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Abstract

The use of potentiometric sensors for the on-line monitoring of oxygen in molten sodium in
fast breeder reactors has been studied since the 1970s. However, their lifetime and the
reproducibility of the results are inadequate for commercial development. In this study, the
performance of the sensor using yttria-doped hafnia is studied and compared with results
obtained with thoria- and zirconia-based electrolytes. The yttria-doped hafnia sensor tested, in
the form of a tube, exhibits a very reproducible signal and remarkable stability under very low
oxygen levels (ca. 0.02 ppm) and low temperatures (200-300 °C), with a lifetime of ca. two
months. Consequently, this electrolyte can be viewed as a promising material for sensing
oxygen in molten sodium. The main sources of errors observed in the application of these
sensors are reviewed under severe conditions at low temperatures. Discrepancies between the
calculated electromotive force (emf) of the cell and the slope of the theoretical Nernst law and
the experimental values are analyzed and hypotheses are discussed in order to explain the

deviations from the expected values. For the zirconia-based sensor, an original interpretation of
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the sensor’s response to a change in oxygen concentration, obtained at low temperatures, is

proposed, involving peroxide ions.

1. Introduction

The first potentiometric oxygen sensors have been proposed and studied since the end of the
1960s for the determination of oxygen in gases, in liquid metals or for thermodynamic
measurements [ 1-3]. Although Horsley [4] suggested in 1959 the possibility of using this type
of sensor for the determination of oxygen in liquid sodium for the objective of corrosion control
in the primary and secondary circuits of fast reactors, it was not until the early 1970s that
laboratories and research centers began to study this possibility. The main advantages of these
sensors would be as follows: (i) their selectivity for oxygen, contrary to plugging indicators;
(i1) their sensitivity (less than 0.1 ppm of oxygen); (iii) a real-time control with a response time
of a few ten seconds (contrary to the sampling of sodium, followed by chemical analysis,
vacuum distillation or neutron activation); and (iv) a large measurement range, i.e., from a few
ppm to sodium saturation by oxygen. Even if it is now admitted that the appropriate method for
on-line measurement of the oxygen concentration in sodium is the potentiometric sensor based
on an oxide electrolyte, the main difficulties for the development of such probes are as follows:

- The stability of oxide electrolytes in the presence of sodium (their corrosion by molten

sodium and the additional electronic conductivity of n-type materials), knowing that the

lifetime required is in the order of 50,000 h [5];

- The low resistance of ceramics to thermal and mechanical shocks;

- The effects of radiation;

- The corrosion of metals and alloys [6];

- The electrochemical reaction kinetics at low temperatures, i.e., 250-500°C.



It should also be noted that owing to temperature variations in the sodium coolant circuit
and to the logarithmic Nernst law, the measurement accuracy for the oxygen concentration is
in the order of 10-15%.

A recent exhaustive publication has detailed the evolution of the oxygen probes that are
compatible with sodium [7]. In this paper, the main sensors that employ zirconia- or thoria-
based electrolytes for the analysis of oxygen concentration in liquid sodium have been
reviewed. The criteria for the selection of the oxide electrolytes are based on their chemical
compatibility with liquid sodium, their electrical conductivity and their thermomechanical
properties.

The state-of-the-art yttria-doped thoria (YDT) electrolyte fulfills the chemical stability
requirements in a sodium environment [8—18]. However, the solid electrolyte exhibits many
drawbacks: it is a nuclear material, this oxide is difficult to supply, it is very expensive [19],
the conventional sintering method requires temperatures of higher than 2000°C and the
material’s mechanical resistance is poor. Various efforts have been devoted to the replacement
of long thoria closed-ended tubes by thimbles or disks assembled at the end of a metallic tube
through metal brazing or glass soldering. In these conditions, all of the electrolyte material is
immersed in the liquid sodium, which avoids temperature gradients [7]. New approaches for
the synthesis of nano-sized powders of yttria-doped thoria to allow for lower sintering
temperatures have been proposed [19-22].

In parallel with these technical improvements, research has been carried out to replace
the thoria-based electrolyte with a more suitable material. Considerable research has been
devoted to the development of oxide ion conductors that exhibit high conductivity for
applications such as intermediate temperature fuel cells, oxygen sensors, electrolyzers or
oxygen permeating membranes [23-27]. In this context, ceria-based electrolytes, lanthanum

gallates, etc., have been proposed. These electrolytes exhibit higher conductivity but poor



stability under reducing atmospheres and/or high sensitivity to decomposition. For many
applications, and specifically for oxygen potentiometric sensors, total conductivity is not the
key parameter. For the development of oxygen sensors working at very high temperatures, such
as oxygen probes in molten steel, thermomechanical stability is the main parameter. In sensors
used in the glass industry [28], the high temperature is associated with a corrosive attack of the
medium [29, 30] and destabilization of the cubic or tetragonal structures with the formation of
monoclinic zirconia [31]. In the devices used for the monitoring of oxygen levels in liquid
sodium, it is necessary to control the corrosion processes ascribed to the highly reducing
conditions, and to the high-radiation environment in the primary coolant circuit. Moreover, to
limit the corrosion processes, it is necessary that the sensor works at low temperatures, i.e., in
the range of 250-450°C. In this temperature range, the kinetics of the electrode reactions also
become very low. Although zirconia is thermodynamically incompatible in liquid sodium,
continued efforts are being made by various groups to employ it as a sensor in sodium at low
temperatures. The objective is to use very pure and dense solid electrolyte to reduce the
corrosion process for evaluating the lifetime of these sensors [32, 33]. Their lifetime will be
inferior to that of YDT sensors, but a compromise between cost and lifetime could be found.
Other oxide ion conductors, such as gadolinia-doped ceria (GDC) or yttria-doped ceria (YDC),
have also been explored as oxygen sensors in sodium. However, these sensors failed within 5
h of utilization [34, 35]. Simultaneously, the search for new classes of electrolytes is currently
in progress. Although HfO, is significantly more expensive than ZrO», this oxide could be an
attractive material for this application. It should be noted that in previous works, the proposed
applications concerned the control of oxygen in metals with high melting points and alloys in
non-ferrous metallurgy and the semiconductor industry at high temperatures [36—41]. To our
knowledge, the characterization of HfO»-based materials at temperatures lower than 500°C has

not yet been conducted.



