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Abstract

The em f of the galvamc cells Pt,C,Te(),N1TeO;3,N10/15 YSZ/O, (Po,=021 atm),Pt
and Pt,C,N1TeO,;,N1,TeO;,N10/15 YSZ /O, (Po,= 0.21 atm),Pt (where 15 YSZ =15 mass%
yttria—stabihzed zircoma) was measured over the ranges 833-1104 K and 624-964 K
respectively, and could be represented by the least-squares expressions E, +148 (mV) =
888 72—0.50427T (K) and E; £4.21 (mV) = 895.26 —0.81543T (K)

After correcting for the standard state of oxygen in the air reference electrode, and by
combimng with the standard Gibbs energies of formation of N1iO and TeO, from the
Literature, the following expressions could be derived for the AG," of NiTeQ; and Ni1,TeO;
AGP (N1Te0,)+2.03 (kJ mol™') = —577.30+026692T (K) and AG? (N1;TeOq)+2 54 (kJ
mol ™) = —1218 66 +0.58837T (K)

INTRODUCTION

Ternary compounds in the Ni-Te-O system are of interest in solid state
chemistry by virtue of their electrical properties [1]. Besides this, tellurium is
a deleterious fission product which can attack the stainless steel cladding in
fast breeder reactors [2], forming tellurides of Fe, Cr and Ni. Investigation
of the Ni-Te system by the solid oxide electrolyte e.m.f. method is limited
owing to the lack of Gibbs energy data on the Ni-Te-O system. Further,
compounds such as Ni;TeO, can be formed under conditions of reactor
accidents [3]. Hence the thermodynamic characterization of the two limiting
ternary oxides in the pseudo-binary NiO-TeO, and NiO-TeO; systems was
undertaken.

EXPERIMENTAL
Materials

Reagent grade nickel acetate (purity better than 99.5%, supplied by E.
Merck, Germany) and tellurium granules (purity greater than 99.99%, sup-
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plied by BDH, UK) were the starting materials. Tellurium dioxide was
obtained by repeated air oxidation of Te granules in the temperature
interval 648-698 K for several hours, with intermittent grinding. Reactive
powder of NiO was obtained by careful thermal decomposition of nickel
acetate in air at 800-1000 K. Intimate mixtures of NiO and TeO, in the
molar ratios of 1:1 and 3:1 were compacted into cylindrical pellets of 10
mm diameter and 2 to 3 mm thickness at a pressure of 100 MPa. The pellets
of equimolar composition were heated to 973 K in air, gradually followed by
raising the temperature to 1123 K, at which they were maintained for 8 h.
This procedure was repeated twice after grinding the pellets and recompact-
ing them in order to ensure completion of the reaction. The other set of
pellets was heated to 773 K in air for 96 h followed by heating at 925 K for
20 h. The products were checked for the completion of reaction by powder
X-ray diffractometry (XRD) within 1ts 5 mass% limit of detection of
impurity phases. A mixture of Ni;TeO; and NiTeO; in the mole ratio 1:0.6
was heated in air at 850 K for several hours to confirm their coexistence by
XRD. This procedure was repeated again by heating the same mixture with
N10O.

Apparatus and procedure

The electrode pellets were made by intimate mixing and compaction of
NiO, NiTeO, and Te in the mass ratio 2:6:1 at a pressure of 100 MPa into
cylindrical pellets of 6 mm diameter and 2 to 3 mm thickness. Likewise,
another set of electrode pellets was made from a mixture of NiTeO;,
Ni,TeO; and NiO in the mass ratio 1:2:1 and compacted at a pressure of
100 MPa into cylindrical pellets of 10 mm diameter and 2 to 3 mm
thickness. Graphite cups were used to contain the electrode pellets in order
to prevent chemical attack of the Pt lead wire by the constituents of the
electrode. Both the Pt leads on either side of the cell were located in the
isothermal zone of the furnace. The absence of asymmetric potentials due to
the graphite cup was verified as discussed in earlier studies [4,5].

The following cell configurations were employed in the present study.

