectively, to the average values of the standard molar entropy and enthalpy

of formation of Ho,Ru,O(s).
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3.2. Standard Molar Heat Capacity of Ho,Ru;0(s):

The heat capacity values of Ho,Ru,O(s) were obtained in the temperature range
from 307 < T (K) <765, and are given in Table 1 and are taken at 101.325 kPa. The values
of heat capacities are best fitted into the following mathematical expression by the least
squares method.

C"pm(Ho,RW,07,5, T)(J-K ™ -mol ™) = 289.8 + 3.06 -10°T(K) - 33.7 -10°/T*(K). (12)
The molar heat capacity of Ho,Ru,Os(s) at 298.15 K from the above equation was
calculated to be 261 I-K™"- mol™". The molar heat capacity at 298.15 K was also estimated in
the present study by the Neumann Kopp’s rule i.e. from the heat capacity data of the
constituent binary oxides. Based on the heat capacity data of RuO,(s) and Ho,Os(s) [33] the
estimated heat capacity of Ho,Ru,O5(s) at 298.15 K was found to be 227.5 J-K'-mol™. The
heat capacity data for Ho,Ru,O7(s) has been reported for the first time.

3.3. Molar Enthalpy of formation and absolute molar entropy:

The molar enthalpy of formation of Ho,Ru,0O(s) at 298.15 K has been calculated
by the second law method. Heat capacity data obtained in this study by using a differential
scanning calorimeter along with transition enthalpies of Ho(s), Ru(s) [28], and O»(g) [34],
were used to determine the second law value of A¢H,,° (Ho,Ru,07,5,298.15 K) and was
found to be — 2586.8 kJ-mol™. From the heat capacity measurements and the entropy at the
average experimental temperature the standard molar entropy S° (298.15 K) for this
compound was calculated to be S°,,{ Ho,Ru,07,s, 298.15 K} = 401.8 ] K 'mol™. Based
on the measured heat capacity, and the estimated entropy, the derived thermodynamic
functions of Ho,Ru,O5(s) were calculated and the resulting values were extrapolated to
1000 K and are given in Table 2.

4. Conclusion

The pyrochlore Ho,Ru,O4(s), an important compound in the field of magnetic
materials was synthesized by solid-state reaction route and characterized by X-ray
diffraction. In order to predict its stability in various process conditions the Gibbs energy
of formation of the ternary compound from elements in their standard state, was
determined using solid-state electrochemical oxide cell in the temperature range from 937
K to 1265 K, and found to be: {A¢G°(Ho,Ru,07, s) / (kJ-mol™) +2.6 } =-2518.6 + 0.6225-

(T'/ K). Only low temperature heat capacity values were reported in the literature, in this

9
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study, the molar heat capacity data for Ho,Ru,O~(s) has been reported at high temperature
that is from 307 K to 765 K, and no phase transition could be detected. Complete
thermodynamic functions have been generated from heat capacity measurements and Gibbs

energy data for the ruthenium pyrochlore Ho,Ru,O+(s).
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Table 1: Standard molar heat capacity of Ho,Ru,O(s):

T Com T Com
(K) J K mol' (K) J K mol™
307.5 263.6 544.8 294.9
326.9 266.3 564.7 295.8
346.4 272.9 584.7 296.8
365.9 276.8 604.6 298.0
385.5 279.5 624.6 299.3
405.3 281.8 644.7 300.9
4252 284.1 664.7 302.5
4452 286.5 684.7 304.0
465.1 288.8 704.8 305.0
485.0 290.9 724.9 305.8
504.9 292.5 744.9 306.9
524.8 293.8 765.0 308.0
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Table 2: Derived thermodynamic functions of Ho,Ru,O4(s):

T HP1-H°08 15 C°m S,,2(T) fef®
(K) (J- mol™) (K" mol™) (J-K" mol™) (J K mol™)
300.0 4833 261.4 286.2 284.6
350.0 13860.3 272.9 327.4 287.8
400.0 27716.5 280.9 364.4 295.1
450.0 41917.8 286.9 397.9 304.7
500.0 56383.6 291.6 428.4 315.6
550.0 71062.6 295.5 456.3 327.1
600.0 85920.7 298.8 482.2 339.0
650.0 100934.1 301.7 506.2 350.9
700.0 116086.0 304.3 528.7 362.8
750.0 131364.0 306.8 549.8 374.6
800.0 146758.8 309.0 569.6 386.2
850.0 162263.2 3112 588.4 397.5
900.0 177871.8 3132 606.3 408.6
950.0 193580.2 315.1 623.3 419.5
1000.0 209384.8 317.0 639.5 430.1

Free energy function (fef*) = - {G°(T) - H°(298.15K)} / T.
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Fig. 1: XRD of Ho,Ru,04(s)

T T T T T T T I
- XRD-Ho,Ru,0,(s) |

2.93

Intensity (Arb units)

2.54
1.79

S

10 20 30 40 50 60
2-Theta(deg)



RSC Advances Page 16 of 17

Fig. 2: Plot of e.m.f. as a function of temperature for the cell :

(-)Pt/{Ho,Ru,04(s) + Ho,0s(s) + Ru(s)}//CSZ// O,(p(0,) = 21.21 kPa)/Pt(+).
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Graphical Abstract

The Gibbs energy of formation of Ho,Ru,0,(s) has been determined using a Galvanic cell and employing
an oxide ion conducting electrolyte.
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