The aims of this paper are to provide the new experimental results of oxygen probing in
molten sodium using yttria-doped hafnia, to compare the performance of this probe with thoria
and zirconia probes and to analyze the sources of discrepancies between the experimental

results and the expected values.

2. Fundamental Principles of a Potentiometric Sensor for Oxygen Analysis in Molten
Sodium
The fundamental principles of potentiometric sensors based on solid electrolytes have been
reviewed in several papers [42—45]. Potentiometric sensors are based on the existence of an
equilibrium at both of a sensor’s interfaces. Let us consider, for example, an oxygen sensor for
the measurement of the oxygen activity in liquid sodium:

o p
Me(I), O2(Ref) // Solid oxide electrolyte (SE) // ((O))na, Na, Me(I)

The reference can be a gas, such as air (P(O2) = 0.2 bar), or a metal/metal oxide mixture,
such as Cu/Cuy0, Na/NayO or In/In;Os3. The terminal metallic lead, Me(I) and Me(Il) are

identical.

At interfaces a and B, the equilibrium can be written (using Kréger-Vink notation) as
follows:
- Reference electrode (interface a): Ya 05 f 12e+ Vs =0} (N

- Measuring electrode (interface f3): (O)na +2€ +V5° =05 2)

The equilibrium condition requires that no net current is passing through the cell [46], which
contradicts the assumption of Nollet et al. [33] that there is an oxygen transfer from right to left

in the cell. It should be noted that when considering an ideal solid electrolyte that is a pure ionic



conductor, the electroneutrality condition within the oxide impedes any transfer of matter

through the electrolyte.
Equilibrium reactions 1 and 2 lead to the following equation:

At interface a.,% uoef 20 ~Me(1)a + ﬁig.’“ = Hgg 3)

where p is the chemical potential and {i is the electrochemical potential; the exponent is the

corresponding interface and the subscript is the chemical species.

Equation 3 leads to the following equation:
1 PRef +2 uMe(l)(Jl + Ui'Ea 2F ¢Me(l),a +2F ¢SE,0.' — “gg (4)

where @ is the electrical potential.

. ~NaR |, ~SER R
At interface B, poy)y, +2 H, P+ Pyg = Hox )
~Na,3 _ ~Me(Il),
It can be assumed that fi, " = fi,,  ’; consequently, equation 5 becomes
RT In agoyy, +2 1o "7 + Wit —2F gMeUD 42 F ¢SEE = b (6)

Consequently, the emf of the cell can be written as follows:

RT R R :
Em = ;11’1 A((0))Na ln P ef + ((;bSE'@ ¢SE a) + — o ( 15;5 — llf/g'a) (7)

The theoretical Nernst law,

a2
RT (0)

En=—In (R—e)fNa (8)
02



is obeyed, assuming two hypotheses:

- The electrical potential is constant within the solid electrolyte (¢p55® = ¢$SE%), thus
avoiding any dc current through the cell and leading to an ohmic drop.

- The chemical potential of oxygen vacancies on both sides of the electrolyte wall are

SER _  SEa
).

identical (”V(;' = My

In essence, the cell emfresults from surface thermodynamics and not bulk thermodynamics,

as has sometimes been considered [33].

Because dissolved oxygen in sodium is exclusively in the form of NaO, its oxygen activity
A((0))n, an be replaced by a((ya,0))y,- OWing to the low concentrations of oxygen observed

in sodium, it can be assumed that the activity coefficients remain constant (Henry’s law).
Consequently, assuming solid sodium oxide Na»O as the standard state for the oxygen in molten

sodium, the activity of oxygen can be defined as [47]:

C((Naz 0))1\“1
a((NaZO))Na —C((j\]a 20))1\111 ( )

where Ci(na,0))y, i the actual Na;O concentration in sodium and C(iyg,0y)y, iS the Na2O

concentration in equilibrium with solid NayO.

According to equation 8, the theoretical emf of the cell becomes

RT ; C(Nayo0 RT R
En = o In —229Na X}, pRef (10)
2F C((Nazo))Na 4F 2

In the case of using a metal/metal oxide reference system, such as In/In>O3s, Eu is

AfGo(Inz 03)
6F

(11)

RT RT
En = ;ln C((Nazo))Na - ; In C(O(NaZO))Na -

where ArG°(In,05) is the Gibbs energy of the formation of In20s.



3. Sources of Error

According to the experimental conditions, many sources of error can induce deviation from the
theoretical emf (Ew). The main sources of error in an oxygen sensor used in extreme conditions,
such as the measurement of the oxygen activity in liquid sodium at low temperatures, are

described in detail in this section.

The most common source of error results from a small current passing through the cell. As is
discussed later, this current induces a polarization voltage n, i.e., the measured cell emf is equal

to
E=En+n (12)

This polarization phenomenon is not always considered in the literature, although it has been
demonstrated experimentally that the sensor surfaces can deviate largely from equilibrium [48,
49]. Various models have been developed to estimate the polarization voltage 1. For very low

currents, the polarization voltage can be considered as proportional to the current density i [50]:
N=E-En=Rp.1 (13)
R, is defined as the polarization resistance.
For higher currents, a Butler-Volmer-like model can be referred to as follows [51-53]:
— E —FEp=+ i = i
n=E Eth—inFlnio atb.logi (14)

where n 1s the number of electrons involved in the electrochemical reaction and i° is the

exchange current density that defines the reversibility of the electrode reaction and a and b are



kinetic parameters [54]. It should be noted that a very low current can induce high polarization

voltages [55].

3.1. Insufficient Input Impedance of the Millivoltmeter

If the millivoltmeter used for the measurement of the cell emf exhibits an input impedance that
is too low compared to the impedance of the cell, a small current is passing through the sensor.

This has two main consequences:

- A deviation from the theoretical emf due to an ohmic drop through the electrolyte
(PpSER — pSE@ = 0); see equation 7;

- A polarization phenomenon at one or both electrodes due to the current [56].

This phenomenon can be considered as negligible with the high input impedance millivoltmeter

(> 10 GQ) used presently [33].