Pt,C,Te(1),NiTeO;,NiO/15 YSZ /O, ( P, = 0.21 atm),Pt (1)
Pt,C,NiTeO,,Ni;TeO, NiO/15 YSZ /O, ( Py, = 0.21 atm),Pt (11)

where 15 YSZ represents a 15 mass% yttria—stabilized zirconia electrolyte
tube with one end closed and the closed end flat. This tubular electrolyte
was used to separate the gaseous environments of the test electrode and the
air—reference electrode compartments. The volatilization of Te was reduced
as far as possible by employing a nearly static purified argon atmosphere.
The method of purification and other experimental details are described in
earlier publications [4,6—8). The temperature was measured by a Pt-10%
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Rh /Pt thermocouple calibrated at the freezing temperatures of high purity
metals such as Sn, Zn, Sb and Ag. The e.m.f. readings were taken after
equilibrating the galvanic cells at 750 K for at least 24 h. Only those cell
voltages which did not drift by more than a fraction of a millivolt per hour
and remained reproducible during the subsequent heating cycles were taken
into account. The e.m.f. values were tested for reversibility by thermal
cycling and by micropolarization [5]. The electrodes were examined by XRD
at the end of each experiment to confirm the absence of changes in phase
composition.

RESULTS

The e.m.f. results for cells (I) and (II), represented in Tables 1 and 2 and
Fig. 1, could be fitted into the following least-squares expressions, which are
valid over the ranges 833-1104 K and 624-964 K respectively

Eq +1.48 (mV) = 888.72 — 0.50427T (K) (1)

TABLE 1

Experimental e.m.f results for the cell (I). Pt,C,Te(l),N1TeO;,N10/15 YSZ /O, (Py,=021
atm),Pt, where 15 YSZ denotes 15 mass% yttna—stabilized zircoma

Run T7TK) EmV) TK) E@mV) TK) EmV) TEK) E@mV)
1 9871 38960 893.8 436.89 10819 343.46 10507  356.23
990.6 387.19

2 9180 427.29 1050.1  359.81 8325 469.52 941.7 41446
11029 336.32

3 8376 466.92 11041 330.59 10724  348.39

TABLE 2

Experimental results for cell (II). Pt,C,Ni1TeO;,N1;TeOg,N10 /15 YSZ /O, (Po,=0.21 atm),Pt

Run T(K) E@mV) T®X) EmV) TXK) EmV) T(K) EmV)

1 7386  291.62 8493 196.27 6975 32978 869.0 185.51
8333 20941 660.1 353.06 7074 31247 892.7 174.46
6438 36805

2 7828 26087 8791 171.24 756.4  280.68 8284  216.83
9096 15459 624.2 383.86

3 6782 34461 7721 268 35 8702 186.16 7823  264.87
816.6  225.68 9119 157.86 706.7  326.15 897.2 158 77
788.0 256.16 8259 221.01 8043 239.27 964.3 109.68
758.3 278.28
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Fig. 1. Experimental e.m.f results for cells (I) and (II) (®) cell (I): Pt,C.Te(l),NiTeO,,NiO
test electrode; (o) cell (I): Pt,C,N1TeO;,N1,TeO,,NiO test electrode.

and
Enmt421 (mV) = 895.26 — 0.81543T (K) (2)

DISCUSSION
Equilibrium diagram for Ni—Te—O system

In the pseudo-binary TeO,—NiO system, three well defined ternary oxides,
namely NiTe,Os;, Ni,Te;O; and NiTeO,, have been reported so far [9].
However, only one ternary oxide, Ni,TeO,, has been reported which con-
tains Te in the +6 oxidation state, as expected for the NiO-TeO, system.
Using this information, an isothermal section of the phase diagram for the
Ni-Te-O system at 850 K was constructed as shown in Fig. 2. The two
three-phase mixtures employed in this present investigation were shown to

Ni Te

80 60 40 20
Fig 2 Phase equilibnum diagram of Ni-Te-O system at 850 K
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be coexisting phases by XRD analyses of pre-equilibrated samples. The
compound NiTeQ, is thus the phase adjacent to NiO in which the activity of
TeO, (ar.o,) would be the minimum along the tie line between NiO and
TeO,. Therefore, the biphasic mixture of NiO/NiTeO, would set the lower
limit of the chemical potential of TeO,. Unless this value is more than one
order of magnitude lower than the unit activity of TeO,, measurement of the
standard Gibbs energy of formation of Ni,Te;Oy and NiTe,O5 would not be
entirely meaningful within the limits of achievable precision even with e.m.f.
measurements.