3.2. Partial Electronic Conductivity of the Electrolyte

As previously stated, the Nernst law requires that the electrolyte is a pure ionic conductor.
However, electronic species (electrons or electron holes) may be present due to equilibria

between the oxide and the electrode systems:

- At high oxygen partial pressure, oxygen is incorporated into the oxide, inducing a p-

type additional conductivity:

%Oy +Vg =05 +21 (15)

- At low oxygen pressure, a loss of oxygen from the lattice occurs, inducing an n-type

conductivity:
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0% >%hO+Vy +2¢ (16)

The ionic transport number t; is defined as the ratio of the ionic conductivity o; over the total
conductivity. The region (P(Oz), T) of predominantly ionic conduction (ti > 0.99) — generally
termed the “electrolytic domain” — has been delineated at high temperatures for the most-used
oxide electrolytes [57-60]. It has been shown that a thoria-based electrolyte in contact with air
is outside the electrolytic domain, which is not the case for yttria-stabilized zirconia [33, 61].
In contrast, in contact with sodium, a thoria-based electrolyte is inside the electrolytic domain,
which is not the case for zirconia. It should be noted that the boundary lines of the electrolytic
domains are strongly influenced by the impurity content of the electrolyte [62]. Moreover, the
electrolytic domain gives only an indication of the stability of the electrolyte; a noticeable error

of measurement may be observed even with an electronic transport number smaller than 1%.

The additional electronic conductivity of the electrolyte induces three main sources of error

[42]:

- According to Wagner’s theory, and considering a mean ionic transport number t;, the

open-circuit voltage E is given by the following equation:

E:Ei .Eth (17)

- The additional electronic conductivity induces an oxygen semipermeability flux
through the electrolyte, which can change the oxygen chemical potential at one or both
electrodes of the cell.

- The oxygen semipermeability flux polarizes the electrodes [55, 63]; see equations 13

and 14.

3.3. Insufficient Buffer Capacity

11



The measurement error due to an oxygen semipermeability flux or to impurities in the
measuring or the reference system, etc., depends not only on the magnitude of the perturbation
but also on the buffer capacity at the electrode [64, 65]. The buffer capacity of a gas mixture
can be defined as the number of moles of oxygen required to increase the chemical potential by
1 kJ per mole of gas mixture. As an example, it has been demonstrated that the buffer capacity
is high for oxygen pressures higher than 10 bar for an Ar-O, mixture and lower than 10-'° bar
for a CO-CO»-O; mixture. In these ranges of oxygen partial pressure, the effect of some
perturbation is successfully eliminated by the system. Using an electrochemical concept, the
buffer capacity can be related to the exchange current density defined previously (see equation
11). A redox system with a high exchange current density will be less sensitive to perturbations.
In this context, it is well-known that a Ni/NiO reference system is much more sensitive to
perturbations than Cu/Cu,0O or Fe/FeO reference mixtures [66]. The partial oxidation of the
molybdenum current lead with a Bi/Bi2O3 reference mixture has been considered as responsible

for emf drift and instabilities in the signal of potentiometric sensors [67].

3.4. Corrosion Phenomenon at the Electrolyte Surfaces

When an active species dissolved in a liquid is in contact with a solid electrolyte, it can penetrate
into the bulk by ionic exchange, inducing a measurement error that has been well-studied in the
case of ion-selective electrodes [68]. The thermodynamic stability domain of an oxide
electrolyte membrane, such as yttria-stabilized zirconia in contact with sodium, can be studied
using the oxobasicity concept [69, 70]. As an example, due to the presence of Na»O, the molten
sodium can be considered as oxobasic. In these conditions, the yttria stabilizer is liable to be

dissolved [71]:

Y05 + 0> =2Y0; (18)
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The resulting depletion of yttrium near the surface of the membrane induces a noticeable
modification of the zirconia structure, with the appearance of monoclinic and/or tetragonal

phases. In these conditions, the oxide vacancy concentration is no longer identical at both
. SER SE.a. . . .
interfaces of the membrane (I‘J‘Vé' # W+ 5 see equation 7), inducing a measurement error.

Besides this, the oxide electrolyte becomes very brittle.
3.5. Measurement of a Mixed Potential Instead of a Thermodynamic emf

Owing to impurities in molten sodium or by-products resulting from the corrosion of the
structural materials of the circuits of fast reactors, more than one redox couple may be present
at the interface between the solid electrolyte and sodium. In these conditions, the measured emf
of the cell is not a thermodynamic voltage but a mixed potential, Emixed, which widely depends
on the exchange current densities i° of the involved electrochemical systems [72]. The mixed
potential takes an intermediate value between the potential of both systems. However, as
illustrated in Figure 1, the mixed potential is close to the potential of the couple that exhibits

the highest exchange rates.

System 1

(highi")/

EZ
System 2
(low i°)

Figure 1: Mixed potential in the case of two electrochemical reactions at the interface exhibiting very different
exchange current densities.

3.6. Partially Reduced Electrolyte
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The partial reduction of an oxide electrolyte results in a valence change either of the basic cation
(Zr*" in the case of zirconia, Th*" in the case of thoria-based oxides) or of a point defect (a
dissolved impurity, such as ferric ions, or a structural defect, such as oxide ion vacancies). Such
a reduction can be obtained by electrochemical reduction or by equilibrating the material with
a reducing system. An experimental method has been developed by Fabry et al. [73] to
determine the voltages that characterize the dissolved redox system in an oxide electrolyte; this
method is described in section 4.2. Figures 2 and 3 show the various redox potentials that were

previously determined in yttria-stabilized zirconia and yttria-doped thoria.

-2.4 T (°C
T o Ar-0, Pt/YSZ(sintered pellet)/Pt Air 700 800 900 T ( )
] X Ar-0p Pt/YSZ(single crystal)/PtAir | a | @ e e e e
:. 22 @ Ar-0, Pt/YSZ(240 nm)/Pt Air [74] ? o ' S LT iy iad - :__ 53 o
S eel O _ | ==--= SFSng ot - - -0 5 =
S O ¢ 20 wmeTTeTg—g e B g P 86
w [B(Ei====— & ---Tges=——-§-00tpem > | 6T o
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® = Topm w Lo -°.__E_—:-f----?_;ﬁ_;i?-ro_o_—
T e . - -
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600 700 800 900 T (°C) IOOO

Figure 2: Reoxidation potentials of yttria-stabilized Figure 3: Reoxidation potentials of yttria-doped thoria
zirconia as a function of temperature. Results obtained as a function of temperature. Results obtained by
by Fabry et al. on sintered pellets and on single Fabry [75]. The variation of the theoretical sensor emf
crystals [73] and by Boulfrad et al. on nanostructured vs. air for 0.01 and 1 ppm of oxygen in sodium is
zirconia [74]. The variation of the theoretical sensor plotted in the figure.

emf vs. air for 0.01 and 1 ppm of oxygen in sodium is

plotted in the figure.

It has been shown that when dealing with stabilized zirconia, besides the main reduction
corresponding to the valence change of Zr*" ions, which occurs at approximately —2.05 V/Air
(wave A in Figure 2), three additional point defects, such as oxygen vacancies or dissolved
impurities, can be reduced. This results in a macroscopic chemical reduction of the material,
inducing a blackened oxide (redox potentials labeled with B’, B” and C in Figure 2). Waves B’
and B” have been ascribed to the reduction of oxygen vacancies; wave C was related to the
trapping of electrons on impurities, or on oxygen vacancies in the vicinity of an impurity, or on

a vacancy involved in a cluster of point defects [74]. The reduction that occurs near —1.2 V/air
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(referred to as D) has an extremely small magnitude and is limited to the surface or subsurface
area (formation of superficial carbon compounds). As shown in Figure 3, in thoria-based
oxides, many reduction waves have been observed, attributed to impurities dissolved in the
ceramic [75]. However, Fabry has shown that the dissolved redox systems are reduced below
—2 V/Air; the waves observed at potentials higher than —1.6 V/Air do not involve redox couples
inducing a noticeable increase of the electronic conductivity of the bulk material. In both
figures, the variation of the theoretical sensor emf versus air for 0.01 and 1 ppm of oxygen in
sodium is plotted. For an oxygen level of 1 ppm in molten sodium, the cell voltage is in the
order of —1.8 V/Air. Consequently, when in contact with sodium, zirconia is reduced, leading
to blackened zirconia [76] (potential C in Figure 2). On the other hand, bulk thoria electrolyte
is not reduced. In the case of the reduction of the electrolyte, provided that the buffer capacity
is sufficient, the electrode potential is either fixed by the redox couple (such as V;"/V;), or
results from a mixed potential with a redox system dissolved in molten sodium (see section

3.5).

3.7. Very Low Operating Temperature

To avoid or reduce the corrosion of the electrolyte by sodium, the working temperature of the

oxygen sensor is low, i.e., below 400°C, which has various consequences:

- The impedance of the cell increases noticeably. Even if the total resistance of the cell
does not interfere with the calculation of the Nernst law, it is necessary that the total
impedance remains negligible with respect to the input impedance of the millivoltmeter,
as previously stated. As an example, poor contact between the reference system and the
electrolyte has no influence on the cell emf but may induce instabilities of the cell

voltage.
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The exchange rates of the oxygen electrode reactions at the solid electrolyte/sodium
interface, but also at the reference/electrolyte interface, may be dramatically low.

The buffer capacity of the main electrode reaction diminishes; consequently, the
measuring electrode becomes more sensitive to perturbations.

The oxygen electrode reaction may be of a different nature. In an oxygen gas sensor, at
high temperature, the oxygen electrode reaction involves four electrons per mole of

oxygen:

Or+4e =207 (19)

However, at low temperature, the electrochemical reaction does not require the full
oxidation or reduction of the reactive species [77]. The electrode reaction can be

schematically written as follows:

key ka2

0, - 0% =5 207 (20)
At high temperatures, the rate constant k> is higher than k; and the overall reaction
(equation 19) is observed. At low temperatures, the constant k> becomes lower than k;
and the overall reaction rate is dominated by step 2 and appears to be slower than the
partial reaction (1), which reaches equilibrium more rapidly. Still decreasing the
temperature, the constant ko may become nil and the second step will no longer be
observed. Various studies have demonstrated that at low temperatures, the number of
electrons involved in the oxygen reaction is lower than four (most often two),
corresponding to the overall electrode reaction, in which peroxide ions are involved
[78-81]:
0, +2e=05" (21)
Provided that the peroxide ion activity remains constant, the Nernst law obeys the

following equation:

16



RT . Po,

—In—2

2F pRef
02

Eqy = K+ (22)

where K is a constant.
This feature — which has not yet been considered in sensing oxygen dissolved in molten

sodium — is discussed in further detail in the discussion section of this paper.

4. Experimental Section
Two types of sensors were tested: some results concern an yttria-doped thoria oxygen meter
provided by UKEA-Harwell (MK IIA sensor), which has been widely characterized by Taylor

and Thompson [11, 14], and the remainder relate to a laboratory-made hafnia-based sensor.

4.1. Yttria-Doped Thoria (YDT) Oxygen Sensors
The MK IIA-type sensors were purchased from UKEA-Harwell (Oxon) and have been
described by Taylor and Thompson [11, 14]. The sensors were closed-ended YDT tubes and
were 160 mm long and 6.5 mm OD, with an internal metal/metal oxide reference electrode
(Sn/SnO; or In/InyO3) [82]. The tests of the YDT sensor were performed in a sodium stainless
steel loop (EPINAR, ca. 3 t. Na). The procedure has been described in detail by Taylor and
Thompson [11, 14]. The cold-trap temperature was controlled by a combination of furnace
heating and air cooling. The tests included changing cold-trap temperatures to a cycle and the
measurement of the cell emf. The cold-trap changing cycle took approximately seven days and
consisted of raising the temperature of the cold-trap from 105-200°C in 15-30°C steps. The
system was left to equilibrate for 24 hours after each cold-trap temperature step. From this
procedure, the calibration equation for each cell was determined, relating cell output voltage to
cold-trap temperature. The oxygen concentration in sodium within the loop was supposed to be

in equilibrium at the cold-trap temperature.
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4.2. H10Y Sensors

4.2.1. Fabrication of H10Y Sensors

After a preliminary study of the HfO, — Y203 solid solutions (between 0.5 and 15 mol.% Y203), the
composition HfO; - 10 mol. % Y203 (referred to as H10Y) was chosen because it presents the best
compromise in terms of purity of the phase, density after sintering, resistance to corrosion by liquid
sodium, etc. The synthesis of the HI0Y powder was carried out by impregnation (HfO2 powder
provided by AREVA-CEZUS + yttrium nitrate under ethanol), drying under agitation and the
decomposition of nitrate by calcination (800 °C, 4 h). The pellets were pressed uniaxially (0.5 ton/cm?),
followed by cold isostatic pressing at 2500 bars. Their sintering was then carried out at 1650 °C for
4 h. under air after a temperature rise of 120 °C/h. After sintering, the grain size was ca. 1-2 um. As
shown in Figure 4, the XRD analysis of the as-sintered ceramic confirmed that only the cubic phase is

present with small traces of a monoclinic phase.