The higher thermodynamic stability of N1TeO, expected in accordance
with basic thermodynamics could also be corroborated by the reaction of
TeO, with NiO reported by Sokolov et al. [10]. These workers found that
NiTeO,, NiTe,O; and Ni,Te,O; were formed at 873, 933 and 973 K,
respectively, from TeO,. Although the thermodynamic order of reactivity
was reversed between the second and third compounds, still the lower
temperature of formation of NiTeQ; is consistent with the higher thermody-
namuc driving force. No attempt is made here to construct the temperature—
composition phase diagrams for NiO-TeO, and NiO-TeO,; systems owing
to the availability of only partial information in the literature [11]. NiTeO,
and NiTe,O; were congruently melting at 1163 and 1123 K respectively,
whereas Ni,Te;Oy was incongruently melting at 1148 K. Three eutectics in
the regions NiTe,O;/TeO,, Ni,Te;0q/NiTe,O5 and NiTeO,/Ni1,Te;Og were
reported at 923, 1083 and 1118 K, corresponding to 92.5, 62.5 and 57.5
mol% of TeO, respectively.

Gibbs energy of formation of Ni1TeO;

For the passage of 4 faradays (F) of electricity for cell (I), the half cell
reactions could be represented as follows.

NiO(s) + Te(1) + 2027 (g) = NiTeO,(s) + 4e~* (3a)
0, (Po,=0.21 atm) + 4e ™ =20%"(g) (3b)
The overall galvanic cell reaction is given by

NiO(s) + Te(l) + O, (P, = 0.21 atm) = NiTeO;(s) (4)

The standard Gibbs energy change AG,’, for reaction (4), after correcting for
the standard state of oxygen in the air electrode, could be given as

AG? = —4FE, + RT In( Py, = 0.21 atm) = AG? (NiTeO,) — AG? (NiO)

(5)
AG? = AG{, (NiTeO,) + AG? (TeO,) (6)
ie.
AG? +0.57 (kJ mol ') = —343.00 + 0.181627T (K) (7)
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In eqn. (6) the term AGy,, (NiTeOs) represents the standard Gibbs energy
of formation of NiTeO, from the constituent binary oxides, namely NiO
and TeO,. The following expression was made use of for the AG,’ of TeO,,
which was recently reported by Mallika and Sreedharan [12] from precise
e.m.f. measurements on a Te(l)/TeO,(s) electrode employing the same
experimental galvanic cell assembly.

AG? (TeG,) £ 0.60 (kJ mol™!) = —339.31 + 0.198617 (K) (8)

Equation (8) is valid over the range 726~898 K and was later shown to be in
excellent agreement with independent calorimetric work by Cordfunke et al.
[13]. The use of this information would also eliminate systematic errors, if
any, which might be inherent in the galvanic cell assembly employed in the
present study. By combining eqns. (1) and (5)—(8), the following expression
could be derived for AGy}, of NiTeO,.

AG?,,(NiTeO,) +1.13 (kJ mol™') = —3.69 — 0.01699T (K) (9)

The expression (9) was added to eqn. (8) and the AG; of NiO (from the
literature [14]) to derive the following equation for the AGS of NiTeO,.