H10Y‘
|
l
| |
£ ' ;
= | v ‘ (n
| |
. . } |
J\L ’L J’lp J\
25 3 3 40 45  so  s5s e 65

2 theta /°

Figure 4: XRD pattern of the H10Y sintered pellets.

Closed-ended tubes (10 mm in diameter and 45 cm in length) were fabricated at the Center for
Technology Transfers in Ceramics (CTTC) in Limoges, France, by an isostatic pressing method and
sintering at 1650 °C for 2 h. The concentrations of the main impurities, measured by GD-MS (after

grinding and pelletization with pure Ag powder) were as follows: SiO> ca. 0.0043%wt.; CaO 0.002%;
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Fe»03 0.004%; and NaO 0.0012%. The sensor assembly, schematized in Figure 5, has been described
in previous publications, [83—85]. Mo was used as a lead wire (0.5 mm in diameter, 99.95% purity,
supplied by Goodfellow). The inner reference was a mixture of In as shoots of 15 mm of 99.999%
purity cut into small pieces, supplied by Goodfellow (4 g) and In2O3 powder of 99.99% purity supplied
by Chempur (0.4 g). At operating temperature, the metal part of the metal/metal oxide mixture was
liquid, which improved the contact with the electrolyte. The junction between the ceramic tube and the
connecting steel tube was realized by an alumina cement, which was not intended to be in contact with

the liquid sodium.

304L sheath

Alumina tube

Alumina

I L cement

Solid electrolyte
ceramic

Mo lead wire

Indium
InxOs

Figure 5: Tested oxygen sensors.

4.2.2. Electrochemical Stability of HI0Y
The method used to determine the potentials at which the electrochemical reduction of the
electrolytes occurs was first proposed by Fabry et al. [73] and adapted for the study of various
oxides [74, 86—88]. The laboratory-made rig that was used is shown in Figure 6 and described
in further detail elsewhere [74]. The cell consists of an 8YSZ tube (10 mm in external diameter),
with the outer surface of a closed end painted with platinum paste (METALOR Pt ink 6926).

Air was used as the reference atmosphere. Dense yttria-doped hatnia pellets were shaped into
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small cylinders. A platinum lead wire was inserted on the top of the small cylinder and used as
a measuring electrode. The probe was placed in contact with the inner surface of the closed end
of the zirconia tube. Argon was used as a sweep gas along the internal chamber, while the open-
circuit voltage (OCV) of the cell with respect to the air reference electrode (E/Air) was
measured (Figure 6 a). Basically, the method involved electrochemically reducing the top of
the small cylinder of the investigated material by applying an appropriate voltage to the cell.
The applied voltage and the reduction time were chosen so that only the top of the small cylinder
was reduced, avoiding the electrochemical reduction of the zirconia tube. After interrupting the
current, the relaxing OCV of the cell with respect to the reference electrode was recorded during
the slow reoxidation of the reduced material by the traces of oxygen contained in the argon.
Figure 6 b shows an example of the recorded relaxation potential of the point electrode versus
air for a 10 mol.% yttria-doped hafnia sample. The depolarization curves show waves whose
inflection points (referred to as A, B and D, respectively) are characteristic of dissolved or
surface redox systems.

E (V/Air) )
Currentlead | 0 Time (s)

(P 0 1000 2000

Ar Ar E
Ysz S
Tube w
N
Yttria-doped
HfO,sample
.7 Pt
Air
() (b)

Figure 6: (a) Schematic drawing of the setup for the evaluation of the redox stability of yttria-doped hafnia; (b)
Representation of a typical reoxidation curve after electrochemical reduction of Hf10Y, obtained by recording
the OCV of the cell with respect to the air reference electrode (E(V/Air)).

4.2.3. Setup
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As schematized in Figure 7, an internal crucible made of pure Ni (Ni201) filled with ca. 0.26
kg of liquid sodium (11 mol.) was used as a container. A K-type thermocouple inserted in an
immersion sleeve made of 304-grade stainless steel monitored the liquid sodium temperature.

A leak-tight stainless steel cell holder was filled with argon, heated by a heating collar and
cooled on the top with cooling fins and a blower to keep the seal close to room temperature. A
feedthrough was provided in the lid of the cell holder for the introduction of the oxygen sensor.
This setup was set inside an argon purified glove box to ease all sodium-related operations
before and after the experiments. Accurate measurement of the sensor emf was performed with

a Keithley 6517B electrometer, and signal and temperature were recorded with an Agilent

39740A datalogger.
o |_— Silicone plug
Mo wire — | L
o K-type thermocouple
304 L sheath .
| - Mo wire
“ Ceramic sealin
H10Y tube N j | g
Cell holder ™\ 11" Sh
(Stainless steel 316 L) ™| 2>'3
crucible
In/In,0,4
reference mixture 4
Heating collar | N N
Nickel | M.t I N
container N L=2edum N

‘ Refractory

Figure 7: Schematic of the electrochemical setup.

4.2.4. Liquid Sodium Preparation and Operating Conditions
The sodium used for the tests was supplied by Métaux Spéciaux S.A. The sodium was 99.95
wt. % pure, containing [Ca] < 2 pg.g’!, [Cl] =4 ng.g!, [Fe] =1 pg.g! and [K] =4 pg.g'!. It
also contained C and was initially covered with a thick sodium oxide layer. This layer was

manually removed inside a glove box filled with argon before the first melt, which was achieved
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in another static sodium device used for corrosion studies [89, 90]. Next, 2.3 kg of sodium was
purified from dissolved oxygen, first by removal of the floating oxides after three days at 108°C,
close to the melting temperature, and then through hot-trapping by immersing zirconium foil
(200 x 300 x 0.1 mm?) at 650°C for three days. The oxygen concentration was then estimated
to be less than 1 pg.g! [91]. Although this last purification step is known to remove dissolved
carbon from sodium, previous tests have indicated that the dissolved carbon concentration is
not negligible. A sensor was inserted in the still solid sodium at 80°C when the metal softened
and the temperature was then increased at a low rate to limit any thermal shocks.

The tests were performed in a temperature range of 200-300°C with liquid sodium melt
containing an excess of zirconium getter in the form of thin foil. The test consisted of varying
the temperature according to a defined rate (1.5°C/min and 0.1°C/min) up to ca. 300°C and
then back to 200°C, and the signal output versus temperature and time was then recorded.
Adding holding times of at least 8 h for the lowest rate of 0.1 °C/min was found to be optimal
to obtain reliable signal variation with the temperature. Small oxygen concentrations and low
temperature conditions were deliberately chosen to increase the service lifetime of the sensor
in order to be able to perform qualification tests. This choice allowed testing over more than

1,000 h.

5. Results
5.1. Theoretical emf of the Sensors
The theoretical sensor emf (Ew) versus the T (in K) relationship was calculated using equation

11 and the data presented in Table 1.

Table 1: Thermodynamic data.

A+ B.Tk Reference
A1G°(In203) (kJ/mol O») —-618.67 +0.217 xTx [92]
AfG°(Na0) (kJ/mol O3) —843.21 4+ 0.283 x Tk [92]
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The relationship of the logarithmic dependence of oxygen concentration on the temperature in
liquid sodium at saturation has been proposed by Noden [93]:

Ln Ciina,0))y, (Wt %) = 5.20 — 5628.67/Tk (20)
Using equation 11, the emf of the sensor Ew becomes
En(mV) =Ki+Ko T+ K3 T In Co =-339.3 — 0.051 Tk + 0.0431 Tk In C(na,0))y, (Wt %)- (21)
We assume that the measured voltage E equals Ewm + Eoetr. Consequently,

E = Eoftset + Ki + Tk (K2 + K5 1n Cigva,0)s) (22)

E(mV) = E + Eoffset

E(mV) = Eofset — 339.3 + Tk (=0.051+ 0.0431 In Cy(va,0))y,) (23)

The emf of the sensors was recorded after changing the temperature of the bath at a constant

oxygen concentration or by changing the temperature of the cold-trap for monitoring the oxygen

concentration.

5.2. Test of the MK IIA YDT Sensor
In Figure 8, the experimental emf of the MK IIA sensor with the In/In,Os reference system at

410°C is compared to the theoretical emf (equation 21) for various oxygen concentrations.

-560

£
-580 s .
o g
o T=410°C e
=™ 7T
Z -600 A
£ A
3 A s
s &
E 20 W
w e &
* - Ve —e—E(mV)-410°C
1
-640 2
A
P
g
-660 |-y

-680

C (ppm)

Figure 8: Calibration test of the MK IIA at 410°C.
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Taylor and Thompson [11, 94] have noted that the temperature coefficients of the MK IIA
probes are reproducible and in agreement with values calculated from thermodynamic data.
These features allow the performance of the sensors to be characterized from the values of the
interception of the emf at 0 K and by the offset values as functions of temperature and oxygen
level. As shown in Figure 8, the observed offsets at 410°C from 32 mV for 0.6 ppm of oxygen
to 1 mV for 12 ppm of oxygen, correspond to a measurement error of less than 5% on the
measured emf. These offset values are of the same order of magnitude as those observed by
Taylor and Thompson for an equivalent oxygen sensor (cell No 31/5), i.e., from 18 mV for 1.2
ppm to 1 mV for 28.4 ppm. These offsets are interpreted and compared to hafnia-based or

zirconia-based sensors in the discussion section of this paper.

5.3. Test of the HI10Y Sensor

Before proceeding with the tests of the H10Y sensor, we studied its electrochemical stability
according to the method described in section 4.2.2.

As illustrated in Figure 6 b, three waves (referred to as A, B and D) were observed. According
to previous studies on oxide materials, wave A could be attributed to the reduction of the basic
cation (Hf*", potential of the wave at ca. —2 V/Air at 800°C) and wave B (at —1.75 V/Air at
800°C) could be attributed to the reduction of oxide ion vacancies. Wave D corresponds to
surface defects or impurities segregated at the grain boundaries. The variation as a function of
the temperature of the potential versus air of the waves is provided in Figure 9. As a means of
comparison, the theoretical emf variation versus the temperature of an oxygen sensor
(reference: air) for an oxygen content in sodium of 0.01 and 1 ppm is also plotted in Figure 9.
It is worth noting that by extrapolation at temperatures lower than 350°C of the potentials of

waves A and B, these potentials are more negative than the sensor emf versus air for an oxygen
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level higher than 0.01 ppm in sodium. Consequently, at temperatures used for oxygen sensing

in sodium, the hafnia-based electrolytes are electrochemically stable.
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Figure 9: Reoxidation potentials of HfO>-8 mol.% Y03 synthesized by CTTC-Limoges. The variation of the
theoretical sensor emf vs. air for 0.01 and 1 ppm of oxygen in sodium is plotted in the figure.

Figure 10 shows the variations of the sensor signal with the temperature according to the
operating conditions, i.e., 1.5°C/min, 0.1°C/min and 0.1°C/min followed by a holding time of
at least eight hours. The theoretical variations of the sensor emf for different levels of dissolved
oxygen and for the saturation of sodium by Na,O (Noden equation) are also plotted in the figure.
When the rate of the temperature variation was 1.5°C/min, as shown in Figure 10, the observed
variation of the emf with temperature did not correspond to a constant oxygen concentration;
the variation of temperature was too fast for the system to reach a stationary state. The optimum

conditions are a slow rate of temperature variation (0.1°C/min) and a sufficient holding time.
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Figure 10: Variation of the emf of the H10Y sensor as a function of temperature for various rates of temperature
variations. The theoretical variation of the emf for various oxygen concentration and the saturation straight line
according to Noden equation are also plotted in the figure.

An example of the stabilization curve of the sensor emf after slow temperature variations

(0.1°C/min) and eight hours of holding time in the temperature range of 200-300°C is

illustrated in Figure 11.
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Figure 11: Stabilization of the sensor emf after slow variation of temperature (0.1°C/min) followed by at least
eight hours of holding time, from 200°C to 300°C, back and forth.
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Systematic overshoots were observed during the increase in temperature (up to + 5 mV) and
during the decrease in temperature (up to — 9 mV); the higher the overshoot, the higher the
temperature. The overshoot of response transients observed with various gas sensors at low
temperatures resulted from a competition between two or more steps of the overall mechanism
[95, 96]. Moreover, the time required to obtain a stable emf was in the order of a few hours. It
should be noted that the sensor response was fast after changing the oxygen concentration. The
long time necessary to obtain a stable emf could be ascribed to the difficulty that the system
had in reaching a stationary state at low temperatures. The measured concentration
corresponded to a stationary state resulting from various redox systems, i.e., Na/Na2O, V,*/V;,
and [O2])/(Na20)na.