AG{ (NiTeO;) + 2.03 (kJ mol™1)
= —577.30 + 0.26692T (K) (833-1104 K) (10)

Gibbs energy of formation of Ni1,TeO;

For the cell (1), the half cell reactions are taken to be
NiTeO, + 2NiO + O?~ = Ni,TeO, + 2¢ ! (11a)
0.50, (Po,=0.21 atm) + 2¢~' = O~ (11b)
Hence the overall cell reaction is
NiTeO, + 2 NiO +1/2 O, (P, = 0.21 atm) = Ni;TeO, (12)

After correcting for the standard state of oxygen in the reference electrode
in eqn. (2), the standard Gibbs energy change AG° could be subsequently
calculated for reaction (12)

AG2,, +0.81 (kI mol ') = —172.76 + 0.15085T (K) (13)
Using eqns. (10), (12) and (13) one can compute the AG; of Ni,TeOy
AG? (Ni;TeO;) + 2.54 (kJ mol 1)

= —1218.66 + 0.58837T (K) (624-964 K) (14)

To assess independently the reliability of the standard Gibbs energy data
on NiTeO,; and Ni;I'eOg determined in this study, precise thermochemical
data, such as the standard heats of formation and specific heat measure-
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ments from calorimetry, are needed. In the absence of such information, a
truly critical assessment is not possible. However, adiabatic vacuum calori-
metric studies for the low temperature heat capacities of Ni,Te;O; and
NiTe,O; have been reported by Zhdanov et al. [15] and values of AH;5q
(Ni,Te;04 and NiTe,O;) have been reported by Lesar et al. [1] from mass
spectrométric studies. These values could not be of much help in assessing
the present data. Nevertheless, an examination of eqn. (9) shows that, for the
solid—solid reaction between NiO and TeQ,, the value of AS;3,(NiTeO,) is
only 16.99 J K~! mol ™!, which is in agreement with an expected value of the
magnitude of 10 J K~! mol ™! for the ideal entropy of mixing. The value of
AG?,, of NiTeO, at 900 K works out to be —19 kJ mol™' from eqn. (9);
such a small value makes it difficult to make similar measurements on
Ni,Te;O0; and NiTe,O; since the AG(,, per TeO, would be even smaller in
magnitude. The entropy term in eqn. (13) has a value of —150.85 J K!
mol ™! for the disappearance of half a mole of oxygen gas, which is rather
large compared with the loss of entropy caused by the consumption of half a
mole of oxygen gas in the reaction. In the continuing absence of exact
information on the possible nonstoichiometry in NiTeO, and Ni,;T'eOg and
on the defect structure in the relevant crystal lattices, it may not be wholly
advisable to assess the entropy changes. In spite of this limitation, the Gibbs
energy data derived from e.m.f. values should be quite reliable in the
temperature range of measurement, although the same could not be stated
regarding the enthalpy and entropy data derived from the e.m.f., according
to Kubaschewski [16]. As a cross-check on the reliability of the temperature
dependence of the e.m.f. data from cell (II), the temperatures of dissociation
of Ni;TeOy in air as well as in oxygen were calculated to be 1098 and 1145
K respectively from eqns. (2) and (13). To verify this, a thermogravimetric
analysis was carried out on Ni,TeO,, which recorded a weight loss with an
inception temperature at 970 K. However, the weight change was com-
pounded by heavy loss of tellurium as tellurium oxide in an atmosphere of
ambient air. Nevertheless, the temperature of dissociation in air predicted by
extrapolating the e.m.f. data beyond 970 K is not too high. Within accepta-
ble limits of temperature dependent errors, this difference in the observed
temperature of weight loss and that predicted from the e.m.f. could be taken
as reasonable, considering also the complication arising from the vaporiza-
tion of tellurium oxide.

CONCLUSION

Precise values of standard Gibbs energies of formation of NiTeO; and
Ni;TeO4 over the ranges 833-1104 and 624-964 K respectively with refer-
ence to Te(l) could be determined by the solid oxide electrolyte e.m.f.
method. These data would also be useful in understanding the oxidation
behaviour of NiTe, (x =0.8-2.0) in the temperature range 573-1223 K,
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leading to the formation of NiTe,Os, Ni;TeOy etc. as reported by Drofenik
et al. [17].
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