However, the final sensor output was remarkably steady; the emf deviation was less than 0.05
mV for one hour. The plot of E versus T, taking into account the sensor emf obtained at the end
of each holding time, is given in Figure 12. A linear variation of the measured emf E as a
function of the temperature was observed, and the slope during the rise in temperature was
practically equal to that observed during its decline, indicating that after sufficient holding time,
a stationary state was observed, with a constant oxygen concentration. The use of zirconium
foil as oxygen getter impeded the saturation of sodium in oxygen and allowed a very low
oxygen concentration to be obtained. It should be noted that the getter activity of zirconium at
temperatures below 300°C is poor, and it can be assumed that such activity does not noticeably
change in the 200-300°C range, keeping the oxygen concentration in sodium constant within
the experimental error. However, as shown in Figure 12, after a two-day hold at 293°C, a very
slight decrease in the oxygen concentration was observed, confirming the low activity of the

zirconium getter.
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Figure 12: Measured emf of the HI0Y sensor vs. temperature at 340°C.
According to equation 23, the slope of the straight lines, m, in mV/K, can be used for the
calculation of the oxygen concentration:

0.051+m) (24)

Cvaonma = X (St

The offset can be estimated by extrapolation of the straight lines to 0 K, giving Eintercept, and
then, according to equation 23,

Eoftset = Eintersept — K1 = Eintersept +339.3 (25)

The results of these calculations are provided in Table 2.

Table 2: Estimation of the oxygen concentration and of the offset voltage at 200-300°C.

Slope, mV/K Eimercept, mV C((Naz O)na’ ppm Eoftser, mV
Upwards —0.616 —280.7 0.021 58.5
Downwards —0.626 —281.1 0.016 58.2

The slopes of the straight lines were obtained with very high accuracy, leading to a dissolved
oxygen concentration in the order of 0.02 ppm = 30% and an offset voltage, Eoffetr, of 58 mV £

4%.
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Figure 12 was replotted after the subtraction of Eofser to the measured emf E (see Figure 13),
with a comparison with the straight lines corresponding to 0.01, 0.02 and 0.04 ppm. In Figure
13, linear regression by least square methods is presented together with the 90% confidence

interval (dotted lines).

300

Figure 13: Variation of E — Eofret With a temperature at 200-300°C.

This plot confirms the stability of very low oxygen concentration (0.02 ppm) during
temperature cycling; the very small variation in the oxygen concentration was achieved within
the 90% confidence interval. In previously published works [97], very low dissolved oxygen
content of 0.001 ppm has been observed over several months in a loop of liquid sodium. This
very low and stable concentration has been ascribed to calcium impurities and metallic
chromium resulting from the corrosion of stainless steel structures.

The lifetime of the sensor was ca. 1,350 hours for the three tested H10Y sensors. As has
previously been determined [11, 14], the fracture of the tubes results from intergranular

corrosion due to the presence of porosity and impurities in the grain boundaries. Even with high
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purity ceramic, the characterization of H10Y after fracture revealed intergranular corrosion (see
Figure 14 b). It should be emphasized that the material has transgranular fracture before contact

with sodium (Fig.14 a) and intergranular after tests under sodium (Fig.14 b).

(a) (b)

Figure 14: H10Y fracture facies of the tested tubes, (a) before electrochemical tests, (b) following sensor
characterization tests under sodium (1,350 hours, at 200-300°C).

The H10Y sensor exhibited a very reproducible signal and remarkable stability under very low
oxygen levels (ca. 0.02 ppm) and low temperatures (200-300°C). It should be noted that the
response time of the probe to a change in the oxygen concentration is quite short. However, at
these temperatures, the system requires a few hours to achieve a steady state after a change in
temperature. The results obtained with the hafnia-based electrolyte are promising in terms of
lifetime when compared to electrolytes based on thoria or zirconia. Jayaraman et al. [7] have
recently compared the lifetime of thoria- and zirconia-based sensors for measuring oxygen
levels in sodium. The chemical resistance of the solid electrolyte depends widely, among other
things, on the oxygen content, the temperature, the ceramic processing and the form of the
ceramic used. However, the zirconia sensors failed after a few 10-hour tests, while in
comparison YDT probes with an optimized design generally operated for a few thousand hours
up to one year. The lifetime of the H10Y sensors that were tested in the form of a tube in the

present study was ca. two months.
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In the following discussion, we compare the experimental results in the case of oxygen sensing
in molten sodium for the three solid electrolytes (YDT, YSZ and HI0Y) in terms of the offset
voltage and slope of the Nernst law. The objective of this comparison is to propose hypotheses

to explain the discrepancies between the results and expected values.

6. Discussion

An offset voltage is generally observed when comparing the experimental results from the
theoretical calculation. It is necessary to differentiate between the absolute value of the offset
voltage and the variability of the signals obtained with different sensors. The theoretical emf
calculation required the Gibbs energy of the formation of In,Os;, Na;O and the solubility
relationship of oxygen in sodium. Various authors have analyzed the effect of the inaccuracies
in the thermodynamic data on the sensor signal [11, 14, 33, 98—-100]. Offset voltages up to 100
mV have been observed with thoria-based electrolytes. We obtained an offset of ca. 30 mV
with YDT sensors, which corresponds with previously published values [11, 14]. With H10Y-
based sensors, using the same thermodynamic data, we obtained an offset voltage of 58 mV,
indicating a very small difference. This could be ascribed to a small electronic transport number
(see the Wagner relationship in equation 17) or a small attack of the electrolyte by sodium,
inducing a variation in the oxygen vacancy concentration at the interface (see sections 3.4 and
4.2.2). Such an interpretation cannot be made in the case of zirconia-based probes because the
error was ca. 400 mV [33]. It is admitted that the ionic transport number of stabilized zirconia
in contact with sodium is noticeably less than 1. Consequently, it is necessary to use the Wagner

relationship:
1
E = oo [ tiondy (26)

or the simplified equation (cf. equation 17): E=¢; . En
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With stabilized zirconia, at 300°C, for a theoretical value of —1.85 V/Air and an experimental
value in the order of —1.4 V/Air, the corresponding mean ionic transport number will be ca.
0.75, which is in the order of the values found in the existing literature [33]. Moreover, it is
known that such a low ion transport number will lead to an oxygen semipermeation flow that
will have two consequences which depend on the “buffer capacity” on the sodium side: (i) a
continuous increase in the activity of oxygen on the sodium side which does not seem to be
observed, because the flow of matter is very low; and (ii) a polarization phenomenon, mainly
on the sodium side involving an oxidation [48], which would tend to decrease the absolute value
of the emf (which could indicate that the actual value of t; is higher than that calculated using
equation 14). Another explanation of the voltage offset could be related to the electrochemical
reduction of stabilized zirconia by sodium (oxide vacancies [V,;°] reduction leading to V;; see
section 3.6). However, in these conditions, the measured emf would result in a mixed potential
(see section 3.5) between the V;*/V,; redox couple with a potential of ca. —1.5 V/Air and the
oxygen electrode reaction with a potential of ca. —1.8 V/Air (for 1 ppm of dissolved oxygen),

corresponding to the global equation:

O)na + 2V, = 05 + V5 (27)
The mixed potential is between —1.5 V/Air and —1.8 V/Air, while the measured emf varies
between —1.2 to —1.4 V/Air. This feature does not indicate that there is no partial surface
reduction of stabilized zirconia with the formation of V,;, but that the buffer capacity of
the V,;*/V,; redox couple is insufficient to fix the potential. The oxygen semipermeability flux
through the membrane will also slow down the migration of the reduced zone from the sodium
interface toward the reference electrode. However, it has been shown that even if stabilized
zirconia is only slightly reduced, the oxide surface is very reactive at low temperatures, i.e.,
electron concentration on the surface or subsurface of stabilized zirconia improves the kinetics

of the electrode’s reaction [101-103]. These features could explain the large deviation of the
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measured emf in comparison to the theoretical one and its stability at temperatures below
400°C.

According to equation 8, the slope of the Nernst law depends on the temperature and on
the number of electrons exchanged per mole of oxygen but also on the mean ionic transport
number £;. In the case of a mixed ionic-electronic oxide, the Wagner relationship (17) induces
a lowering of the observed Nernst slope. With thoria- or hatnia-based electrolytes, the slope of
the Nernst law corresponds to an exchange of four electrons per mole of oxygen (see Figures 8
and 12). In previous research, with zirconia-based electrolyte in sodium, the same slope has
been obtained at high temperatures, but at low temperatures, a noticeably higher slope has been
observed [33]. Nollet et al. proposed hypotheses to account for this feature. These authors
demonstrated that errors in the solubility curves used — such as Noden curves — cannot be
responsible for the observed steep slope. They instead considered that the low operating
temperature and the sodium attack of YSZ are responsible for the error in slope. However, their
demonstration was based on an incorrect assertion, because they considered that the steeper
than expected slope could be explained by a non-equilibrium mechanism involving oxygen
transport across the electrolyte and by different mobilities of oxygen vacancies in the bulk and
at the oxide surface, respectively. Moreover, these authors did not link these hypotheses with
the Nernst equation. It should be recalled (see section 2) that establishing the Nernst equation
requires that the surface thermodynamic is considered and that there is no transport through the
cell. In our opinion, the observed slope of the Nernst equation cannot be a measurement error
but must be explained by a new electrode reaction mechanism at low temperatures. As
demonstrated in section 3.7, at low temperatures, the oxygen electrode reaction of a
potentiometric gas sensor may involve two electrons or less per mole of oxygen, corresponding
to equation 18. It has also been shown that dissolving peroxide ions in the solid electrolyte

noticeably improves the cell emf stability [78—81]. As previously demonstrated, the theoretical
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slope of the Nernst law is then two times higher than that at high temperatures (see equation
22). As also previously noted (see section 3), the zirconia surface in contact with very reducing
medium such as molten sodium is highly reactive. Moreover, it has been shown that peroxide
ions are present in the molten sodium. Therefore, a model (schematized in Figure 15) can be
proposed to take into account the high slope of the Nernst’s law observed at low temperatures

with stabilized zirconia as an electrolyte.

o N
------------- ¢, ¢, — b, = constant

YSZ 03— 8, = (RT/2F) In [a0,]

Figure 15: Hypothesis of oxygen electrode reaction on the sodium side involving peroxide ions (peroxide layer
referred to as PL).

The hypothesis is that, at low temperature, the oxygen electrode reaction involved
peroxide ions 02~, according to
(02)na + 2€" = 037, (28)
leading to a slope twice the value observed at high temperature. However, it is necessary that
the peroxide ion activity is constant and that there is a junction between the stabilized zirconia
and the peroxide layer, as illustrated in Figure 15, with the following equilibrium:

2085, = 03p, + 2 eygz, (29)
leading to an additional electrical potential variation A¢p = ¢2 — ¢1, which is constant, provided
the activities of (0Z5;) and (0%7,) are constant. Moreover, equation 29 required an exchange
of electrons that are present on the YSZ surface due to surface electrochemical reduction by

molten sodium, leading to V.
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7. Conclusion

Confirming previous studies in the temperature range of 1200-1600°C, HfO»-based electrolytes
can be considered as an alternative material for use in sensors that measure very low levels of
oxygen in sodium at temperatures below 300°C. Among the advantages of this electrolyte
compared to other materials tested for this application are (i) a dramatic improvement of
lifetime in comparison with stabilized zirconia and (ii) even if HfO> is expensive, it is not a
nuclear material, and air can be used as a reference of the probe. HfO»-based electrolytes have
never been proposed for this application. Tests with long tubes of HfO2— 10 mol.% Y203 were
performed at a temperature below 300°C, at a very low oxygen level (0.01 ppm) with a very
high signal stability and a lifetime of about 1,350 h. Consequently, this electrolyte can be
viewed as a promising material for sensing oxygen in molten sodium. To get closer to the
performance of the YDT sensor, progress could be made by improving the sensor structure.
Furthermore, the main sources of error in potentiometric sensors under extreme temperature
and oxygen concentration conditions were reviewed. The offset voltage of the HfO»-based
sensor is very close to that obtained with the YDT sensor. It is shown that the offset voltages
obtained with the three main studied oxide electrolytes can be interpreted, taking into account
both the deviation from unity of the ionic transport number of the electrolyte and the
polarization phenomenon resulting at the interfaces. Moreover, for the zirconia-based sensor,
an original interpretation of the steep slope of the Nernst equation obtained at low temperature
(i.e., the sensor’s response to the change in oxygen concentration) is proposed, based on the
involvement of peroxide ions in the oxygen electrode equilibrium at the interface between

zirconia electrolyte and molten sodium.
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